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As coastal communities grow more vulnerable to sea-level rise and increased
storminess, communities have turned to nature-based solutions to bolster coastal
resilience and protection. Marshes have significant wave attenuation properties and can
play an important role in coastal protection for many communities. Many restoration
projects seek to maximize this ecosystem service but how much marsh restoration
is enough to deliver measurable coastal protection benefits is still unknown. This
question is critical to guiding assessments of cost effectiveness and for funding,
implementation, and optimizing of marsh restoration for risk reduction projects. This
study uses SWAN model simulations to determine empirical relationships between wave
attenuation and marsh vegetation. The model runs consider several different common
marsh morphologies (including systems with channels, ponds, and fringing mudflats),
vegetation placement, and simulated storm intensity. Up to a 95% reduction in wave
energy is seen at as low as 50% vegetation cover. Although these empirical relationships
between vegetative cover and wave attenuation provide essential insight for marsh
restoration, it is also important to factor in lifespan estimates of restored marshes
when making overall restoration decisions. The results of this study are important for
coastal practitioners and managers seeking performance goals and metrics for marsh
restoration, enhancement, and creation.

Keywords: salt marsh, restoration, coastal protection, UVVR, cost effectiveness, vegetation, numerical model,
modeling

INTRODUCTION

Communities have turned to nature-based solutions to bolster coastal resilience and protection in
the face of rising sea levels and increasing storminess. Marshes have significant wave attenuation
properties and can play an important role in coastal protection for many communities (Gedan
et al., 2011; Temmerman et al., 2013). Previous field, lab, and modeling research has documented
the ability of marsh vegetation to reduce the energy and height of storm waves. Despite both
making landfall in southern Louisiana in 2005 as category 3 hurricanes, Hurricane Rita was
less deadly than Hurricane Katrina, largely because Rita traveled over at least 30 km of wetland
before reaching a major populated center (Day et al., 2007). A flume experiment by Möller et al.
(2014) using natural marsh found that up to 60% of observed wave height reduction was due
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to the presence of vegetation. This builds on the meta-
analysis of Shepard et al. (2011), which found that marsh
vegetation attenuates smaller, more frequent waves and plays a
significant role in shoreline stabilization. Wamsley et al. (2009)
modeled Hurricanes Katrina and Rita on southern Louisiana
marshes and found that restoration decreased storm wave
heights, though the amount of attenuation was variable among
different marshes.

Many restoration projects seek to maximize the ecosystem
service of wave attenuation, but how much marsh restoration
is enough to deliver benefits remains unclear. Salt marsh
restoration projects often employ a combination of techniques,
including increasing tidal flow through removal of existing
restrictions (Burdick and Roman, 2012), increasing marsh
elevation (through natural sedimentation associated with
increased flow or augmented sedimentation such as thin-layer
deposition; U.S. Army Corps of Engineers, 2022), and increasing
vegetation cover through physical planting of appropriate
native species (Sparks et al., 2013). While wave attenuation is
often cited as an important benefit to marsh restoration, and
studies have quantified wave attenuation in the field (Möller
and Spencer, 2002; Lightbody and Nepf, 2006; Jadhav et al.,
2013), lab (Möller et al., 2014; Rupprecht et al., 2017), and in
model settings (Loder et al., 2009; Wu et al., 2016; Marsooli et al.,
2017), wave energy reduction as a function of marsh restoration
is less studied.

Reduction in wave height and subsequent wave energy
has cost-effective implications for coastal resilience; reduction
of wave energy, in turn, reduces wave-driven flooding. Salt
marshes and mangrove systems have been found to be two
to five times less expensive than submerged breakwaters for
wave heights up to 0.5 m (Narayan et al., 2016). Narayan
et al. (2017) found that during Hurricane Sandy in 2012,
wetlands in the northeastern United States avoided more than
$600 million in direct flood damage. Management decisions,
however, consider effort and cost trade-offs in marsh restoration
scenarios. Sparks et al. (2013) found that small-scale experimental
Juncus roemerianus plots planted at half density were largely
more or equally cost-effective for both planting cost and effort
when compared to plots planted at full density. Smith et al.
(2018) analyzed the resistance of various types of shorelines
in North Carolina, United States, to Hurricane Matthew
(2016), and found that constructed/planted salt marshes with
an offshore rock sill were more resistant to the hurricane’s
impacts than both traditional hardened shorelines and natural
marshes. Given this context, research into wave attenuation
as a function of marsh vegetation and, indirectly, marsh
restoration, provides valuable insight critical to guiding efforts
to optimize funding, effort, and overall cost effectiveness of
restoration projects.

This study uses a series of model simulations to determine
empirical relationships among wave attenuation, percent
vegetated, and marsh unvegetated-vegetated ratio (UVVR).
The empirical relationships presented in this study span a
variety of characteristics (including vegetated/unvegetated ratio,
vegetation distribution, storm intensity, and general marsh
morphology) and can be applied by restoration practitioners to

determine appropriate restoration planting targets to maximize
wave attenuation.

MATERIALS AND METHODS

Model Setup
This study uses a third-generation directional spectral wave
model, SWAN (Simulating Waves Nearshore; Booij et al., 1999),
to simulate wave attenuation by salt marsh vegetation across
a series of different idealized morphologies (Figure 1 and
Supplementary Table 1), generalized and based on common field
analogs (Supplementary Figure 1). Wave characteristics were
chosen to be representative of low-, medium-, and high-intensity
storm events (Table 1). Waves approached the 600 m-by-600 m,
1-m resolution model grid directly from the south and assumed
a JONSWAP (JOint NOrth Sea WAve Project) spectral shape
(Hasselmann et al., 1973). Model bathymetry spanned from -
10 m (offshore) to +2 m, with vegetation beginning at 0 m,
approximately ∼160 m from the north edge of the domain
(Figure 1J). Model water depth was defined at 2.5 m above 0 m
bathymetry, such that the entire marsh surface was inundated,
though at depths dependent on bathymetry, representative of
a major storm surge or high tide event (Figure 1J). Vegetated
cells were defined (Table 1) using values consistent with Bendoni
et al. (2019) using the default Dalrymple vegetation module
(Dalrymple et al., 1984). The vegetation drag coefficient was
chosen to be representative of the synthesis of both Anderson and
Smith (2014) and Vuik et al. (2016).

Here, we present three study cases that explore varying
vegetation, morphology, and the presence of a vegetated leading
edge. Wave energy was determined from wave height using the
equation:

E =
1
8
ρgH2

where E represents wave energy in J/m2, ρ is the density of water
(1024 kg/m3 at 20◦C), g is the acceleration of gravity (9.81 m/s2),
and H is the wave height. Wave energy was horizontally averaged
in the middle 50 m of the domain, and percent change in wave
energy was determined over the first 100 m from the model
shore. Reduction in wave energy is a function of both vegetation
and marsh elevation; model runs with no vegetation indicate a
percent reduction in wave energy over the first 100 m of marsh
of 52, 81, and 84% for low, medium, and high intensity wave
scenarios, respectively.

Vegetation distribution was based on unvegetated/vegetated
ratio (UVVR) values. UVVR is a pixel-based indicator of marsh
vulnerability related to sediment budget and derived from aerial
imagery (Ganju et al., 2016). UVVR is distinct from percent
vegetated (a metric often used in marsh literature to represent
individual transect or quadrat measurement) in that it can be
translated directly to modeling frameworks over a wide variety
of spatial scales (Supplementary Figure 1). UVVR has also
been used to identify key tipping points in marsh stability
(Ganju et al., 2016). Integrating stability (D’Alpaos, 2011; Ganju,
2019; Wasson et al., 2019) into our understanding of marsh
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FIGURE 1 | Example 600 by 600 m, 1-m resolution model domains for the following cases: (A–C) comparing randomized vegetation percentages; (D–F) comparing
different significant marsh morphologies (channel, pond, and mudflat), and (G–I) varying the width and density of a vegetated leading edge. Vegetated cells are
indicated with green. Waves approach directly from the south. Wave energy is averaged horizontally over the middle 50 m, indicated with vertical dashed lines.
Percent change in wave energy is determined between the horizontal dotted lines. (J) Cross-section of model input bathymetry, with model water depth indicated by
the dotted line. Vegetation for all cases began at 0 m depth; indicated by green.

restoration is imperative to develop and implement projects that
are successful over long timescales. UVVR values are available
for entire contiguous United States coastline through the U.S.

Geological Survey (Couvillion et al., 2021), but it is important
to consider that practitioners can use percent vegetation cover
measurements to estimate UVVR, particularly in areas where
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TABLE 1 | Model constants.

Model setup

Grid resolution 1 m

Water level 2.5 m

Average elevation 1.2 m

Vegetation

Plant height 0.35 m

Stem width 0.008 m

Plant density 500 units/m2

Drag coefficient 1.8

Wave scenarios

Low intensity, H 1 m

Low intensity, T 6 s

Medium intensity, H 2 m

Medium intensity, T 8 s

High intensity, H 5 m

High intensity, T 12 s

marsh-restoration projects are rapidly changing. As such, this
study employs both vegetation measurement conventions.

Vegetation
To determine a relationship between marsh UVVR, percent
vegetation cover, and wave attenuation, marshes were first
modeled with randomized vegetated cells throughout the entire
domain. Desired percent vegetated cover and subsequent UVVR
value was reached through randomly seeding vegetated cells in
the model domain where the bathymetry is >0 m (Figures 1A–
C). UVVR values ranged from 0.01 (∼99% vegetated) to 2 (33%
vegetated). Each 1-m2 cell where the bathymetery is >0 m
(indicated with green in Figure 1J) was randomly assigned a value
of 0 or 1; cells with a value of 1 were vegetated using the vegetation
characteristics in Table 1. The UVVR 0.01–2 range functionally
represents a marsh, since UVVR values of >2 (equivalent to 67%
unvegetated) effectively function as an intertidal flat or estuarine
embayment rather than a marsh, as discussed by Ganju et al.
(2020). Three randomized configurations were generated per
desired UVVR condition. Percent change in wave energy was
determined and averaged across each vegetation configuration
for each storm intensity scenario.

Morphology
Three idealized marsh morphologies were used in this study
to determine the wave attenuation capability of common
marsh presentations: channel-dominated, pond-dominated,
and fringing-mudflat-adjacent (as seen in Supplementary
Figures 1C–E).

For channel morphologies, channels of varying widths (1–
3 m) and lengths (25–160 m) were randomly seeded throughout
the vegetated model domain (Figure 1D). Channels were given
a uniform depth of 2 m, consistent with observed values
(Iwasaki et al., 2013). The number of channels and vegetated
cells were randomly varied to reach the desired UVVR, and
each UVVR condition, ranging from 0.1 to 2, was run in three
randomized configurations.

For pond morphologies, ponds of varying areas, ranging
from 1 to 225 m2 with a uniform depth of 0.3 m (consistent
with observations by Spivak et al., 2017), were randomly seeded
throughout the vegetated model domain (Figure 1E). As with
the channel morphology, the number of ponds and vegetated
cells were randomly varied to reach the desired UVVR, and each
UVVR condition was run in three randomized configurations.

Mudflats were represented as unvegetated areas at the model
shore. Mudflats were held at a constant width, and vegetation
was randomly seeded behind the mudflat to reach the desired
UVVR (Figure 1F). As with the other morphologies, each UVVR
condition was run in three randomized configurations.

Vegetated Leading Edge
To test specific restoration scenarios, the study also explored
the influence of a vegetated leading edge on wave attenuation
(Supplementary Figures 1D,F). Leading edges of varying widths
(10–50 m) were vegetated at varying UVVRs (0.01–2, equivalent
to 99–33% vegetated, respectively) at the model shore (where
bathymetry > 0 m; Figures 1G–I). The area behind the leading
edge was not vegetated. Percent change in wave energy was
determined, as with the previous cases, over the first 100 m
from model shore.

Lifespan Estimates
Following the technique of Ganju et al. (2016), lifespan of
the restored model marsh was estimated using established
relationships among UVVR, sediment budget, marsh area, and
marsh elevation. The sediment-based lifespan of a marsh system,
Lsed, is a function of the total available sediment mass (Msed)
in a vegetated marsh plain, net sediment budget of the marsh
system (Qb), and the total area of the marsh unit (A). Msed is
approximated as the product of the mean elevation above mean
sea level (Em), the vegetated area within a marsh unit (Aveg), and
the representative mean dry bulk density of the sediment stored
within the marsh plain (ρmean; 373 kg m−3 per Ganju et al., 2016
and Morris et al., 2016). Using approximations of the relationship
between Qb and UVVR per Ganju et al. (2016):

Lsed = − (Em × Aveg × ρmean)/(−0.42logUVVR−1.08× A)

Following Ganju et al. (2020), present-day marsh unit
lifespans can also be estimated under future global mean sea-level
(Sweet et al., 2017) through recomputing lifespan to incorporate
the excess sediment deficit from three sea-level rise (SLR)
scenarios: 0.3, 0.5, and 1.0 m rise by 2100:

Lsed,future = − (Em × Aveg × ρmean)/(−0.42 log UVVR−1.08

× A)− [(SLRfuture − SLRbackground) × ρfuture] × A

where ρfuture represents the dry bulk density of future deposited
sediment (159 kg m−3 per Morris et al., 2016). SLRfuture and
SLRbackground represent downscaled SLR values from Ganju et al.
(2020) for several United States marshes (Chincoteague Bay,
Great South Bay, Cape Cod, and Plum Island Estuary) were
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FIGURE 2 | Percent change in wave energy over the first 100 m of marsh for (A) randomized vegetation, (B) channel morphology, (C) pond morphology, and (D)
mudflat morphology. Wave intensity scenario is indicated by color, with high-intensity waves (5 m,12 s) in red, medium-intensity waves (2 m, 8 s) in yellow, and
low-intensity waves (1 m, 6 s) in green. Model runs with no vegetation and no topography change indicate a percent reduction in wave energy over the first 100 m of
marsh of 52, 81, and 84% for low, medium, and high intensity wave scenarios, respectively.

averaged to apply to model space. Background and 0.3, 0.5, and
1.0 m SLR by 2100 scenarios averaged 0.001, 0.005, 0.006, and
0.013 m/year, respectively.

RESULTS

Vegetation
For randomized vegetation cases, percent change in wave energy
over the first 100 m of marsh followed a linear regression
(Figure 2A). Wave energy decreased with UVVR value. The
percent decrease in wave energy across all wave scenarios was
substantial; there was a 95% decrease in wave energy over the
first 100 m of the marsh for all wave scenarios by UVVR 1.2 (45%
vegetated). Slope, intercept, and statistical values for the linear
regressions can be found in Table 2.

Percent decrease in wave energy was largely influenced by
wave intensity (Figure 2A). For low-intensity wave conditions,
average percent decrease in wave energy ranged from 91.9% at
UVVR 2 (33% vegetated) to 98.7% at UVVR 0.1 (90% vegetated).

For medium-intensity wave conditions, average percent decrease
in wave energy ranged from 96.9% at UVVR 2 to 99.5% at
UVVR 0.1. For high-intensity wave conditions, average percent
decrease in wave energy ranged from 97.8% at UVVR 2 to
99.7% at UVVR 0.1.

Wave energy also decreased with changes in elevation and
associated wave breaking; model runs with no vegetation and
no topography change indicate a percent reduction in wave
energy over the first 100 m of marsh of 52, 81, and 84% for
low, medium, and high intensity wave scenarios, respectively,
suggesting that vegetation alone is responsible for the additional
16–48% reduction in wave energy in high-vegetation scenarios.

Morphology
Percent change in wave energy over the first 100 m of marsh also
followed a pattern of linear regression for all morphology types
and wave-intensity scenarios (Figures 2B–D); equation constants
can be found in Table 2. As with the vegetation simulations,
there was a 95% decrease in wave energy over the first 100 m
of the marsh for all morphology types and wave scenarios by
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TABLE 2 | Values for linear regressions in the form of y = mx + b, where y
represents percent change in wave energy and x represents
unvegetated/vegetated ratio (UVVR).

Case Slope (SE) Intercept (SE) Adj. R2 RMSE

Randomized vegetation

Low intensity 3.33 (0.07) –99.02 (0.09) 0.9991 0.226

Medium intensity 1.28 (0.03) –99.66 (0.04) 0.99 0.0924

High intensity 0.93 (0.02) –99.76 (0.03) 0.988 0.0718

Channel morphology

Low intensity 5.54 (0.42) –99.94 (0.53) 0.897 1.32

Medium intensity 1.68 (0.15) –100.1 (0.2) 0.866 0.465

High intensity 0.74 (0.07) –100.06 (0.09) 0.847 0.222

Pond morphology

Low intensity 3.46 (0.13) –99.02 (0.16) 0.974 0.402

Medium intensity 1.17 (0.05) –99.72 (0.06) 0.968 0.149

High intensity 0.8 (0.03) –99.82 (0.04) 0.966 0.106

Mudflat morphology

Low intensity 3.09 (0.02) –99.23 (0.08) 0.991 0.21

Medium intensity 1.08 (0.02) –99.76 (0.03) 0.99 0.0775

High intensity 0.78 (0.02) –99.84 (0.02) 0.989 0.0591

Standard error for slope and intercept values are given in parentheses.
For all cases, N = 24, degrees of freedom = 22.

UVVR 1 (50% vegetated). Channel morphology had the most
variation between model runs, particularly under low-intensity
wave scenarios; a 95% reduction in wave energy was reached
by UVVR 1 in the low-intensity scenario, whereas 96.7 and
98.6% reductions were reached by UVVR 2 under medium- and
high-intensity conditions, respectively (Figure 2B). For pond
and mudflat morphologies, a 95% reduction in wave energy was
reached by UVVR 1, >2 and >2 under low-, medium-, and
high-intensity wave conditions, respectively (Figures 2C,D). For
context, at UVVR 1 under the low-intensity wave scenario, initial
wave heights in the model of 0.9 m are reduced to less than 0.2 m
within the first 100 m of marsh. In the medium-intensity wave
scenario, 1.6 m model wave heights are reduced to ∼0.3 m, and
in the high-intensity wave scenario, 1.9 m model wave heights are
reduced to∼0.4 m.

Vegetated Leading Edge
Percent wave energy reduction increased as leading-edge width
increased and UVVR decreased. Under low-intensity wave
conditions, a 40-m leading edge with UVVR 0.2 (∼85%
vegetated) can reduce wave energy by at least 80% (Figure 3A).
Under medium-intensity wave conditions, a 30-m leading edge
at UVVR 1 (50% vegetated) can provide the same percent
reduction (Figure 3B). Under high-intensity wave conditions,
a 30-m leading edge at UVVR 1 (50% vegetated) can provide
more than 85% reduction (Figure 3C). Under higher-intensity
wave conditions, even thinner, leading edges at higher UVVRs
can provide more than 75% reduction in wave energy. A 10 m
vegetated edge, perhaps more accessible to homeowners, will
still provide >50% reduction in wave energy at low-intensity
conditions and >80% reduction at high-intensity conditions,
though additional reduction from increased vegetation is more
apparent at vegetated leading edges 20 m and wider.

Lifespan Estimates Under Sea-Level
Rise Scenarios
To assess the relationship between UVVR and marsh lifespan,
lifespans under future global mean sea-level scenarios were
calculated using qualities of the model domain and averaged
downscaled SLR values for several United States marshes
(Figure 4). Under background rates of SLR (∼1 mm/year per
Sweet et al., 2017), our study marsh (with an initial average
elevation of 1.2 m) restored to UVVR 1 has a lifespan of 208 years.
For 0.3, 0.5, and 1.0 m SLR rise by 2100, lifespan decreased to
130, 120, and 75 years, respectively. A marsh restored to UVVR
0.1, identified as a key tipping point in marsh stability (Ganju
et al., 2016), has a lifespan of 3,477, 540, 446, and 200 years, for
background, 0.3, 0.5, and 1.0 m SLR rise scenarios, respectively.

DISCUSSION

Studies have quantified wave attenuation by marsh vegetation
in field (Möller and Spencer, 2002; Lightbody and Nepf, 2006;
Jadhav et al., 2013) and lab (Möller et al., 2014; Rupprecht et al.,
2017) settings. Highly sophisticated and often computationally
expensive models have been used to examine wave attenuation
across specific locations (Loder et al., 2009; Marsooli et al.,
2017) or within relatively small spatial constraints (Wu et al.,
2016). Framing wave energy reduction as a function of marsh
restoration, however, has been less studied. This study was
specifically designed with a management perspective in mind,
using generalized and representative model input to broadly look
at relationships between marsh vegetation distribution and wave
attenuation in a functional restoration context. Practitioners may
be more familiar with and better able to implement percent
cover measurements as part of an intensive monitoring program.
UVVR measurements, particularly the datasets available for
entire United States coastline through the U.S. Geological
Survey (Couvillion et al., 2021), may be more appropriate for
identification of vulnerable areas suitable for restoration. As such,
this study has been framed in terms of both UVVR and percent
vegetative cover to maximize its utility in multiple applications.

The amount of vegetation cover in a marsh, in tandem with
its elevation capital, influences its ability to reduce wave energy.
Regardless of marsh morphology, a marsh with 50% vegetated
(UVVR 1) is likely able to reduce storm wave energy by 95%
within the first 100 m; which represents a strong benchmark
value for hazard mitigation. Marshes with ponding morphology
are better able to reduce wave energy compared to marshes
with channel morphology, especially at lower wave intensity and
reduced vegetation scenarios. This is likely due to a focusing
effect of the channels, which can funnel larger waves further
than if they were traveling over a smoother, more vegetated
topography. Marshes with a leading mudflat performed better
than channeled and ponded marshes and nearly as well as the
fully vegetated scenarios. This is likely due to a combination
of consistent vegetation, uninterrupted by major topographic
features, and the general ability of the system to reduce wave
heights and subsequent wave energy through increasing platform
elevation and decreasing water depth. Though model runs with
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FIGURE 3 | Relationship among the width of a vegetated leading edge, UVVR, and percent reduction in wave energy over the first 100 m of marsh for (A) low-, (B)
medium-, and (C) high-intensity wave scenarios.

FIGURE 4 | Estimated lifespan (per Ganju et al., 2020) for varying UVVR values of the idealized model marsh in the study under background and 0.3, 0.5, and 1.0 m
sea-level rise (SLR) by 2100 scenarios.

no vegetation indicate that wave energy is reduced substantially
by the reduction in water depth and its associated wave breaking,
a 95% reduction in wave energy when including vegetation is of
critical importance. In 50% vegetated (UVVR 1) scenarios, for
example, wave heights fall from almost 2 m to approximately
40 cm in the high-intensity wave scenario and from 0.9 m
to less than 20 cm in the low-intensity wave scenario. While

this study is limited by specific vegetation configurations and
storm conditions by design, the 50% vegetated (UVVR 1)
benchmark is consistent across a wide range of wave intensities
and marsh morphologies.

Given this benchmark, a marsh restoration project designed
with at least 50% vegetated cover (UVVR ≤ 1) could maximize
the ecosystem service of wave attenuation. This success metric
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can be incorporated by practitioners when determining overall
planting density and distribution. While planting distribution
and density requirements may vary from project to project,
maintaining at least 50% vegetation (UVVR ≤ 1) in a marsh
at least 100 m in width could provide substantial coastal
protection from storm waves. The 50% vegetation benchmark
is supported in the literature; small-scale experimental plots of
Juncus roemerianus planted at half density (roughly equivalent to
UVVR∼1) in the Grand Bay National Estuarine Research Reserve
in Mississippi, United States, were similarly or more cost effective
in regards to both planting cost and effort than planting the plots
at full density (roughly equivalent to UVVR ≤ 0.1), particularly
because total vegetated coverage was similar between both the
full and half density plots approximately 2 years after planting
(Sparks et al., 2013). While our study randomly placed vegetation
throughout the model domain, specific planting patterns (for
instance, grouping plants in clusters or clumps instead of planting
the plugs in a systematic grid) may also substantially increase
future plant yield and survival (Silliman et al., 2015). These
decisions will become even more important as the knowledge
and practice of nature-based solutions continues to expand
(Castagno et al., 2021).

Considering trade-offs is important for maximization of
restoration success and cost-effectiveness. In situations where
only a smaller leading edge can be planted, maintaining at least
75% vegetated cover (UVVR ≤ 0.33) in a 50-m-wide area will
provide an 80–90% reduction in wave energy. In the case of
homeowners, who may only be able to restore a smaller stretch of
marsh in front of their properties, a 10 m vegetated edge under
low-energy conditions will provide >50% reduction in wave
energy and >80% reduction under high-intensity conditions.
Practitioners, planners, and managers can use the relationships
presented in Figure 4 to decide trade-offs, e.g., planting a 30-
m leading edge at 50% vegetated cover (UVVR 1) may be
sufficient if restoration emphasis is placed primarily on wave
energy reduction of high-intensity storms.

It is important to consider, however, that a restored marsh’s
lifespan is largely dependent on sediment supply (Ganju, 2019),
so a sparsely vegetated, restored system that lacks sufficient
sediment input will have a limited lifespan. Marsh lifespan
calculations for the model domain indicate that 50% vegetated
cover (UVVR∼1) corresponds to a lifespan of ∼200 years under
background scenarios. With 1.0 m SLR by 2100, the maximum
scenario considered in this study, marsh lifespan decreases to
75 years. Alternatively, 90% vegetated cover (UVVR ∼ 0.1)
corresponds to a model marsh lifespan of ∼3,500 years under
background SLR conditions and ∼200 years for 1.0 m SLR. It
is important to consider that this is a conservative case; average
elevation for the model marsh at 1.2 m is already relatively
high, and marshes with lower elevation capital will have even
shorter lifespans.

Desired lifespan of the restoration project should also be
considered when determining vegetation density. For example,
assuming moderate SLR projections (0.5 m SLR by 2100) and
a baseline price of $1.25 per 5-cm plug of Spartina alterniflora
(2021 bulk-purchase value from New England Wetland Plants,
a common distributor for New England restoration projects)
with 10 plugs per square meter, planting the model domain

at 50% cover (UVVR 1) would cost ∼$614 thousand for
a marsh with a lifespan of 120 years, whereas planting the
model domain to 90% (UVVR 0.1) would cost less than
twice as much (∼$1.1) million for a lifespan almost four
times that of the reduced density scenario. Planting the model
domain to 90% instead of 50% would also provide increased
wave attenuation benefits, with percent reduction in wave
energy increasing to ∼99% under medium- and high-intensity
wave scenarios.

The relationships between UVVR and wave attenuation can
also be applied to existing marshes to determine their utility
for coastal protection in attenuation of storm waves. UVVR
and percent cover are directly related, but UVVR is determined
through aerial imagery and less labor intensive than boots-
on-the-ground field studies (Ganju et al., 2016). As previously
mentioned, UVVR values are available for entire contiguous
United States coastline through the U.S. Geological Survey
(Couvillion et al., 2021) and can be generated through analysis of
existing infrared aerial photography (Ganju et al., 2016). A marsh
area of ≥100 m with a UVVR value of ≤1 (≥50%) has the
capacity to reduce wave energy by ∼95%. Spatial analysis of
UVVR across multiple marshes or within individual marshes
can identify areas that are particularly capable of reducing
storm wave energy (highly vegetated) or that may benefit from
restoration (UVVR≥ 1). While more resource-intensive, surveys
incorporating aerial imagery for UVVR analysis have great
utility in assessing the resilience of larger areas of marsh as
part of an initial baseline assessment of a site or a long-term
monitoring program.

Focusing marsh protection and restoration efforts specifically
on flood risk reduction has the potential to significantly bolster
the resilience of vulnerable coastal communities. Analysis of
coastal protection ecosystem services for hazard-mitigation
valuation and insurance practices has already begun for coral reef
(Reguero et al., 2020) and mangrove systems (Menéndez et al.,
2020). Incorporating this understanding of how much restoration
is necessary to provide significant wave energy benefits into
Federal Emergency Management Agency Benefit-Cost Analyses
for hazard mitigation or future flood risk models strengthens
the argument for nature-based solutions to coastal protection
and shoreline stabilization. This is of particular importance in
areas where marshes are the primary form of natural coastal
protection (e.g., the northeastern United States, where the
climate is prohibitive for mangrove or coral reef protection,
among other locations). Lifespan estimates are an important
consideration when selecting vegetation density, since marshes
with greater elevation capital and/or more vegetation have
longer lifespans and tend to be more resilient to sea-level rise.
Since the relationship between UVVR and wave attenuation is
roughly linear within UVVR’s functional limits for wetlands, the
straightforward equations presented in this study can be applied
easily in a wide variety of contexts. Future research, including
the application of more sophisticated or detailed models, analysis
of model sensitivities to a spectrum of vegetation and wave
characteristics, and field-based ground truthing could enhance
the ability to refine these relationships and our understanding
of how marsh restoration can be leveraged to maximize coastal
protection benefits.
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CONCLUSION

This study found a substantial reduction in storm wave energy
when the first 100 m of a marsh is at least 50% vegetated,
though lifespan estimates, including both marsh elevation and
desired UVVR, for restored marshes are important factors
when considering overall restoration investment and return
decisions. As coastal communities continue to grow more
vulnerable to sea-level rise and increased storminess, it becomes
even more important to maximize coastal protection benefits
through nature-based solutions, including marsh restoration.
The benchmarks and empirical relationships presented in this
study have significant implications for coastal practitioners and
managers seeking timely performance goals and metrics for
marsh restoration, enhancement, and creation.
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