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Marsh restoration in front of seawalls is an
economically justified nature-based
solution for coastal protection

Check for updates

Ernie I. H. Lee & Heidi Nepf

A marsh-fronted seawall is a hybrid nature-based coastal protection solution because it attenuates
wave energy, reduces erosion, and provides ecosystem services. However, we still have a limited
understandingof how toquantify themarshwave attenuation benefits for economic analysis. Here,we
incorporate a prediction of wave attenuation that accounts for species-specific morphology and
structural stiffness into a 1-D wave model and validate it with field measurements. Our results show
that the wave attenuation varies by a factor of two across different vegetation species. Further, we
performed a benefit-cost analysis, in which the economic benefits represent the environmental
services value and avoided seawall heightening cost that would otherwise be required to deliver the
same overtopping rate without vegetation. We applied the model to a real-world, marsh-fronted
seawall design at Juniper Cove, Massachusetts. Although the benefit of marsh-fronted seawalls is
sensitive to discount rate, they have benefit-cost ratios greater than one, indicating that it is an
economically justified nature-based solution. Further, we found that wave attenuation and benefit-
cost ratio aremore sensitive towater depth thanwave height. Our study demonstrates the importance
of considering the coastal protection of marshes and economic benefits in one framework.

Each year, coastal storms threaten hundreds ofmillions of people1–3, disrupt
transportation networks4,5, and produce billions of dollars in damage6,7. In
2022, in the United States alone, coastal storms have resulted in economic
losses over USD$165 billion8. These costs are projected to increase with sea
level rise and with more frequent and more severe storms promoted by
climate change9. It was projected under the RCP8.5 global climate scenario
that by 2100, global total assets exposed to coastal flooding will reach USD
$14 trillion,which is equivalent to 20%of globalGDP10.Without adaptation
to the climate, humanity would experience annual economic losses of
0.3–9.3% of global GDP11–13. Therefore, climate-resilient solutions for
coastal protection are pressing14.

Historically, the coast has been protectedwith gray infrastructure, such
as seawall, which consists mostly of concrete15. The construction and
maintenance of gray infrastructure are costly, and the increased storm
intensity due to climate change will drive upgrades and repairs to maintain
the desired level of coastal safety16,17. Gray infrastructure is designed to
minimize overtopping and associated flooding. However, these hard
structures are not efficient in dissipating wave energy and mostly reflect it,
which poses a threat to nearby less protected coastlines18,19.

In contrast, natural shorelines, including marsh20–22, mangrove21,23,
seagrass22,24, kelp beds22, coral reef 21,22, oyster reef 25,26, and sandy beach22,27,
attenuate wave energy21,22. The nature-based hybrid solution ofmaintaining
amarsh in front of a seawall provides flood risk reduction28,29, reducedwave
load on the seawall30, and many environmental service benefits31. These
natural coastlines dynamically adapt to sea level rise32, enhance resilience to
erosion20, promote carbon sequestration33, and provide important ecosys-
tem services34. For example, the reduced energy intensity and plant canopy
structure of salt marshes provide shelter for fish nursery habitat35. Globally,
there is growing interest in ecosystem restoration, such as the Federal
Emergency Management Agency (FEMA) Hazard Mitigation Assistance
grant program in the United States36, the Natural Restoration Law in the
European Union37, and the Nature-based Solutions Asian Hub in Asia38.
Marsh-fronted seawalls might deliver the same level of desired coastal
protection more economically, with lower construction and maintenance
costs than gray infrastructure alone39. Recognition that existing marsh
habitats can improve the performance of a seawall40 motivates the con-
servation and restoration of marshland for its natural coastal defense
functions41,42.
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Previous studies have demonstrated that salt marshes provide pro-
tection against wave action, storm surge, and erosion20,43,44. Wave attenua-
tionbyflexible and rigid vegetationhas beenquantified in thefield45,46 and in
the laboratory for specific vegetation species47–50. The effect of vegetation
drag on wave propagation has been primarily modeled by calibrating an
empirical drag coefficient that isfittedwithobservations ofwave attenuation
by real45,51,52 and artificial model plants53. The use of empirical drag coeffi-
cients lacks predictability for uncalibrated conditions, including changes in
the vegetation characteristics between sites or due to seasonal growth
patterns.

To provide predictability beyond a site-specific drag coefficient, a one-
dimensional (1-D) wave attenuationmodel was developed based on a first-
principles description of plant reconfiguration, which is the movement of
flexible plants in response to wave velocity. The waves were assumed to
travel perpendicular to the seawall. The vegetation drag was computed
based on plant morphology, including the geometry and structural stiffness
of the stem and leaves49. The evolution ofwave height as thewave progresses
toward a seawall was evaluated by considering the processes of dissipation
by vegetation drag, shoaling, depth-induced wave breaking, and bed
friction.

With the predicted wave height at the toe of the seawall, empirical
equations in EurOtop, 201854 were used to compute the overtopping rate
(Eq. 5.12, 5.16, 5.17, 5.20). The overtopping rate is also a function of free-
board Rc, which is the distance between the still-water level and the highest
point of the seawall (Fig. 1). The coastal protection value of marshes was
quantifiedby comparing the freeboard required to achieve the same targeted
overtopping ratewithandwithoutmarsh (seeMethodology). The reduction
in freeboard represents the reduction in seawall height that is made possible
by including a marsh.

A benefit-cost analysis (BCA) was used to evaluate whether the
inclusionof amarsh in front of an existing seawallwouldbe an economically
justified alternative to heightening an existing seawall31,55–58. The BCA
assumed a base case of an existing seawall without a fronting marsh. This
illustrated the economic trade-off between restoring a degradedmarshland,
which reduces wave energy at an existing seawall or constructing additional
seawall height on an existing seawall to achieve the same overtopping rate,
i.e., same flood protection. In this way, the value of coastal protection
contributed by amarsh can be quantifiedby the cost savings associatedwith
the avoided seawall heightening59.

Amarsh-fronted seawall has two additional categories of benefit. First,
the marsh delivers important environmental services, including habitat,
aesthetics, and improved water quality, the values of which have been
compiled by FEMA31. Second, the reduction in wave energy can reduce
erosion, especially at the toe of the seawall60. Becausemethods for estimating
the volume of reduced erosion are not available in the literature, the present
study did not account for reduced erosion in the BCA. The cost of marsh
planting61 and marshland stabilization62 are the two categories of costs
associated with the marsh.

Based on the range of values collected from literature (see Supple-
mentary Notes 1), each monetized benefit and cost was organized into low,
medium, and high estimates56,57 (see Methodology). For the seawall con-
struction costs (used to evaluate the benefit of avoided seawall heightening),
low and high estimates represent values in rural and urban settings,
respectively, with a medium value computed as the median representative
values found in literature59. The low, medium, and high estimates for all
other categories were the lowest, median, and highest representative values
found in literature21,31,59,61,63–65.

The benefit-cost ratio (BCR) computes the ratio of the total monetized
benefits and costs. The BCR analysis was applied to the marsh-fronted
seawall configuration shown in Fig. 1. Sensitivity to vegetation type
and seasonality, storm condition, and discount rate were considered. To
provide a specific example, theBCRanalysiswas applied to a real-world case
study of the Columbus Avenue Seawall Reconstruction Project at Juniper
Cove, Salem, Massachusetts, United States, to determine whether restoring
the marsh in front of the seawall is economically justified (see
Methodology).

Results
Model validation with field data
Reported plant morphology, rigidity66, and shoot density (shoots per bed
area) were used to predict the evolution of wave height through marshes at
two sites, Bath and Hellegat in the Netherlands, vegetated with Scirpus
maritimus and Spartina anglica, respectively (see SupplementaryNotes 2)51.
Since the number of leaves per stem (Nl) was not reported, a range of values
was chosen to represent winter conditions,Nl ¼ 0; 2; 4 for Bath andNl ¼
0; 2; 5 for Hellegat, with the maximum corresponding to species-specific
low values reported in Zhang et al.66, since leaf count is lower under winter
conditions. With no calibration, the predicted wave height had excellent
agreement with the measured wave height at both sites, with R2 values of
0.88 to 0.90 at Bath and 0.71 to 0.92 atHellegat (Fig. 2a), which validated the
1-D wave model. A comparison of model results with and without marsh
(solid and dashed blue lines in Fig. 2b) indicated that a marsh only 55m
wide led to 32% more wave height reduction than the scenario without
vegetation, demonstrating that even smallwidthsofmarsh, typical for urban
settings, can have a significant impact. Note that the reported wave condi-
tions didnot incur any stembreakage51.Under severe storms, stembreakage
could be accounted for within themodel by reducing a fraction of the stems
to a typical breaking height that can be empirically characterized67.

The model provided insights into the relative importance of each
wave dissipation mechanism: work against vegetation drag66, shoaling68,
depth-induced wave breaking69, and bed friction70. Without vegetation
(Fig. 2c), wave breaking (yellow line) was the primary mechanism of
wave energy dissipation. In contrast, with vegetation (Fig. 2d), vegetation
drag (blue line) was the dominant mechanism, and dissipation through
wave breaking (yellow line) was reduced to levels comparable to bed
friction (purple line).
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Fig. 1 |Marsh-fronted vertical seawall configuration. a Schematic of marsh-fronted vertical seawall annotated with benefit and cost components considered in the benefit-
cost analysis (BCA). b Summary of model parameters based on Vuik et al.51.
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Wave attentuation depends on plant species
Thewave reductionachievedby sixhealthy and twodormantmarsh species,
spanning a rangeof stemand leafflexibility anddimensions,were compared
using the marsh-fronted seawall configuration (Fig. 1). The cases with
dormant plant characteristics (dotted lines in Fig. 3a and triangles in Fig. 3b)
were based on the winter plant parameters at Bath and Hellegat between
locations S3 and S4, which were validated in Fig. 2a. The morphology,

stiffness, and shoot density (shoots per bed area) are shown in Supple-
mentary Notes 3. The additional wave reduction achieved by each species
was defined relative to the site without vegetation, but the same bathymetry
(Fig. 3a). The wave height reduction was strongly correlated with the stem
stiffness EsIs (Fig. 3b), defined by the product of stem elastic modulus (Es)
and bending moment of inertia (Is). Specifically, the invasive species
Phragmities australis (blue line and circle) achieved the greatest additional
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Fig. 2 | 1-D wave model validation against field data. a Predicted wave height
validated against field data measured at Bath and Hellegat. Since the number of
leaves per stem (Nl) was not reported, error bars reflect range of leaf number
expected for winter conditions (Nl ¼ 0 to 4) at Bath (Scirpus maritimus) and
(Nl ¼ 0 to 5) at Hellegat (Spartina anglica). bWave height evolution predicted with

and without vegetation for Hellegat site with Nl ¼ 2. The location of wave height
sensors is indicated as S1, S2, S3, and S4. Vegetation had three distinct zones of shoot
density, indicated by gradations in green color. c, dContribution of individual wave
dissipation mechanisms (c) without and (d) with vegetation.

Fig. 3 | Additional wave height reduction com-
pared to sites without vegetation achieved by
healthy and dormant marsh species. Additional
wave height reduction compared to site without
vegetation achieved by six healthy and two dormant
marsh species a at different vegetation width, and
b additional wave attenuation with 40-m marsh
width as a function of stem rigidity. Triangles are
dormant conditions for Spartina anglica and Scirpus
maritimus. Stem rigidity is defined by the elastic
modulus Es , and bendingmoment of inertia Is:. This
figure corresponds to the marsh-fronted seawall
configuration in Fig. 1, with water depth at the toe of
seawall ht= 3 m. Other parameter values given in
Fig. 1b were adopted from Vuik et al.51. EsIs
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wave attenuationdue to its high structural stiffness for both stems and leaves
(see Supplementary Notes 3). In the United States, Phragmities australis is
oftenundesirable for ecological reasons, as it outcompetes native species and
reduces nutrient availability at the site71,72, but its wave attenuation perfor-
mance maymake it desirable in some situations. Scirpus marquetry (yellow
line and circle) provided the least wave attenuation due to its small stem
diameter, giving it the lowest stiffness.

Moreover, ourmodel predictedhealthyplants provide8% to17%more
wave attenuation than dormant plants (compare solid and dotted lines of
black and orange lines in Fig. 3a), which was due to a higher number of
leaves per stem, as well as higher stem stiffness EsIs of healthy plants (black
and orange circles in Fig. 3b) than dormant plants (black and orange tri-
angles in Fig. 3b). This was consistent with seasonal variation discussed in
Garzon et al.52, who showed that marshes provided 15% to 30% more
reduction in wave height during fall than in winter.

Benefit-cost ratio for seawall fronted with marsh with sensitivity
analysis
The benefit-cost ratio was estimated for the marsh-fronted seawall config-
uration (Fig. 1) with vegetation widths of 0 to 100m, assuming the seawall
already exists. The base case was defined with offshore wave height H0 ¼
1.5m, water depth ht ¼ 3m, plant species Spartina alterniflora, 50 years
useful project life, and 2.5%discount rate, which is the rate given in the 2023
United States Water Resource Development Act73. The low category of
benefit and cost values was used, because this yielded the lowest BCR values,
and thus represented the most conservative assessment. A detailed break-
down of the BCA is shown in Supplementary Notes 4 for the base case with
20m vegetation width, which corresponds to the orange line in Fig. 4c at
20m vegetation width. Considering a wide range of conditions, the benefit-
cost ratio was predominantly greater than one, indicating that marsh-
fronted seawalls are an economically justified nature-based solution.

Four cases were considered to explore the sensitivity of BCR to storm
conditions (defined by water depth at toe of seawall, ht , and offshore wave

height,H0), vegetation species, and choice of discount rate (Fig. 4). The first
sensitivity test considered the water depth at the toe of the seawall
(Fig. 4a–c). As water depth increases, the vegetation occupies a smaller
fraction of the water column, so that the influence of vegetation drag on
water motion decreases, which, in turn, decreases the wave dissipation.
Thus, as water depth increases, a larger wave height reaches the toe of the
seawall (Fig. 4a). The combination of greaterwater depth with a larger wave
height reaching the seawall necessitates a higher seawall to prevent over-
topping. Consequently, as water depth increases, the potential reduction in
seawall height is diminished (Fig. 4b), reducing the monetized benefit of
including a marsh (Fig. 4b). As a result, the BCR is lower for larger water
depths (Fig. 4c).

First, note that theBCRfor allwater depthsdeclines as vegetationwidth
increases (Fig. 4c). Because wave energy loss is proportional to wave height
squared, as wave height declines with distance over themarsh, themarginal
decrease inwave height per unitmarshwidth also declines. This is shownby
the reducing slope of wave height versusmarsh width in Fig. 4a. As a result,
the marginal benefit of seawall height reduction also declines, which is
reflected in the decreasing BCR (Fig. 4c). Second, note that the BCR curves
for the four water depths (four curves in Fig. 4c) converge at large marsh
width. Since the environmental service benefits and marsh construction
costs are constant per unit marsh width and not a function of water depth,
the four curves converge as the marginal benefit from reduced seawall
heightening per unit marsh width goes to zero.

The second sensitivity analysis varied both water depth and offshore
wave height to compare storm conditions (Fig. 4d). The offshore wave
heightH0 was set at itsmaximumstormvalue using the shallow-waterwave
breaking limit for the water depth at the seawall toe, ht . Specifically,
H0 ¼ 0:88ht . The offshore wave heights (legend in Fig. 4d) were all larger
than the base conditionH0 ¼ 1:5 m shown in Fig. 4c. Again, because wave
energy loss is proportional towave height squared, the greater offshorewave
height resulted inhigherBCR. Specifically, compare the left-sideof Fig. 4c, d,
in which the blue, orange, yellow, and purple BCR curves (ht ¼ 2, 3, 4, and
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Fig. 4 | Benefit-cost ratio (BCR) using low-range benefit and cost values.The base
case is the marsh-fronted seawall in Fig. 1 with offshore wave height H0 ¼ 1.5 m,
water depth at the seawall toe ht ¼ 3 m, Spartina alterniflora plants, 50-year project
life, and 2.5% discount rate73. The first sensitivity analysis varied water depth at the
seawall toe, ht , for which a shows wave height at the seawall toe, and b shows

percentage of total monetized benefit contributed by avoided seawall heightening
(solid line) and environmental services (dashed line), and c shows associated BCR
values. d Sensitivity of BCR to storm condition, with the offshore wave height set to
the shallow-water wave breaking limit H0 ¼ 0:88ht . e Sensitivity of BCR to vege-
tation species. f Sensitivity of BCR to discount rate.
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5m, respectively) are each higher in Fig. 4d, for which the offshore wave
height is higher. Further, for storm conditions, Fig. 4d again illustrates the
decreasingmarginal benefitwith increasing vegetationwidth, such thatBCR
decreases with increasing marsh width. Finally, the BCR lines cross each
other at large vegetationwidths because, given a larger offshorewave height,
there is greater overall potential for avoided seawall heightening benefit.

The third sensitivity test explored the impact of vegetation species and
seasonality (Fig. 4e). As shown in Fig. 3, the larger and more rigid Phrag-
mites australis produced the greatest wave attenuation, which is reflected in
the highest BCR (blue line and circle). Variation in plant characteristics over
a growing season was explored by comparing the average reported stem
height andnumber of leaves per stem for Spartina anglica (solid orange line)
with the validated dormant plant parameters from Hellegat between loca-
tions S3 and S4 (dotted orange line)51,66. This demonstrated that the sea-
sonality of plant conditions influenced the BCR by roughly a factor of 1.5
(Fig. 4e). However, both plant conditions achieved a BCR above 1.0.

The fourth sensitivity test explored the influence of discount rate
(Fig. 4f), considering values from 0% to 11%, which spans typical values
applied globally for long-term project evaluations. This includes the United
States Water Resources Development Act, which from 1971 to 2024 used
2.25% to 8.875%73,74, the European Commission Impact Assessment
Guidelines at 4%75,76, and discount rates for natural assets in land-use plan-
ning at 0% to 11%77. The salt marsh establishment and maintenance costs,
and the avoided seawall heighteningbenefit were computed as one-off capital
costs at the start of the project, while the environmental services benefits were
annual benefits. Higher discount rates penalize long-term environmental
services value to a greater degree than near-term net capital costs (salt marsh
constructioncostminusavoidedseawall heighteningbenefits).As a result, the
BCR values were lower for higher discount rates. Moreover, the BCR was
more sensitive to a change in discount rate when the discount rate was lower.

BCA case study example
To illustrate theBCAfor a real-world example,we considered theColumbus
Avenue Seawall Reconstruction project at Juniper Cove, Salem, Massa-
chusetts, United States. The project proposes to raise the seawall height and
restore the salt marsh in front of the seawall to improve resilience against
coastal flooding78,79. The hydrodynamic conditions for a 10-, 50-, and 100-
year storm events, proposed seawall height, and areal extent of each vege-
tation type were obtained from the project design report78. Since the Juniper
Cove site has a mildly curving coastline, a 1-D wave model is appropriate,
which assumes that all wave energy is transferred in the cross-shore direc-
tion. In the Juniper Cove case study, the wave propagation towards amildly
curved shoreline was analyzed by subdividing it into 10 transects (Fig. 5d),
along which the 1-D wave model was applied between the breakwater and
the seawall (see Methodology), with assumptions that the marsh is fully
established.

Thewave height at the seawall is shown in Fig. 5a for caseswith healthy
vegetation (dashed lines), dormant vegetation (dotted lines), and without
vegetation (solid lines) under the three storm conditions. Overtopping rates
were computed from wave height at the seawall (Fig. 5b). Without vegeta-
tion (solid lines) and with dormant vegetation (dotted lines), overtopping
rates along most of the seawall do not satisfy the pedestrian safety level of
0.01 to 0.02m3 s−1 with ht ¼ 1m, defined in EurOtop, 201854 (horizontal
green band in Fig. 5b). However, with healthy vegetation (dashed lines) the
safety requirement is satisfied for the 10- and 50-year storms (blue and
yellow dashed lines).

For each transect, we calculated the additional seawall height required
such that the seawall without vegetation would achieve the same over-
topping rate as the vegetated case (Fig. 5c). Since seawalls are typically
constructed with a top elevation that is level, the required seawall height
was governed by the transect requiring the largest additional seawall
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Fig. 5 | Comparison of cases with healthy vegetation, with dormant vegetation,
and without vegetation in front of the seawall under 10-, 50-, and 100-year storm
events for the 10 transects in the JuniperCove case study. Showing awave height at
the seawall, b wave overtopping rate at seawall, and c additional seawall height
required such that the seawall without vegetation would achieve the same

overtopping rate as the vegetated case. d Location of Transects 1 to 10 ordered from
West to East with ArcGIS ProWorld Imagery basemap103. e Benefit-cost ratio (BCR)
for healthy and dormant vegetation under 10-, 50-, and 100-year storm events
evaluated at different discount rates.
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heightening. Forhealthyplants, this corresponded to1.7 m(Transect 10) for
the 10-year storm (blue dashed line), 1.3m (Transect 6) for the 50-year
storm (yellow dashed line), and 1.1m (Transect 6) for the 100-year storm
(orange dashed line). These values were used as the avoided seawall
heightening benefit for healthy plants (see Methodology), and this process
was repeated for dormant plants. As expected, the BCR of healthy plants
(dashed lines) was significantly higher than dormant plants (dotted lines,
Fig. 5e). The healthy plants provided 16% to 50% more wave attenuation
than dormant plants, which was consistent with the 15% to 30% protection
difference between fall and winter plants reported in Garzon et al.52. The
dormant plants had similar BCR across the three return periods because the
dormant plants provided a similar low degree of wave dissipation across all
three storms.TheBCRfordormantplants dropsbelow1.0 fordiscount rates
greater than or equal to 6%, which echoes the strong influence of discount
rates on investment decisions based on BCR and the need to consider
seasonal variation in vegetation.

Discussion
A model that captures the morphology and rigidity of marsh plants pro-
duced good predictions of wave attenuation. The model demonstrated that
wave attenuation is sensitive to structural stiffness, plant morphology, and
shoot density (Fig. 3)49. While it is a common practice in coastal modeling
to describe wave attenuation with drag coefficients calibrated with
in situ measurements45,51,52, these drag coefficients are also sensitive to plant
morphology and flexibility, and thus may not be accurate for new sites with
different vegetation, or even at different seasons at the same site. In contrast,
thenewmodel canpredictwave attenuationbasedon site-specific vegetation
morphology and species heterogeneity. This enables a quantitative evalua-
tion of year-round coastal protection, capturing seasonal variation asso-
ciated with growth patterns, which can be used to determine whether
temporary additional flood-response measures are needed during specific
seasons of the year. However, since it is labor-intensive to collect the
necessary vegetation characteristics, there is a need for efficientmethods that
map vegetation species, plant height, and shoot density. Some recent studies
havemapped the spatial distributionof saltmarsh species and leaf area index
using visual,multispectral, hyperspectral imageries, and LightDetection and
Ranging (LiDAR) data collected by satellites, planes, and unmanned aircraft
systems (drones)80–82. Point clouds derived from 3-D reconstruction from
LiDARdata and Structure fromMotion photogrammetry techniques can be
used to estimate ground elevation and plant height83–85. However, remote
sensingmethods face significant challenges with acquiring sufficient ground
truth data, visual obstructions by dense vegetation canopies, high equipment
cost, and high computation cost on large datasets84,85.

The wave attenuationmodel was used to predict the reduction in wave
height achieved by a marsh situated in front of a seawall (Fig. 1). The
breakdown of each wave dissipation mechanism (Fig. 2) revealed that the
loss of wave energy to work against vegetation drag made the waves less
likely to reach breaking conditions69. Because wave breaking generates
turbulence and sediment resuspension86,87, a reduction in wave breaking
would have the added benefit of reducing resuspension, which should favor
sediment retention within the marsh. In addition, because breaking waves
generate scouring at coastal infrastructures88, a reduction in wave breaking
would also reduce scouring maintenance costs. Because methods for esti-
mating the volume of reduced erosion are not available in the literature, the
present study did not account for reduced erosion in the BCA.

The reducedwaveheight achievedby themarsh allows theheight of the
seawall to be reduced while achieving the same defense against coastal
flooding. The reduction of the seawall height was considered a benefit
(reducedcost) in the BCRanalysis, which is often used to guide decisions for
coastal planning89. The BCR was shown to be sensitive to several factors,
including design storm conditions (water depth and offshore wave height),
vegetation species and seasonality, and choice of discount rate. However, in
most cases BCR> 1.0 supported the conclusion that marsh-fronted seawall
is a viable nature-based solution, even in locations for which only a narrow
width of marsh is possible.

Since seawall construction cost varies by a factor of 20 between the low
and high-value estimates (see Supplementary Notes 4), the monetized
benefits fromavoided seawall heightening are site-specific. The benefit from
avoided seawall heighteningwould behigher for urban regions that typically
have higher labor, material, and administrative costs to build seawalls63.
Therefore, site-specific BCA unit costs, such as Supplementary Notes 5 for
the Juniper Cove case study, are essential to deliver a meaningful economic
analysis.

The seasonality of plants (Fig. 4e) and changes in water depth (Fig. 4c)
impacted the BCR by roughly a factor of 1.5 and 2 respectively. Sea level rise
would both increase thewater depth and decrease the availablemarshwidth
due to coastal squeeze, where the seawall acts as a physical barrier that
prevents the marshes from migrating inland as the intertidal limits shift
landwards90. In Fig. 4a, the effects of sea level rise can be interpreted as a
reduced marsh width (leftward shift along the horizontal axis) and an
increase in water depth (upward shift along the vertical axis). Designs that
consider time horizons associated with significant sea level rise should
consider both effects. This would require information on both the local sea
level rise, as well as the sediment accretion rate, which together determine
the change in intertidal zone width91. Specifically, sustainable marshes
require an accretion rate that keepspacewith the rate of sea level rise92,93 with
adequate room for horizontal landward expansion93. Otherwise, an addi-
tional investmentwould beneeded to build up the landbefore planting,with
earth-moving contributing a high additional cost, which would lower
the BCR.

Recall that wave attenuation follows a decreasing marginal influence
with increasing marsh width (Fig. 4a), so that the highest BCR occurs
approaching zeromarshwidth (Fig. 4). This limit is obviously infeasible, as a
marsh of negligible width cannot survive. Marsh restoration guidelines94

recommend a minimum marsh width of 5m, and sufficient sediment
availability 95 for a marsh to be sustainable. Although the marginal benefit
from wave damping decreases with wider marshes, it is desirable to max-
imize themarshland size for the ecosystem services benefits, which increase
withmarsh size, while achieving BCR > 1. In reality, the spatial extent of the
marsh is not usually a design choice but is constrained by the bathymetry
and tidal elevations, which set the intertidal range within which the marsh
can exist78.

The BCR outcomeswere sensitive to the choice of discount rate, which
was especially apparent for the dormant vegetation in the Juniper Cove case
study (Fig. 5e). The BCR for dormant plants was less than 1.0 for discount
rates greater or equal to 6%.More generally, BCRvalues vary bymore than a
factor of two across the range of discount rates between 0% and 11%
(Fig. 4f). Therefore, policies that govern the choice of discount rate have a
strong influence on the BCR outcome, which directly affects project
investment decisions76. In addition to considering the opportunity costs of
alternative investment funds or government bond return rates, the discount
rate should also reflect how heavily future ecosystem services are valued.
One may consider a lower discount rate, knowing that future ecosystem
services are important to hedge against climate challenges of rising sea levels
and more intensive storms.

The BCR of all nature-based solutions is very sensitive to the value
assigned to environmental services. For a marsh-fronted seawall, the
environmental services can contribute more than 50% of the total benefits
(dashed lines, Fig. 4b). The low and high estimates for environmental ser-
vices value differ by a factor of two (see Supplementary Notes 4), which
introduces uncertainty in the BCR. A systematic framework is needed to
value ecosystem services with more certainty. To address this, in February
2024, the Information and Regulatory Affairs (OIRA) under the Office of
Management and Budget (OMB) of the United States of America released a
first-ever guide for methodologies to quantify ecosystem services in BCA in
the United States89. This provided frameworks to identify environmental
changes offered by nature-based solutions and to generate a list of the
associated benefits to human welfare, such as human physical and mental
health, ecological conditions, and economic productivity. The present study
provides an exampleofhowecosystemservices canbequantified in theBCA
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framework. Specifically, the coastal protection benefit of the marsh was
framed in terms of the reduction in construction costs associated with a
reduced seawall height.

Methodology
Methodology for 1-D wave attenuation model
Aone-dimensionalmodel oriented perpendicular to the shoreline was used
to predict the wave amplitude, aw, at the seawall. The wave height was
assumed to be twice the wave amplitude, H ¼ 2aw. The change in wave
amplitudewas calculated for a sequence of spatial steps (Δx)marching from
an offshore location to the seawall96. The amplitude at spatial step iþ 1 was
calculated from the amplitude at spatial step i and the action of four
mechanisms that influence wave energy, each defined at spatial step i: (1)
loss to vegetation drag (Kv), (2) shoaling (Ksh), (3) depth-induced wave
breaking (Kbr), and (4) loss to bed friction (Kbed).

aw;iþ1

aw;i
¼ Kv;iKsh;iKbr;iKbed;i ð1Þ

Themodel assumed linearwaves, with periodT and angular frequency
ω ¼ 2π=T . The wave number k andwavelength λ ¼ 2π=kwere defined by
the water depth h and the dispersion relationship

ω2 ¼ gk tanh khð Þ ð2Þ

with gravitational acceleration g ¼ 9:81 ms−1.

Wave amplitude change due to vegetation drag, Kv
Flexible plants, such as marsh grass, move in response to wave forcing,
which is called reconfiguration. Reconfiguration reduces the hydrodynamic
drag generated by individual plants. The influence of reconfiguration on
plant drag, and by extension on wave dissipation, can be described in terms
of twonon-dimensional parameters66, thewaveCauchynumberCa, and the
length ratio L. These parameters are defined separately for leaves and stems,
denoted by subscript l and s, respectively. First, the Cauchy number is the
ratio of hydrodynamic drag to plant element rigidity, which is described in
terms of the plant geometry (leaf length ll; width b, and thickness d, and
stem length ls and diameter D), and the plant rigidity, defined by Young’s
modulus (El and Es) and the bending moment of inertia (Il ¼ bd3=12,
Is ¼ πD4=64).

Ca ¼
Cal ¼ ρbllU

2
w

ElIl=l
2
l

Cas ¼ ρDlsU
2
w

EsIs=l
2
s

8<
: ð3Þ

The reference wave velocity, Uw (ms−1), is defined at the top of the
canopy, or at the water surface if the plants are emergent. The wave orbital
velocity within the plant canopy is assumed to be the same as an unob-
structed linear wave, which is reasonable (within 10% from the top of the
plant) for most coastal marsh49, such that

Uw ¼ aw
2π
T
cosh kzð Þ
sinh khð Þ ð4Þ

in which z ¼ ll;
h;

�
if marsh is submerged:
if marsh is emergent:

Second, the length ratio, L, is the ratio of the plant element length (leaf
or stem) to the wave orbital excursion Aw ¼ Uw=ω,

L ¼
Ll ¼ ll

Aw

Ls ¼ ls
Aw

8<
: ð5Þ

The coefficient of wave dissipation by vegetation is Eq. 14 in Zhang
et al.66, which has been validated against field measurements, as reported in

Fig. 8 of Zhang et al.66.

KD;veg ¼
8
9π

k
sinh3 kls

� �þ 3 sinh kls
� �

sinh 2khð Þ þ 2kh½ � sinh khð ÞNs

ll
ls
CsNlCD;lbKl CalLl

� ��1
4 þ CD;sDKs CasLs

� ��1
4

� � ð6Þ

This defines the stepwise reduction in wave amplitude attributed to
vegetation Kv (as in Eq. 1)96.

Kv;i ¼
1

1þ KD;veg aw;i
� �

Δxð Þ ð7Þ

The wave drag coefficient (CD;l and CD;s) for leaves and stems is
derived from measurements of drag on flat plates and cylinders, respec-
tively, and are functions of the respective Keulegan-Carpenter numbers,
KCl ¼ UwT=b and KCs ¼ UwT=D (see Supporting Information in
Zhang et al.66).

CD;l ¼
16KC�0:52

l

max 1:95; 10KC�0:2
l

� �
(

; for KCl ≤ 10

; for KCl > 10
ð8Þ

CD;s ¼
0:17KCs þ 0:2

7:6KC�0:5
s

maxð1; 2:9KC�0:2
s Þ

8><
>:

; for KCs ≤ 11

; for 11 <KCs ≤ 25

; for KCs > 25

ð9Þ

Finally, a shape-factor for leafKl ¼ 1 and for stemKs ¼ Kl
CD;l

CD;s

� �1
4
was

defined by Zhang et al.66 to account for differences in shape that are not
reflected in the Cauchy number. A summary of variables used in the cal-
culation of the vegetation coefficient Kv is given in Table 1.

Wave amplitude change due to shoaling, Ksh;i
The group velocity describes the speed of wave energy propagation96. For
shallow-water conditions, it is a function of water depth, h.

Cg ¼
1
2

1þ 2kh
sinh 2khð Þ

� �
g
k
tanh khð Þ

h i1
2 ð10Þ

As water depth decreases toward shore, group velocity decreases,
which generally results in an increase in wave amplitude, called shoaling68.
Shoaling conserves wave energy (~Cgaw

2;) from which the shoaling coef-
ficient in Eq. 1 can be defined as:

Ksh;i ¼
aw;iþ1

aw;i

 !
¼ Cg;i

Cg;iþ1

 !1
2

ð11Þ

Wave amplitude change due to wave breaking, Kbr;i
The wave height at which breaking begins, Hb, depends on the wave con-
dition (Miche’s breaking criterion, Table 2)97,98. The wave height in a

Table 1 | Summary of variables to compute vegetation drag

Leaf Stem Others

b=Base leafwidth (m) D = Stem
diameter (m)

Nl =Numberof leavesper stem (−)

d = Leaf thickness (m) Ns =Numberofstemsbedarea (−)

ll , ls = Length (m) Cs = Sheltering coefficient (−)

Cal , Cas = Cauchy number (−)

El , Es = Young’s modulus (Nm−2)

Il , Is = Bending moment of inertia (m4)

CD;l , CD;s = Drag coefficient (−)
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random sea is assumed to have a Rayleigh-type probability distribution69,
with root-mean-squarewaveheight valueHrms, forwhich theprobabilityQb
of wave height reaching the breaker height is:

Qb ¼
1�Qb

ln Qbð Þ ¼ � Hrms
Hb

� �2
Qb ¼ 1

8<
: ; for 0 ≤ Hrms <Hb

; forHrms ≥ Hb

ð12Þ

For a random sea, the average rate of wave energy dissipation due to
breaking is69:

Dw ¼ αQb
1
4
ρg
T
Hrms

3

h
ð13Þ

with α a scale coefficient of order 1, which we assume to be 1. Conservation
of energy requires that the spatial rate of change in wave energy flux equals
the energy dissipated by breaking:

∂ðECg Þ
∂x

þ Dw ¼ 0 ð14Þ

The wave energy per surface area is E ¼ 1
8 ρgH

2
rms. Assuming Cg is

unchanged and the breaking occurs over a distance comparable to or longer
than the stepsize, the fraction of the wave energy lost in step Δx is:

Ei � Eiþ1

Ei
¼ Dw

ECg
Δx ¼

1
4Qb

ρg
T

Hrms
3

h
1
8 ρgHrms

2Cg
¼ 2QbHrmsΔx

ThCg

ð15Þ

For simplicity, we follow the evolution of a single wave height,
replacing Hrms by H, but extension to a random sea would be
straightforward. For Fig. 2 model validation,Hrms is the reported wave
height measured on-site from Vuik et al.51. The wave height was
assumed to be twice the wave amplitude H ¼ 2aw. Since E � a2w, the
breaking coefficient in Eq. 1 is:

Kbr;i ¼
aw;iþ1

aw;i
¼ Eiþ1

Ei

� �1=2

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4Qbaw;iΔx

ThiCg;i

s
ð16Þ

Wave amplitude change due to bed friction, Kbed;i
The effects of bed friction onwave energy attenuation are not significant51,
such that coarse approximations would not significantly affect the pre-
cision of wave modeling. The bed was assumed to be a medium size sand,
d90 ¼ 0:5 mm, with equivalent roughness ke = 2d90, and wave friction
factor f ¼ 0:1ke=Aw;bed, with Aw;bed the wave excursion at the bed70.
Assuming linear waves and that bed friction is the only mechanism of
wave energy dissipation (see details in Section 9.2.2 of Dean&Dalrymple,
199170),

Kbed;i ¼
aw;iþ1

aw;i
¼ 1

1þ KD;bed aw;i
� �

Δxð Þ ð17Þ

with

KD;bed ¼
2f
3π

k2

2khþ sinh 2khð Þ½ � sinh khð Þ ð18Þ

Decomposition of contributions from the four energy dissipation
mechanisms
From Eq. 1, the contributions of individual wave dissipation mechanisms
are not additive in a linear fashion, so the compound effect of all four
mechanisms is less than the sum if each component contributes indepen-
dently. The following stepswere used to estimate the fractional contribution
of each mechanism to the reduction in wave amplitude over a given step.
First, the dissipation coefficients Ki were recast into a fractional change in
amplitude. Specifically, ðaw;i�aw;iþ1

aw;i
Þ ¼ 1� Ki, which was used to define the

reduction factors

Rv;i ¼ 1� Kv;i

Rsh;i ¼ 1� K�
sh;i

Rbr;i ¼ 1� Kbr;i

Rbed;i ¼ 1� Kbed;i

ð19Þ

Second, the proportional contribution from each mechanism
(m ¼ v; sh; br; or bed) to the amplitude reduction is:

Pm;i ¼
Rm;i

Rv;i þ R
sh;i

þ Rbr;i þ Rbed;i
ð20Þ

Third, since shoaling may increase or decrease wave amplitude,
additional steps were needed to define the shoaling reduction factor,
Rsh;i ¼ 1� K�

sh;i. Specifically,

K�
sh;i ¼

Ksh;i; for Ksh;i ≤ 1
1

Ksh;i
; for Ksh;i > 1

(
ð21Þ

The dummy parameter di records whether shoaling increases or
decreases wave amplitude.

di ¼
1; for Ksh;i ≤ 1

�1; for Ksh;i > 1

(
ð22Þ

The modified portion contributed by shoaling is then:

P�
sh;i ¼ Psh;i di

� �
ð23Þ

Finally, the wave amplitude reduction contributed by a particular
mechanism (with subscript m ¼ v; sh; br; or bed) is:

Δaw;m;i ¼ Pm;i
Δaw

Rv;i þ P�
sh;i þ Rbr;i þ Rbed;i

 !
ð24Þ

For example, wave amplitude reduction by vegetation drag is:

Δaw;veg;i ¼ Pveg;i
Δaw

Rv;i þ P�
sh;i þ Rbr;i þ Rbed;i

 !
ð25Þ

Salt marsh plant morphology and material properties
For themodel validation reported inFig. 2 in theResults, plantparameters at
Bath and Hellegat were reported in Vuik et al.51 and adapted from Zhang

Table2 |Miche’sbreakingcriterion fordeep, intermediate, and
shallow-water wave

Wave condition Breaker height (Hb)

Deep water wave h> λ
2

0:142λ

Intermediate water wave λ
20 � h � λ

2 0:142λ tanh 2πh
λ

� �
Shallow-water wave h< λ

20
0:88h
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et al.66, based on the species descriptions in Vuik et al.51. The vegetation
parameters used are shown in Supplementary Notes 2.

For the comparison of wave attenuation achieved by six different
marsh species (Fig. 3), plant characteristics were taken from Zhang et al.66,
summarized in Supplementary Notes 3.

Value of marsh in terms of reduced seawall height
The coastal protection value of themarsh was quantified in terms of the
avoided cost of heightening the seawall. In the absence of a marsh,
larger waves reach the seawall, which requires greater seawall height to
achieve the same overtopping rate. Engineering relationships provided
in EurOtop, 201854 describe the overtopping rate as a function of the
freeboard Rc, which is the distance between still-water elevation and
the highest point of the seawall structure. The wave height at the toe of
the seawall was predicted from the 1-D wave model and used to
compute the overtopping rate for different values of freeboard54. The
freeboard required for a targeted overtopping rate determined the
required seawall height with and without a marsh. For Fig. 4, the marsh
was assumed to be fully developed, and the targeted overtopping rate
was chosen to be 3 (10−4) m3 s−1, which is the most conservative mean
discharge limit defined for pedestrian safety in Table 3.3 of EurOtop,
201854. The overtopping rate depends on the slope of the seawall, and
we assume a vertical seawall. Therefore, Eq. 5.17 of EurOtop, 201854

was used.

Methodology for BCA
A BCAwas constructed to compare whether placing a marsh in front of an
existing seawall would be more economically beneficial than heightening
the seawall to deliver the same overtopping rate. The benefits considered
were the avoided cost of heightening the seawall and the marshland
environmental services. The costs considered were the installation ofmarsh
plugs and the creation and maintenance of the marshland. Both the benefit
from avoided seawall heightening and the cost from marshland creation
need to be annualized, while the other items can be reported as annual
values. The monetized benefits and costs were compared using a BCR:

BCR ¼ Annualized value of benefits
Annualized value of costs

ð26Þ

Present value (P) of construction costs, marshland earthworks, seawall
height reduction, were converted into annualized value99 using Eq. 27.

Annualized value ¼ P r
n

� �
1� 1þ r

n

� ��nt ð27Þ

in which n ¼ 1 ¼ number of discounting evaluations per year, r is the
discount rate, and t ¼ 50 years of marsh service lifetime, which is the
standard period of useful life for coastal wetlands defined by FEMA31. For
coastal wetlands, the standard period of useful project life is typically
assumed to be 50 years, while an acceptable range is 50 to 100 years, if the
land is protected, and a maximum of 100 years represents perpetuity31.

Quantify the value of environmental (ecosystem) services
Environmental services include the ecosystem functions and aesthetic value
of the salt marsh31. For example, because waves and currents are reduced
within a marsh, they provide important quiescent habitat for aquatic
species35. Themarshalso improveswaterquality andprotects property value
by reducing the impact of coastal storms.Monetary values for these services
have been estimated inprevious studies, summarized inTable 3. In addition,
there is an aesthetic and property value associated with reducing seawall
height, as can be achieved with a hybridmarsh-seawall structure, which has
not been systematically evaluated and thus cannot be included in this study.

Table 3 summarizes the benefit and cost per 1m length (along the
coastline) of seawall-marsh hybrid infrastructure. Some of the items have a
large range of reported values. To simplify the sensitivity analysis, thesewere

Table 3 | Unit cost and benefit of marsh-fronted seawall in
$2023USD

Category Source $2023USD Units

Costs

Marsh planting costs

All USACE, 201561 2.82 ($/planting(1))

Marsh capital costs (Marshland creation, stabilization)(2)

Low Narayan et al.21 1.54 ($/m2)

Medium Oppenheimer et al.64 9.37 ($/m2)

High Linham et al.59 9.68 ($/m2)

Other costs

Contingency

All USACE, 201561 25% (of capital cost)

Engineering and design

All USACE, 201561 12% (of capital cost)

Construction management

All USACE, 201561 10% (of capital cost)

Marsh maintenance costs

All Linham et al.59 0.15 ($/m2/year)

All USACE, 201561 0.50% (of capital cost)

Benefits

Reduced seawall heightening

Low Linham et al.59 1129 ($/m/m)

Medium Linham et al.59 8064 ($/m/m)

High Linham et al.59 22,643 ($/m/m)

Environmental services

Low FEMA, 202231 2.55 ($/m2/year)

Medium Jin et al.65 4.19 ($/m2/year)

High Jin et al.65 4.51 ($/m2/year)
(1) A planting is a plant plug, which consists of one or more germinated and grown salt marshes. The
unit cost accounts for the purchase of plant plugs and labor installation on the marshland.
(2) Marsh creation and stabilization is the ground and earthworks preparation to grow salt marsh
habitat.

Table 4 | CWCCIS cost escalation conversion100

Year Composite index(1) Conversion ratio to $2023USD

2009(2) 703.00 1.61

2010 724.17 1.57

2011 756.48 1.50

2012 773.75 1.47

2013 787.64 1.44

2014 804.05 1.41

2015 804.97 1.41

2016 810.92 1.40

2017 835.57 1.36

2018 862.56 1.31

2019 888.57 1.28

2020 897.19 1.26

2021 984.80 1.15

2022 1105.90 1.03

2023 1133.78

Conversion ratios are computed from reported composite indices.
(1) Composite indices were given relative to the base year 1967 at 100.
(2) All unit monetary values used in this study (Table 3) dates from 2009 values.
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sorted into low,medium, and high ranges56,57. Amore comprehensive list of
literature values for each benefit and cost is tabulated in Supplementary
Notes 1.Marshplantingswere assumed tobe 0.46m(18 inches) apart, based
on reported practices78, so the planting density was 5 plugs per m2.

A cost breakdown example is shown in Supplementary Notes 4
assuming a 20-mwide (perpendicular to shore) Spartina alternifloramarsh
in front of the seawall (as in Fig. 1) and evaluated for a wave period of 5.0 s,
offshore wave height of 1.5m, and 3mwater depth at the toe of the seawall.
The marsh facilitated a 1.03m reduction in seawall height. The resulting
BCR values are listed in Supplementary Notes 4.

Money adjustments and monetized components list
The impact of inflation on costs incurred in different years was calculated
following the Civil Works Construction Cost Index System (CWCCIS)100.
The Composite Index (Table 4) is a weighted average cost index among 19
categories of infrastructure projects. Costs reported in other currencieswere
converted into $USD using exchange rates on July 1st of each year, repre-
senting mid-year, which was also done in Linham et al.59.

Methodology for BCA case study on Juniper Cove
The Columbus Avenue Seawall Reconstruction Project was designed to
improve the resilience against coastal flooding at Juniper Cove, Salem,
Massachusetts, United States, by raising the seawall height and restoring salt
marsh habitat in front of the seawall78,79. This case study focused on the
seawall fronted by salt marsh, between 44 Columbus Avenue and the
loading dock, measuring approximately 79m in length (Fig. 6). The 1-D
wave model was applied between the breakwater and the seawall.

1-D wave modeling for Juniper Cove case study
Modeling the wave propagation between the breakwater and the seawall
required knowledge of bathymetry, hydrodynamic conditions at the break-
water, and vegetation characteristics. Firstly, the bathymetry of Juniper Cove
was obtained from1887 to 2016USGSCoNEDTopobathyDEM (Compiled

2016): New English, published in 2017 on NOAA101. Ten transects were
chosen to subdivide the seawall section along the shore,with labels Transect 1
to Transect 10 from West to East, shown in Fig. 5d. Secondly, the design
report used SWAN, a numerical wavemodel, to forecast the wave conditions
at the harbor inlet breakwater under 10-, 50-, and 100-year storms, which
were used as the boundary condition for the 1-D wave model. The hydro-
dynamic conditions for each return period are summarized in Table 5.

Thirdly, the vegetation was chosen based on its preferred tidal regime.
Spartina alterniflora would be planted where the ground elevation is
between −0.30 and 1.22m NAVD88 (−1 and 4 ft), while Spartina patens
would be planted where the ground elevation is between 1.22 and 1.52m
NAVD88 (4 and 5 ft). To evaluate the effects of plant seasonality on the
BCA, the healthy and dormant vegetation properties are shown in Sup-
plementary Notes 6.

BCA for Juniper Cove case study
Adetailed breakdown of the unit cost for each construction componentwas
provided in the Engineer’s Cost Estimate sheet in Appendix C of the pre-
liminary design report78. For this case study, the relevant cost components
for marsh planting were: (1) High marsh plantings—Spartina patens, (2)
Low marsh plantings—Spartina alterniflora, (3) salt marsh sand, (4) sill
construction, and (5) salt marsh maintenance. Consistent with the pre-
liminary design report, a 15% contingency cost and a 15% engineering
closeout cost were factored into the total cost.

The benefits were the reduced seawall heightening and the environ-
mental services provided by the marsh. The reduced seawall heightening
was computed as the additional freeboard needed without vegetation to
achieve the same overtopping rate as the vegetation case. The unit benefit of
avoided seawall heightening was based on the granite stone wall construc-
tion cost listed in the Engineer’s Cost Estimate sheet in Appendix C of the
preliminary design report78. A service life of 50 years was assumed. An
example of the BCAat 2%discount rate is shown in SupplementaryNotes 5.

Data availability
The field data used in the model validation and the hypothetical marsh-
fronted seawall configuration are both adopted fromVuik et al.51. The plant
parameters were adopted from Zhang et al.66. Data on the Columbus
Avenue Seawall Reconstruction project at Juniper Cove were adopted from
Taylor & Smith78 and the bathymetry of the site is accessed from 1887-2016
USGS CoNEDTopobathy DEM (Compiled 2016): New English, published
in 2017 on NOAA101. Data sharing is not applicable to this article as no
datasets were generated during the current study.

Code availability
The codes for 1-D wave modeling and BCA are both written in MATLAB
(Version 23.2.0 R2023b). The code for 1-D wave modeling is available at

Fig. 6 | Aerial image of Juniper Cove, Salem,
Massachusetts, United States from Google Earth
Pro, © 2024 Airbus104. The existing uneven seawall
will be raised by 0.46 to 0.91 m (1.5 to 3 ft) along its
length to a level 3.51 m (11.5 ft) NAVD88 elevation.
The areal extent of marsh is 1600 m2 and includes
regions of Spartina patens and Spartina alterniflora
defined in the site plan found on page 21 of the
Columbus Avenue Seawall Reconstruction Project
Preliminary Design Summary Letter by GZA
GeoEnvironmental, Inc78. 44 Columbus Ave.

Loading dock

Breakwater

~79 m

Maps Data: Google, © 2024 Airbus

Table 5 | Hydronamic inputs for Juniper Cove case study,
based on SWAN output of model wave height at the
breakwater, which is station 6 in the preliminary design
report80

Return period

10-year 50-year 100-year

Wave period (s) 11 11 11

Still-water elevation (m NAVD88) 2.56 2.87 3.05

Wave height at breakwater (m) 1.16 1.28 1.34
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https://doi.org/10.5281/zenodo.13372875102. Any additional code is also
available from the corresponding author on request.
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