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Abstract

Tidal marshes and mangroves are increasingly valued for nature-based mit-
igation of coastal storm impacts, such as flooding and shoreline erosion haz-
ards, which are growing due to global change. As this review highlights,
however, hazard mitigation by tidal wetlands is limited to certain conditions,
and not all hazards are equally reduced. Tidal wetlands are effective in at-
tenuating short-period storm-induced waves, but long-period storm surges,
which elevate sea levels up to several meters for up to more than a day, are
attenuated less effectively, or in some cases not at all, depending on storm
conditions, wetland properties, and larger-scale coastal landscape geometry.
Wetlands often limit erosion, but storm damage to vegetation (especially
mangrove trees) can be substantial, and recovery may take several years.
Longer-term wetland persistence can be compromised when combined with
other stressors, such as climate change and human disturbances. Due to these
uncertainties, nature-based coastal defense projects need to adopt adaptive
management strategies.
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1. INTRODUCTION

Coastal and estuarine shorelines and adjacent lowland areas are particularly vulnerable to impacts
from storms, such as tropical cyclones (hurricanes and typhoons) or other storm depressions. A
storm propagating from the ocean toward a shoreline can generate a storm surge that can raise
the sea level by several meters for durations of a few hours to days (Resio & Westerink 2008).
Storm waves generate additional sea level fluctuations of up to several meters with a periodicity of
seconds to minutes. Together, storm surge and storm waves imply risks of shoreline erosion and
flooding of adjacent lowlands, with potentially dramatic impacts, including human fatalities and
major damage (e.g., Day et al. 2007, Zhu et al. 2020). Storm-induced coastal hazards will grow in
the coming decades due to global climate warming, which accelerates sea level rise and increases
storm intensity in certain regions, and due to human population growth and coastal landscape
engineering, which further enhance flood risks (e.g., Lin et al. 2012, Neumann et al. 2015, Tessler
et al. 2015). Hence, there is a growing need for science-based sustainable strategies for coastal
hazard mitigation.

Nature-based approaches are increasingly proposed as an essential element to mitigate storm-
induced coastal hazards (e.g., Borsje et al. 2011, Morris et al. 2018, Narayan et al. 2016, Sutton-
Grier et al. 2015, Temmerman et al. 2013). Nature-based approaches consist of the conservation,
restoration, or creation of ecosystems that can contribute to the mitigation of storm impacts on
human infrastructure located landward behind these ecosystems. Two ecosystems that are widely
considered important as storm buffers are tidal marshes (occurring in temperate to tropical climate
zones) and mangrove forests [occurring in the (sub)tropics]. Below, we use the term tidal wetlands
to refer to both marshes and mangroves. As storm surges and waves propagate from open water
through marshes or mangroves, the friction between the water motion and the dense wetland
vegetation and sediment surface reduces wave heights (e.g., Garzon et al. 2019a, Moller et al.
2014) and to some extent storm surge levels (e.g., Wamsley et al. 2010). Apart from marshes and
mangroves, which are the focus of this article, other ecosystems, such as seagrass beds, kelp forests,
and coral and shellfish reefs, can play similar roles (e.g., Ferrario et al. 2014, Paul & Amos 2011)
but are generally less effective because they prevail lower in the intertidal or subtidal zone and
hence are more deeply submerged during storm surges.

The effectiveness of marshes and mangroves as coastal storm buffers conceptually depends on
(@) their functionality, that is, their capacity to reduce storm surge levels, storm waves, and asso-
ciated flood and erosion risks, and () their persistence, that is, their capacity to resist and recover
from storm damage to the ecosystem and from other potential stress and disturbance factors, such
as their ability to persist under long-term sea level rise through sediment accretion (e.g., Bouma
etal. 2014, Gijsman et al. 2021). While an increasing number of studies have emphasized the value
of marshes and mangroves for storm protection, our review demonstrates that there are also limita-
tions to how much attenuation of storm impacts marshes and mangroves can really provide under
extreme conditions. Knowledge remains incomplete, partly because direct empirical observations
of the functionality and persistence of wetlands during and after extreme events remain relatively
scarce and show case-dependent results. Modeling studies, attempting to evaluate storm surge and
wave attenuation functionality across different wetland settings for rare extreme conditions, have
intrinsic uncertainties and limited validation with observations and show various responses. So far,
these limitations have hampered rigorous science-based implementation of nature-based coastal
defense programs. In an attempt to advance this rapidly expanding research field, we present a crit-
ical review of the scientific evidence so far, summarizing promising advancements and pinpointing
key knowledge gaps.
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Below, we first discuss studies on the functionality of wetlands as storm buffers, starting
with reports claiming reduced damage from storms in settlements sheltered behind marshes or
mangroves. Next, we examine biophysical studies of the attenuation of storm waves, storm surge
levels, and erosion; summarize knowledge on the persistence of marshes and mangroves during
and after storm impacts; and critically reflect on nature-based coastal defense approaches. Finally,
we summarize critical questions and directions for future research.

2. INDIRECT INDICATIONS OF STORM PROTECTION

It was after the extremely devastating Indian Ocean tsunami in 2004 that the first reports claimed
reduced damage and a lower death toll in coastal settlements located behind mangroves (e.g.,
Danielsen etal. 2005, Kathiresan & Rajendran 2005). However, these conclusions were challenged
because other factors—topographic elevation, distance from the coast, strength of built infrastruc-
ture, and so on—were not accounted for (Dahdouh-Guebas & Koedam 2006, Feagin et al. 2010,
Kerr et al. 2006).

More analyses were performed for coastal flood events due to storms, especially after the US
Gulf Coast was hit by the particularly deadly and costly Hurricanes Katrina and Rita in 2005 (Day
etal. 2007). For marshes, for instance, Costanza et al. (2008) analyzed 34 major US hurricanes, in-
dicating that 60% of the variation in property damage was explained by wind speed and marsh area
in the storm path and that 1 hectare of marsh loss corresponded to a median US$5,000 increase
in storm damage. A similar analysis for 127 storms in China gave qualitatively comparable re-
sults (Liu et al. 2019). For mangroves, for example, Das & Vincent (2009) reported that, following
a 1999 cyclone in Orissa, India, villages sheltered by wider mangroves experienced significantly
fewer deaths than villages with narrower or no mangroves, but Baird et al. (2009) commented that
this analysis did not account for other variables that can affect storm surge inundation. Large-
scale assessments of cyclone impacts on loss of coastal economic activity (through remote sensing
of nighttime luminosity) indicated lower losses with increasing mangrove width (Hochard et al.
2019) and full mitigation behind mangroves wider than 1 km (del Valle et al. 2020). However, fur-
ther analysis by Hochard et al. (2021) demonstrated that protection from direct cyclone exposure
(<100 km from the cyclone eye) occurred only in settlements with high elevation (>50 m above
mean sea level) combined with mangroves (>10 m wide).

Other indirect evidence comes from regional-, continental-, and global-scale assessments,
based on modeling approaches assessing factors such as surface areas, population numbers, and
economic assets sheltered by tidal wetlands (e.g., Arkema et al. 2013, Menendez et al. 2020, Van
Coppenolle et al. 2018, van Zelst et al. 2021). Although model assessments on such large scales
are inevitably approximate, they indicate that storm protection benefits from wetlands might be
widespread. To complement such indirect assessments, we focus below on biophysical studies di-
rectly assessing the capacity of wetlands to reduce waves, storm surges, and erosion.

3. BIOPHYSICAL MECHANISMS DETERMINING THE
FUNCTIONALITY OF TIDAL WETLANDS AS STORM BUFFERS

First, we highlight that short-period wind waves (Figure 1) and long-period storm surges interact
with wetlands at fundamentally different scales of length and time (Figure 2). Consequently, wave
or surge attenuation rates—commonly expressed as the vertical reduction in wave or surge height
as a function of distance traveled through the wetland—are generally approximately two orders of
magnitude smaller for storm surge attenuation (~1% per 100 m) than for wave attenuation (~1%
per 1 m) (e.g., Gedan et al. 2011) (Figure 2).
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Summary of the main factors affecting rates of wind wave attenuation in mangroves and marshes. Factors that usually have a positive or
negative effect on the wave attenuation rate are denoted with a plus or minus sign, respectively, but note that the complexity is usually
larger than suggested in this simple scheme. Cp is the vegetation drag coefficient.
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3.1. Wave Attenuation

As wind waves propagate through an inundated vegetated wetland, wave height and energy are
reduced through drag induced by the vegetation, bottom friction, and potential wave breaking.
Below, we focus on wave attenuation specifically by vegetation-induced drag. Pioneering theoret-
ical work by Dalrymple et al. (1984) considered that, for regular linear waves propagating through
a uniform canopy of emergent cylindrical stems, the vegetation-induced wave energy dissipation
¢ can be formulated as

.43 .
og (ﬂ) Dsmh (kah) + 3 sinh (k(xb)H3’ L

T 12ne \k 3cosh’ (kb)

where p is the water density, g is the gravitational acceleration, 5 is the water depth, H is the root-
mean-squared wave height,  is the wave number, and ¢ is the wave phase speed. The vegetation-
dependent variables are the plant frontal area density, # (i.e., the plant area in the vertical plane
perpendicular to the flow, per unit volume); the vegetation submergence ratio, « (i.e., the ra-
tio of vegetation height to water depth); and the vegetation drag coefficient, Cp (representing
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Figure 2

Schematic overview of strong differences in length scales and timescales of wind wave attenuation (transect (1)) and storm surge
attenuation (transects Q) and (3)), illustrating for the latter that the presence and dimensions of channels strongly affect the variability
in storm surge attenuation rates. In the transect panels, 7 is the wave attenuation rate, and 7'is the wave period.

drag from pressure difference and skin friction, but also processes not directly accounted for)
(Figure 1). Adapted formulations (and agreement with laboratory flume data) were subsequently
presented by Mendez & Losada (2004), for cases with irregular waves and plane bathymetry, and
by Kobayashi et al. (1993), who used a linear drag approximation, revealing that wave height de-
creases exponentially with propagation distance.

These theoretical expressions are supported by a plethora of laboratory flume experiments
showing wave attenuation for both rigid (e.g., Augustin et al. 2009, Hu et al. 2014, Phan et al.
2019) and flexible (e.g., Anderson & Smith 2014, Luhar & Nepf 2016) vegetation or vegetation
mimics. Additionally, many field studies have shown wave attenuation along transects through salt
marshes (e.g., Foster-Martinez et al. 2018, Garzon et al. 2019a, Schoutens et al. 2019, Vuik et al.
2016) and mangroves (e.g., Horstman et al. 2014, Mazda et al. 2006, Quartel et al. 2007). Re-
ported wave attenuation rates vary from approximately 0.1% to 4% per meter (Gedan et al. 2011,
Narayan et al. 2016). As summarized in Figure 1, variations in wave attenuation rates depend on
vegetation properties (with rates generally increasing with vegetation frontal area density and stiff-
ness), hydrodynamic conditions (with rates often increasing with wave height and decreasing with
wave period, water depth, and opposing currents), and interactions between vegetation and hy-
drodynamics (e.g., rates can decrease by vegetation motion, by reduced ratio of vegetation height
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to water depth, and by reduced vegetation drag coefficient through increased turbulence). These
dependencies are, however, more complex than suggested in the simple scheme in Figure 1, and
apparently contradictory trends are sometimes reported. For instance, in mangroves, Mazda et al.
(2006) and Quartel et al. (2007) found wave attenuation rates increasing with water depth as denser
sections of the canopy became submerged, while for fully submerged marsh vegetation, lower at-
tenuation rates are found with increasing water depth due to decreasing drag from the submerged
vegetation and bottom (e.g., Garzon et al. 2019a, Schoutens et al. 2019). Anderson & Smith (2014)
found that higher wind wave frequencies (above the spectral wave peak) were preferentially dissi-
pated, in contrast to Jadhav et al. (2013), who recorded maximum dissipation at frequencies close
to the spectral peak, while observations from Riffe et al. (2011) demonstrated that both high and
low frequencies were more strongly dissipated by vegetation. Much less is known about the ef-
fect of vegetation on infragravity waves (with typical periods between 25 and 250 s) (van Rooijen
et al. 2016), although recent observations demonstrated that infragravity waves in mangroves are
substantially less attenuated than shorter-period waves (Norris et al. 2021), consistent with the
theory of Henderson et al. (2017). Ultimately, temporal variations in hydrodynamic forcing and
in vegetation properties (e.g., due to seasonal cycles) can result in substantial temporal changes in
wave attenuation rates (Foster-Martinez et al. 2018, Schoutens et al. 2019).

Numerical models, which are used to assess wave attenuation in marshes and mangroves (e.g.,
Maza et al. 2021, Smith et al. 2016, van Rooijen et al. 2016, Yin et al. 2021), usually compute
wave propagation based on a wave energy balance approach, as noted above (e.g., Equation 1)
(Dalrymple et al. 1984, Mendez & Losada 2004). However, predicting wave attenuation in veg-
etated regions involves several challenges. Direct measurement of frontal area density (z in
Equation 1) involves substantial logistical difficulties, especially over large areas (Tinoco et al.
2020), although some recent progress has been made by using forest age as a proxy (Maza et al.
2021) and remote sensing approaches (Oteman et al. 2019). Another major challenge is the deter-
mination of the vegetation drag coefficient (Cp in Equation 1). This parameter is typically found
through calibration to field or laboratory measurements, whereby a bulk Cp is specified by the
fit that best matches the observed reduction in wave height. For a given canopy, Cp is typically
found to decrease with increasing turbulence of the flow, which has led to parameterizations of
Cp values as a function of either the Reynolds number, Re (Maza et al. 2019), or the Keulegan—
Carpenter number, KC (Mendez & Losada 2004), with additional modifications for parameters
such as wave steepness (Sanchez-Gonzalez et al. 2011) and vegetation submergence ratio (Garzon
etal. 2019a). However, neither of these approaches provide a satisfactory universal solution as rela-
tionships vary across different environmental conditions and vegetation species (e.g., Mullarney &
Henderson 2018). Moreover, Augustin et al. (2009) have suggested that the vegetation submer-
gence ratio controls whether a Re or KC formulation for Cp should be used, while Hu et al. (2014)
argued that a direct measurement approach with force sensors is preferred. Similarly, a direct ap-
proach was used by Chen et al. (2018) to obtain a relationship between Re and KC.

Further uncertainties in the prediction of Cp and wave attenuation capacity occur for flexible
vegetation, when wave motion induces swaying, which is particularly relevant for marsh species.
The empirical calibration approach yields Cp, values that encompass vegetation motion, but these
estimates can diverge substantially from values expected when stem movement is explicitly ac-
counted for (Riffe et al. 2011). Some authors have suggested that predictions can be improved by
using the relative velocity between vegetation and water movement in the calculation of Re (van
Veelen et al. 2021). A direct approach solving for the vegetation motion found that dissipation
depended on a dimensionless stiffness that combined wave and vegetation parameters (Mullarney
& Henderson 2010). The theory yielded dissipation estimates that were approximately 30% less
than those for equivalent rigid stems and were supported by field measurements (Riffe et al. 2011).

Temmerman et al.
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Luhar & Nepf (2016) extended the theoretical approach to simulate wave-induced vegetation mo-
tion over a wider range of plant characteristics and larger movement. Recent numerical modeling
approaches in which a model for vegetation movement is coupled to a wave model demonstrated
reasonable agreement with laboratory results and may offer a promising way forward (Yin et al.
2021).

A major challenge to assess the wave attenuation capacity under extreme storm conditions is
that the majority of Cp relationships discussed above have been established based on laboratory
experiments and observations under mild wave conditions, with wave heights of a few tens of cen-
timeters and shallow water depths (<1 m). These results are not directly transferable to storm
conditions, when wave heights, water depths, and turbulence levels can be substantially larger. In-
deed, Pinsky et al. (2013) highlighted that extending Re-based parameterizations for Cp to storm
conditions could lead to significant overestimation of the wave attenuation (up to 1,600%). Sim-
ilarly, Henderson et al. (2017) noted that using frictionless linear theory under storm conditions
for high vegetation densities (e.g., Dalrymple et al. 1984) results in a threefold overestimation of
dissipation. Garzon et al. (2019b) evaluated five drag coefficient formulations under storm con-
ditions and found differences of up to 40% in wave height reduction at 100 m inside a marsh.
Numerical modeling of waves in salt marshes under storm conditions by Marsooli et al. (2017)
revealed an order-of-magnitude variability in drag coefficient owing to spatial changes in Re, and
therefore they cautioned against use of a constant coefficient. An additional key source of uncer-
tainty is the extent to which vegetation stems break under storm forcing, as relevant data exist for
very few species (Vuik et al. 2018).

A few studies nonetheless exist, showing that vegetation retains the ability to attenuate waves
under storm conditions. Flume experiments by Moller et al. (2014) found that submerged salt
marsh vegetation was effective at reducing the height of waves under storm surge conditions (H =
0.9 m in above-marsh water depths of 2 m), with 60% of the attenuation attributed to the presence
of vegetation. Additionally, for emergent trees, van Wesenbeeck et al. (2022) found a reduction of
wave heights (5-25% over 40 m) for large waves (Hg; = 1.5 m, Hpy,oc = 2.5 m). Field observations
during storm conditions [H = 0.4 m in 0.8-m water depth (Jadhav et al. 2013),and H = 0.7 m in
2.5-m water depths (Vuik et al. 2016)] showed that wave energy is quickly attenuated at the leading
edge of a salt marsh (~50% over widths of 30-50 m). Garzon et al. (2019a) used an empirical
modification of Re and KC formulations for drag coefficients to account for the submergence
parameter validated under storm conditions and predicted that the salt marsh would retain the
ability to reduce wave heights (by ~50%) even for a once-in-10,000-years event.

3.2. Storm Surge Attenuation

Storm surges are generated primarily through transfer of momentum from wind and waves to the
water, low atmospheric pressure, and setup of water levels through interaction with the coastal
bathymetry and shoreline geometry (Resio & Westerink 2008). The resulting increased sea level,
which can be several meters higher for a few hours to more than a day, is superimposed on the
astronomical tides, together producing a fluctuation in sea level that propagates as a long-period
wave through estuaries, bays, lagoons, and their associated wetlands (Figure 2). As tides and storm
surges propagate through wetlands, the water motion experiences drag from the vegetation and
sediment bed, which limits the water exchange and thereby can reduce the peak water level reached
within and behind the wetland.

Early field observations of reduced storm surge levels were reported from marshes many kilo-
meters wide along the US Gulf Coast, with attenuation rates ranging from 4 to 25 cm/km for
individual hurricanes and different marsh transects (Lovelace 1994, McGee et al. 2006, USACE
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1963). More recent observations, including tidal inundation events and storm surges, confirmed
large variations in attenuation rates and in some cases amplification (i.e., increase of peak water
level) of tides and storm surges over wetlands (for a review, see, e.g., Glass et al. 2018). Although
observations remain relatively scarce and site specific, we identify some general mechanisms for
the variability in attenuation rates.

First, temporal variability between flood events seems to depend on wetland inundation depth,
with a tendency toward lower attenuation rates with increasing inundation depth of marshes (Glass
etal. 2018, Stark et al. 2015) and mangroves (Horstman et al. 2021), owing to lower drag from the
bottom and vegetation. Limited attenuation or even amplification of deep marsh inundation events
has also been attributed to water setup against landward barriers, such as levees or topographic
barriers that limit further inland flood propagation (Glass et al. 2018, Kiesel et al. 2019, Stark et al.
2016).

Second, spatial variations in attenuation rates may be partly related to the presence and dimen-
sions of tidal channels that typically dissect marshes and mangroves (Figure 2). Field studies of
tidal flow velocity patterns through marshes (e.g., Vandenbruwaene et al. 2015) and mangroves
(e.g., Horstman et al. 2021) show more rapid flood propagation through unvegetated channels
relative to the adjacent vegetated wetland platforms. Accordingly, Stark et al. (2015) measured
maximum tidal attenuation rates of only 5 cm/km along a wider marsh channel (170-30 m wide
over a 4-km length) but larger attenuation rates over marsh transects with narrower channels,
reaching up to 70 cm/km over short transects (~50 m) of nonchannelized continuous marsh veg-
etation. For mangroves in New Zealand, Montgomery et al. (2018) measured an attenuation rate
of 24 cm/km along an approximately 1-km transect of continuous nonchannelized mangroves,
while negligible attenuation was observed along a channelized mangrove transect approximately
1 km long. Accordingly, attenuation rate as recorded by a network of water level gauges deployed
during two hurricane surge events (Hurricanes Charley and Wilma) in southwest Florida, USA,
was 4.2 cm/km along a river channel but 9.5 cm/km through an intact mangrove-marsh complex
(Krauss et al. 2009). In another New Zealand mangrove study, Horstman et al. (2021) measured
tidal attenuation rates of up to 12 cm/km along an approximately 500-m-long mangrove creek
transect and up to 36 cm/km within the adjacent mangrove forest. Hence, river and tidal chan-
nels, which are intrinsic landscape features of marshes and mangroves, strongly diminish the surge
attenuation capacity of tidal wetlands (Figure 2).

As field observations of extreme storm surges in wetlands remain scarce, hydrodynamic models
are used as additional research tools to gain an understanding of storm surge attenuation by wet-
lands (e.g., Chen etal. 2021, Marsooli et al. 2016, Stark et al. 2016). Models of tidal and surge prop-
agation are typically based on the shallow-water equations, where the additional drag from wetland
vegetation is implemented in the momentum equations by either increasing the bed roughness or
including an additional momentum loss term. The latter can be assessed as the drag force Fy on
rigid cylindrical plant structures:

1
Fy=35palo lul?, 2.

where u is flow velocity (for other variables, see Equation 1). The major challenges in parame-
terizing the frontal plant area density # and drag coefficient Cp, noted in Section 3.1 for wave
modeling, also apply here. For instance, Horstman et al. (2021) demonstrated spatial and tempo-
ral variations in the bulk drag coefficient during tidal propagation in a mangrove—creek system.
Hence, model results, which commonly assume a constant drag coefficient, need to be interpreted
with caution. For instance, a comparison of storm surge simulations and data for mangroves in
Florida showed considerable model sensitivity to the implemented drag force formulation (Chen
etal. 2021).
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Comparing modeling studies, we can generally distinguish two main mechanisms of storm
surge attenuation by wetlands: (#) Surge attenuation within nonchannelized vegetated wetlands
is basically driven by a balance between pressure differences and friction from the wetland veg-
etation and sediment surface (e.g., Montgomery et al. 2019), and (b) storm surges propagating
through a channel (inside wetlands or larger estuarine or deltaic channels) can be additionally at-
tenuated due to lateral flooding and water storage on wetlands fringing along that channel (e.g.,
Smolders et al. 2015). The friction effect (the first mechanism) is called here the within-wetland
attenuation, and the water storage effect (the second mechanism) is called the along-channel atten-
uation (Figure 2). As channels are common features of marshes and mangroves, surge propagation
through tidal wetlands is usually affected by both frictional and lateral water storage effects (Stark
et al. 2016).

Models have demonstrated that storm surge attenuation rates depend on specific properties of
the storm forcing, the wetland ecosystem, and the larger-scale coastal landscape. In terms of storm
properties, several model studies have indicated that attenuation rates generally decrease under
extreme storm surge levels, as contributions by within-wetland frictional effects decrease with
wetland inundation depth (Deb & Ferreira 2017, Lawler et al. 2016, Liu et al. 2013, Sheng et al.
2021, Wamsley et al. 2010). Similarly, for wetlands located higher in the intertidal zone, simulated
storm surge attenuation rates are larger (Loder et al. 2009, Smolders et al. 2015, Stark et al. 2016),
implying that wetlands with a sediment accretion deficit relative to sea level rise also lose their
effectiveness for storm surge attenuation (e.g., Temmerman et al. 2012). Furthermore, attenuation
rates diminish for simulated storms with a longer duration (Resio & Westerink 2008, Wamsley
etal. 2010) and slower forward motion (Deb & Ferreira 2017, Hu etal. 2015, Liu et al. 2013, Sheng
etal. 2012, Zhang et al. 2012), as both imply more time for landward surge propagation. In terms
of wetland ecosystem properties, more effective surge attenuation is simulated for wider wetlands,
with a higher sediment surface elevation and larger vegetation-induced friction (Hu et al. 2015,
Loder et al. 2009, Sheng et al. 2012). In line with observations, the dimensions of channels within
wetlands play a major role: Simulations with deeper or wider channels show lower storm surge
attenuation rates (Stark et al. 2016, Temmerman et al. 2012).

Model studies further indicate that rates of storm surge attenuation by wetlands depend
predominantly on larger-scale landscape settings (Figure 3). For example, storm surge atten-
uation rates of 2-16 cm/km were simulated for the marshes in the Mississippi deltaic area,
which are several tens of kilometers wide (Resio & Westerink 2008, Wamsley et al. 2010), while

Funnel-shaped estuary Wide estuary or open bay Back-barrier lagoon

Surge attenuation:

Area of Wetland
influence area

~100-150 km

Figure 3

Summary of how the magnitude of storm surge attenuation (color scale) depends on coastal and estuarine landscape setting. Arrows
indicate storm surge propagation trajectories, solid colored areas indicate wetland areas, and dotted colored areas indicate zones of
influence (i.e., areas with reduced surge height due to the presence of wetlands denoted with the same color).
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attenuation rates of 6-30 cm/km were simulated for the approximately 20-km-wide mangrove sys-
tems in South Florida (Chen et al. 2021, Liu et al. 2013, Zhang et al. 2012). Both cases are essen-
tially based on within-wetland attenuation, where surges are forced to propagate through wetlands
that are tens of kilometers wide. For the case of along-channel attenuation by fringing marshes
along funnel-shaped estuaries, simulations show that marshes that are the same size but located
farther upstream along narrower reaches of the estuary are more effective in attenuating storm
surges (Fairchild et al. 2021, Smolders et al. 2015) (Figure 3). By contrast, simulations showed
more moderate to limited contributions of marshes to storm surge attenuation for wide bays that
are several times wider than the width of fringing marshes, such as the Chesapeake Bay (Haddad
et al. 2016) and the Albemarle—Pamlico estuarine system (Cassalho et al. 2021) (Figure 3). Also,
relatively limited effects of the presence of wetlands within back-barrier lagoon systems were
simulated for Jamaica Bay, New York (Marsooli et al. 2016), and the Delmarva coast (Lawler et al.
2016). For Jamaica Bay, Orton et al. (2020) simulated the year 1870 versus the present, indicat-
ing that combined wetland reclamation around the bay, channel deepening within the bay, and
tidal inlet widening have resulted in increased storm surge levels within the bay. Numerical ex-
periments of separate effects revealed that increasing the wetland area surrounding the bay to its
historical extent reduced surge levels by 13% (~30 cm), while increasing wetland area in the bay
center reduced surge levels by only 2% (Figure 3).

In summary, empirical data and modeling studies have demonstrated considerable storm surge
height reduction by large (at least 10 km wide), continuous marshes and mangroves with few or
small channels, while smaller or discontinuous marshes and mangroves do not provide significant
storm surge height reduction. Furthermore, wetlands are most effective for storm surge attenua-
tion when they are located farther inland along narrow reaches of funnel-shaped estuarine chan-
nels. Under these circumstances, wetlands are especially effective during moderate storm surges
but less so for extreme storms that persist for more than a day.

3.3. Erosion Risk Mitigation

Mitigation of waves and currents by aboveground vegetation structures reduces bed shear
stresses in marshes and mangroves compared with unvegetated mudflats (e.g., Norris et al. 2021,
Vandenbruwaene et al. 2015). Observed bed shear stresses by the combined action of currents and
waves were five times lower in a salt marsh (0.06 N/m?) than on an adjacent mudflat (0.27 N/m?)
in the Yangtze Delta (Shi et al. 2012). Additionally, the shear strength of (often fine-grained) tidal
wetland substrates increases substantially with belowground biomass (Brooks et al. 2021, Cahoon
et al. 2021), resulting in shear strengths that are three to four times greater in densely vegetated
interior marshes than at marsh edges (Gillen et al. 2021). Critical bed shear stresses for erosion in-
creased from 0.26-0.58 N/m? for a bare intertidal mudflat (Andersen et al. 2007) to 1.9-4.3 N/m?
for (reclaimed) salt marshes (Watts et al. 2003). Erosion thresholds of intertidal mudflats and
wetlands also increase with the presence of biofilms and with reduced water contents following
longer exposure to (warmer) air (Nguyen et al. 2020). Willemsen et al. (2022) observed a maximum
event-based vertical bed level variability of 12 mm in salt marshes across the Netherlands, while
this variability was consistently greater at the lower-elevation bare tidal flats in front. Pennings
et al. (2021) observed that increased attenuation of aboveground hydrodynamics combined with
greater root biomass makes mangroves more effective at reducing storm erosion than salt marsh
plants.

Apart from vertical erosion, tidal wetland vegetation also significantly reduces lateral coastal
erosion (retreat). Adjacent experimental plots without and with mangrove vegetation showed
9.7 m and 1.6 m of lateral erosion, respectively, over a period of 19 months that included a
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hurricane (Pennings et al. 2021). On a larger scale, the presence of mangroves was associated with
coastal extension over a 30-year period in southern Thailand, whereas mangrove removal was
linked to coastal retreat (Thampanya et al. 2006). Likewise, lateral erosion rates in a salt marsh
were 48% greater in plots where above- and belowground biomass was removed, whereas no sig-
nificant difference was observed if only aboveground biomass was removed (Silliman et al. 2019).
Despite these clear relations between reduced coastal erosion and belowground biomass, a mech-
anistic understanding of the contribution of plant roots to wetland stability is still lacking (Bouma
et al. 2014). Importantly, long-term lateral wetland erosion is dominated by frequent average
conditions rather than infrequent extremes: A global analysis showed that storms and hurricanes
contribute to less than 1% of long-term salt marsh lateral erosion rates (Leonardi et al. 2016).

4. PERSISTENCE OF TIDAL WETLANDS AS COASTAL
STORM BUFFERS

To be effective coastal storm buffers, marshes and mangroves need to have a certain resistance
and resilience to storm damage. Resistance is defined here as the capacity to avoid damage, while
resilience is the capacity to recover from eventual damage (e.g., Castagno et al. 2021). As reviewed
below and summarized in Figure 4, healthy tidal wetlands often exhibit high resistance and re-
silience to storm impacts, making them persistent in time. Not only are contemporary observations
indicative (e.g., Armitage et al. 2020, Castagno et al. 2021, Spencer et al. 2016), but also the geo-
logic record shows the persistence of tidal wetlands over millennia, even though they would have
experienced many severe storms (e.g., Jones et al. 2017, Willard et al. 2003). Yet there are limits,
or so-called tipping points, beyond which wetlands can temporarily or permanently degrade into
bare mudflats or shallow open water (e.g., Howes et al. 2010), with consequent loss of storm wave
and storm surge attenuation functionality (e.g., Temmerman et al. 2012).

4.1. Resistance to Disturbance During Storms

Tidal wetlands can experience various degrees of structural storm damage to vegetation and sed-
iments, due to severe wind forces, hydrodynamic forces from waves and currents, and erosion.
First, direct wind damage is especially reported from mangrove forests, while it is generally min-
imal in marshes. In a review of tropical cyclone impacts on mangroves, Krauss & Osland (2020)
found that loss of foliage, breaking of branches and stems, and tip-over of trees occur almost with-
out exception for category 3 or higher wind speeds (>178 km/h). Larger trees and their upper
parts are particularly vulnerable, while damage to smaller trees and saplings can be more limited
(Figure 4a) because they are positioned lower and hence experience smaller wind drag forces, and
shorter trees can also be submerged by the storm surge and therefore protected from wind dam-
age (Armitage et al. 2020, Krauss & Osland 2020, Radabaugh et al. 2020). The latter would imply
that their wave and surge attenuation capacity could be largely conserved during storms. Marsh
species are much less vulnerable to storm damage, as they are low and more flexible. For example,
as a category 5 hurricane (Michael) made landfall in 2018 in Florida, USA, healthy tidal marshes
experienced little damage (2%) (Castagno et al. 2021), while a category 5 hurricane (>250 km/h)
would have yielded major structural damage to mangroves (Krauss & Osland 2020).

Second, structural vegetation damage can be caused by the storm waves and currents. Most
studies examine marsh plants, showing that damage by hydrodynamics can result from two main
mechanisms (e.g., Silinski et al. 2016): drag forces exerted by the water flow, which can cause
stem bending, folding, and eventually breakage (e.g., Rupprecht et al. 2017, Vuik et al. 2018), and
uprooting of plants, through scouring of sediments around stems (e.g., Bouma et al. 2009). The
magnitude of both mechanisms depends on morphological plant traits, apart from hydrodynamic
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Figure 4

Summary of storm impacts on tidal wetlands, illustrated here for mangrove forests. (#) Prestorm wetland structure. (b)) Immediate
poststorm structural damage to vegetation (with typically more damage for tall mangrove trees and less for short marsh plants),
sediment deposition, and residual flooding. (c) The situation 5-10 years after the storm, with partial recovery of aboveground
vegetation and root growth countered by sediment compaction, as dead roots decay, organic sediments oxidize, and mineral sediments
consolidate. (d) Continued recovery and sedimentation after more than 50 years, when a sediment core is extracted. (¢) Sediment core
depicting the storm deposit (52 years previously); approximate burial depths versus time are from Breithaupt et al. (2018). (f) Change
in wind wave attenuation capacity in response to wetland storm damage and recovery trajectories for a wetland scenario with a
sedimentation surplus relative to sea level rise (green) and a scenario with a sedimentation deficit (red). For each scenario, the indicated
ranges represent potential variability in the wetland trajectory due to additional stresses from, for example, increasing storminess in
certain regions, increasing temperature and droughts, and anthropogenic disturbances of sediment budgets and nutrient budgets.

and sediment conditions. Flume experiments with currents (Bouma et al. 2009) and storm waves
(Schoutens et al. 2021) showed that seedlings with stiffer and thicker stems suffered from larger
scouring volumes around their stems. Salt marsh species with higher frontal areas and stiffness
experience increased exposure to drag forces, while more flexible species can bend and thereby
reduce their frontal areas and experienced drag forces (Paul et al. 2016, Rupprecht et al. 2017).
Interestingly, marsh species traits that increase the plants’ capacity to cope with stress from hy-
drodynamic drag forces (i.e., lower stiffness and frontal plant area) at the same time decrease their
capacity to attenuate wind waves and currents, implying a trade-off between hydrodynamic stress
avoidance and attenuation capacity (Schoutens et al. 2020). In summary, the resistance of marsh
vegetation to storm damage is often high (e.g., Castagno et al. 2021, Spencer et al. 2016).

Third, lateral erosion of wetland edges during storms can be prominent, with examples showing
more lateral erosion in marshes (>5 m in Texas during Hurricane Harvey in 2017) than in adjacent
mangroves (<0.5 m) (Armitage et al. 2020, Pennings et al. 2021). However, erosion in wetland
interiors is often limited; for instance, salt marsh plants effectively limit marsh erosion under
storm conditions (Spencer et al. 2016), and measurements within healthy mangroves in Texas in
2017 yielded little erosion from Hurricane Harvey (Pennings et al. 2021). Yet wetland erosion
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may occur during extreme storms, such as Hurricanes Katrina and Rita in 2005, causing erosion
in 5-8% of low-salinity marsh areas in the Mississippi deltaic plain but negligible erosion in salt
marshes (Howes et al. 2010).

4.2. Storm Legacies and Resilience After Storms

Storm impacts on tidal wetlands, and in particular on mangrove forests, can persist for years as
legacies of past disturbance. Legacies may include, for example, downed woody debris, reduced
live vegetation cover, plant deformation, new sediment depositional layers, ponding of water, and
altered biogeochemical processes, which may provoke delayed plant mortality (Hanley et al. 2020,
Krauss & Osland 2020, Radabaugh et al. 2020) (Figure 4). Tidal wetland resilience requires re-
covery through successional processes, which may start soon after the storm disturbance but may
develop slowly. In general, while the altered structure of tidal forested wetlands, such as man-
groves, can persist for years after a storm (e.g., Krauss & Osland 2020, Smith et al. 1994), the
structure of herbaceous marshes can recover more quickly when erosion has not been prominent.
For instance, after the passage of Hurricane Harvey in Texas in 2017, regrowth of leaves on dam-
aged mangrove branches started within two months (Armitage et al. 2020). After Hurricane Irma
in 2017, mangrove canopy cover in South Florida increased from 40% cover one to two months
after the storm to 60% cover three to six months after the storm, and the cover remained the
same nine months after the storm (Radabaugh et al. 2020). While only 2% of the marsh area was
damaged after Hurricane Michael in Florida in 2018, recovery amounted to 16% of the damaged
marsh area six months after the storm (Castagno et al. 2021). Overall, storm legacies are more a
characteristic of tidal forested wetlands (which have less environmental plasticity and are reliant
on regeneration after storms) than marshes (which have greater environmental plasticity and are
reliant on sediment-root resistance during storms) (Friess et al. 2012).

One particular storm legacy, often prevailing in both mangroves and marshes, is the deposition
of an anomalously thick sediment layer. Sediments, originating from adjacent subtidal or intertidal
locations, are typically brought into motion by large storm-generated waves and subsequently
transported by the storm surge deep into wetlands, where the sediments are deposited (Figure 4b).
While too much sedimentation can cause plant mortality (e.g., Cahoon et al. 2003, Walters &
Kirwan 2016), storm deposits have been widely considered important in contributing to wetland
sediment accretion and sustaining plant productivity in response to sea level rise (e.g., Baustian
& Mendelssohn 2015, Castaneda-Moya et al. 2020, Walters & Kirwan 2016). Indeed, accretion
of mineral and organic sediments is a key mechanism through which tidal wetlands can build up
elevation and compensate for the stress on wetland plants induced by sea level rise, while in the case
of insufficient sediment accretion, sea level rise can lead in the long term to wetland submergence
and die-off (e.g., Breithaupt et al. 2018, Coleman et al. 2022, Lovelock et al. 2015). For instance,
Williams & Flanagan (2009) demonstrated that storm sedimentation contributed up to two-thirds
of the sedimentation required to maintain long-term buildup of wetland elevation with sea level
rise in Louisiana. Likewise, the thickness of sediment deposits from Hurricane Wilma in 2005
along five small Everglades rivers (Florida, USA) averaged 6 cm at the mouths of these rivers
and decreased by 3 mm per kilometer of distance from open water, up to a distance of 16 km
inland, beyond which sedimentation was no longer evident (Smith et al. 2009). However, Cahoon
(2006) cautioned that an immediate rise in wetland elevation through storm sedimentation may
be countered by longer-term processes after the storm, such as sediment erosion, compaction of
the storm deposit through self-weight consolidation, compaction of underlying sediments, root
decomposition, and associated shallow soil subsidence (Figure 4c,d). These adjustments can be
fully compensatory in organic-rich wetland sediments: in some locations, elevation changes return
to prestorm trajectories 5-10 years after storm deposits, with only a temporary inflection of the
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elevation trajectory (Feher et al. 2020). Such compensatory sediment elevation change would not
be easily discernible within the geologic record. For instance, in a sediment core taken 52 years
after a storm, a 7-cm storm sediment layer at a core depth of 25 cm would not have provided
7 cm of elevation increase to that wetland 52 years ago (Figure 4e, based on data from Breithaupt
etal. 2018).

Biogeochemical impacts are another type of storm legacy that may have negative or posi-
tive effects on wetland resilience. On the one hand, ponding of water due to residual flooding
may induce increased salinity and bacterial production of phytotoxic sulfides in the water-logged,
oxygen-poor sediments, and thereby cause delayed plant mortality (e.g., Himmelstein et al. 2021,
Swarzenski et al. 2008). On the other hand, nutrient-limited tidal wetlands can benefit from ni-
trogen and phosphorus supplied by the storm surge deposits, while sedimentation can also yield
more oxidized soils and reduce phytotoxic sulfides, and thus facilitate marsh recovery (Baustian &
Mendelssohn 2015, Castaneda-Moya et al. 2020). The degree of benefit relates to the antecedent
biogeochemical state of the tidal wetland soil. For example, mangroves and marshes in the Ev-
erglades benefit from storm-redistributed phosphorus subsidies to offset phosphorus limitation
(Smith et al. 2009). However, deposition of nitrogen and phosphorus to tidal wetland soil surfaces
would need to benefit macrophytes through uptake, the capacity of which would relate inversely
to structural damage. Accordingly, Castaneda-Moya et al. (2020) showed that total phosphorus
was higher three months after Hurricane Wilma in Everglades mangroves, which was related to a
simultaneous increase in soil pore water inorganic phosphorus and provided evidence that phos-
phorus was taken up by residual mangrove trees after the storm.

Finally, we highlight that wetland vulnerability to storm impacts interacts with other stress
and disturbance factors, which may originate from climate change and human disturbances. For
instance, wetlands with a long-term sediment accretion deficit relative to mean sea level rise may
experience gradually increasing tidal inundations, leading to more stress on the wetland vegeta-
tion and gradual wetland degradation (e.g., Lovelock et al. 2015). In such a case, wetland resistance
and resilience to recurring storm impacts may gradually decrease until a storm ultimately causes
so much damage that recovery is inhibited (Figure 4f). Additional stresses from, for example, in-
creasing storminess in certain regions, increasing temperature and droughts, and anthropogenic
disturbances of sediment and nutrient supply to tidal wetlands may further enhance wetland vul-
nerability to individual storm impacts (Friess et al. 2019, Krauss & Osland 2020). For example,
Taillie et al. (2020) indicated that during the 2017 hurricane season, mangrove wetlands in the
Caribbean region appeared to be more susceptible to wind events with lower wind speeds than
previously documented, likely due to greater realized environmental stress under multiple scenar-
ios of land use change.

5. NATURE-BASED COASTAL DEFENSE

Several reviews have called for the conservation and restoration of coastal wetlands as a nature-
based approach to mitigate storm impacts (e.g., Morris et al. 2018, Narayan et al. 2016, Sutton-
Grier et al. 2015, Temmerman et al. 2013). Whereas engineered coastal defense structures (e.g.,
seawalls, dikes, and levees) remain important for reducing flood risks in inhabited lowlands, nature-
based flood risk mitigation by marshes and mangroves is regarded as a cost-effective complemen-
tary strategy (e.g., Narayan et al. 2016, van Zelst et al. 2021), with a certain capacity to be self-
sustaining with ongoing sea level rise through the natural process of wetland sediment accretion
(e.g., Coleman et al. 2022, Lovelock et al. 2015). Nature-based approaches also provide additional
societal benefits, such as carbon sequestration, water quality regulation, fishery production, recre-
ation, and biodiversity (e.g., Barbier et al. 2011).
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Coastal wetlands can be integrated with engineered structures, creating vegetated foreshores
that reduce wave impacts on and required crest heights of these structures (Bouma et al. 2014,
Schoonees et al. 2019, Vuik et al. 2016). Additionally, analysis of historic dike breaches in the
Netherlands has shown that narrow marshes in front of dikes, although not effective in prevent-
ing dike breaching, can serve as an extra natural dike that is more resistant to erosion than the
engineered dike is to dike breaching; as a result, marshes in front of a breached dike reduce the
flood discharge through the dike breach and hence limit the growth of the breach dimensions
and reduce the speed of flooding, flood depth, and potential damage in the low-lying inhabited
land behind the dike (Zhu et al. 2020). Apart from the Netherlands, this contribution of wetlands
to flood risk mitigation is particularly relevant to coasts where sediment accretion has raised the
wetland elevation up to one or several meters higher than the embanked hinterland, such as in
the Firth of Thames in New Zealand (Horstman et al. 2018) or the Ganges-Brahmaputra Delta
in Bangladesh (Auerbach et al. 2015).

The flood protection functionality of coastal wetlands depends significantly on the wave con-
ditions, with storm surges requiring much greater wetland widths than ordinary wind waves for
substantial risk reduction (Figure 2). Further challenges relate to our limited understanding of
temporal variations and trends in coastal wetland persistence (width, elevation, and vegetation
density) in response to human interference (e.g., Friess et al. 2019), storm damage (e.g., Hanley
et al. 2020, Krauss & Osland 2020), and sea level rise (e.g., Coleman et al. 2022, Lovelock et al.
2015) (Figure 4). These fundamental differences in the functionality and persistence of coastal
wetlands compared with those of traditional engineered structures require a shift toward adaptive
coastal management strategies that combine flood risk mitigation with accommodating resilient
marshes and mangroves (Gijsman et al. 2021).

First, adaptive coastal management should maintain or create suitable accommodation space
for coastal wetlands in upper intertidal areas, where tidal inundation and wave activity are not
impeding seedling establishment (Bouma et al. 2014, Hu et al. 2021). Intertidal accommodation
space can dynamically change, either expanding with sustained sediment supply (e.g., following
land use changes) (Ladd et al. 2019, Roner et al. 2021) or shrinking (e.g., due to eroding impacts
of storms and waves) (Leonardi et al. 2018, Thampanya et al. 2006). Wetland erosion may be
moderated naturally by subtidal coral reefs and seagrass meadows (Carr et al. 2018, Guannel et al.
2016). Alternatively, artificial permeable structures or double-dike systems (e.g., managed dike
realignment) can be put in place to ameliorate hydrodynamic energy and increase sedimentation
to create or gain wetland accommodation space (Willemsen et al. 2022, Zhu et al. 2020).

Second, adaptive coastal management should support the sediment trapping and vegetation
growth that provide coastal wetlands with their natural resilience to environmental change. Ver-
tical accretion in wetlands can be limited compared with predicted rates of sea level rise (e.g.,
Lovelock et al. 2015), and dwindling sediment supplies further reduce wetland accretion rates
(e.g., Coleman et al. 2022, Friess et al. 2019), which may induce a gradual decline and retreat of
coastal wetlands (e.g., Ladd et al. 2019). This process may be exacerbated by engineered structures
placed in front of coastal wetlands to reduce wave impacts, which may reduce wetland resilience
by limiting sediment supplies (van Zelst et al. 2021).

Effective adaptive management and the use of nature-based solutions require a balancing
act between providing the right conditions for wetland persistence and mitigating flood risk
(Gijsman et al. 2021, van Zelst et al. 2021). Increasing anthropogenic impacts on coastal systems
are severely compromising the natural resilience of marshes and mangroves, which is required to
keep up with sea level rise and recover from storm damage (Figure 4). Negative impacts of engi-
neered structures on wetland resilience emphasize the need for accommodation space in an era of
ongoing coastal development (Friess et al. 2019), while unsuitable hydrodynamic conditions are
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also a common cause of failed planting efforts to aid wetland persistence (Primavera & Esteban
2008). Hence, successful implementation of nature-based coastal defense requires continued
wetland monitoring, modeling of possible wetland development and response pathways, and
adaptive management to accommodate wetland resilience (Gijsman et al. 2021).

6. SYNTHESIS AND DIRECTIONS FOR FUTURE RESEARCH

A growing body of evidence demonstrates under which conditions and to what extent tidal wet-
lands can or cannot contribute to mitigation of coastal storm impacts. Yet developing a universal
understanding of the ability of wetlands to protect coastlines remains a substantial challenge. Be-
low, we attempt to summarize the main insights, provide critical reflections, and propose potential
directions for future research, on three levels.

6.1. How Effective Are Tidal Wetlands in Protecting Against Different
Components of Coastal Storm Impacts?

Presently, the evidence is furthest developed for short-period wind wave attenuation by marshes
and mangroves. Even under storm wave conditions, wetlands are effective wave energy dissipators
over distances on the order of one to several hundred meters (Figure 1). Also, erosion during
storms and average conditions is limited by wetlands, with potentially some erosion impact in the
first few meters near the seaward wetland edge, while storms usually induce increased sediment
accretion rather than erosion in wetland interiors. However, when it comes to reduction of storm
surge levels, wetlands are much less effective or not effective at all, depending on properties of the
storm, wetland ecosystem, and larger-scale coastal landscape geometry. Only when storm surges
propagate through continuous wetlands that are several thousand to tens of thousands of meters
wide can wetlands have a considerable effect on storm surge attenuation (Figure 2). However, this
attenuation is lost when there are large or many tidal channels running through the wetland, which
facilitates effective landward storm surge propagation (Figure 2). Further research is needed to
quantify the conditions under which storm surge attenuation by wetlands can be effective or not,
including more observational data from water level sensors deployed during storm surges to verify
model outcomes. In particular, our understanding of the dependency of surge attenuation on the
larger-scale coastal landscape setting is only fragmentary (Figure 3). Integration of storm surge
monitoring and hydrodynamic modeling in different types of wetland-holding coastal systems
(deltas, estuaries, and back-barrier lagoons of different dimensions and geometries) is key and
should cover interactions between the larger system scale and smaller within-wetland scale, both
of which are relevant for the propagation of surges.

6.2. How Will the Functionality and Persistence of Tidal Wetlands as Coastal
Storm Buffers Evolve in the Long Term in Response to Global Change Factors?

The functionality of tidal wetlands as storm buffers critically depends on the storm disturbance—
recovery dynamics of the ecosystem (Figure 4). Many case studies have shown that established
wetlands have a rather strong resistance and resilience to storm erosion impacts, although man-
grove vegetation is generally more vulnerable to structural wind damage than marsh vegetation. A
critical question is how the storm disturbance-recovery dynamics are affected by global changes
that induce additional stresses or disturbances, such as sea level rise, increasing storminess in cer-
tain regions, increasing temperature and droughts, and anthropogenic impacts on sediment bud-
gets and nutrient loading. These combined stresses may induce slower ecosystem recovery after a
storm disturbance and may eventually push the ecosystem trajectory beyond a tipping point, after
which wetlands degrade and convert to permanent bare mudflats or shallow water. Determining
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the response of tidal wetland trajectories to multiple stressors affected by global change represents
a major challenge in tidal wetland research that to date remains largely unresolved. This question
implies that a key uncertainty exists regarding the long-term functionality and persistence of tidal
wetlands as coastal storm buffers.

6.3. How Should We Deal with Uncertainty in the Implementation
and Long-Term Reliability of Nature-Based Coastal Defenses?

Coastal defense systems, traditionally consisting of engineered defense structures such as sea-
walls, dikes, or levees, benefit considerably from wetland conservation, restoration, or creation in
front of these structures. Observations and quantitative analyses have shown that wetland fore-
shores can substantially reduce the wave loading on flood defense structures, thereby reducing
the risks and impacts of structural failure of flood defense structures during storms. This knowl-
edge has recently opened a new field of research in ecological engineering, exploring the potential
and limitations of a diversity of so-called hybrid and nature-based approaches to coastal defense.
However, several key uncertainties are still limiting the broad-scale implementation of hybrid and
nature-based coastal defense. For example, we are unsure about the critical environmental and
biological conditions under which new tidal wetlands can be created and can persist over time for
nature-based coastal defense, which adaptive management strategies can be applied to promote
the successful establishment of new wetlands, how fast new wetlands can develop their functional-
ity in terms of wave attenuation and erosion mitigation, through which management practices we
can optimize the functionality and persistence of existing wetlands as protective storm buffers, and
what societal and governance structures are needed for implementation of nature-based coastal
defense. To advance fundamental understanding of the functionality and persistence of tidal wet-
lands as coastal storm buffers and to evolve toward successful implementation and management of
adaptive nature-based coastal defense systems, further integration of research programs is needed,
combining ecological, hydrodynamic, geomorphological, biogeochemical, engineering, socioeco-
nomic, and governance expertise.
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