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Engineering With Nature: The Role of Mangroves
in Coastal Protection

by Tori Tomiczek, Anna Wargula, Nia Hurst,
Duncan Bryant, and Leigh Provost

PURPOSE: The purpose of this Engineering With Nature technical note (EWN TN) is to review
previous studies of mangroves as a nature-based adaptation alternative for coastal protection and
flood hazard mitigation.

INTRODUCTION: Coastal communities are threatened by chronic and acute flood hazards,
including nuisance flooding during high tides and inundation and infrastructure damage from
tropical cyclones or storms. These hazards are projected to intensify in the next 50 yr! due to sea
level change and intensifying coastal storms compounded with growing population densities near
US coastlines. Therefore, communities are challenged to develop sustainable, resilient adaptation
strategies focused on coastal design alternatives that will allow these areas to mitigate the effects
of coastal flooding.

A growing body of literature suggests that the appropriate implementation of natural and nature-
based features (NNBF) can provide similar coastal flood protection as traditional grey strategies,
those characterized by concrete or other hardened material structures. Bridges et al. (2018) showcase
Engineering With Nature projects across the globe ranging from beaches and dunes, wetlands, reefs,
and mangroves. NNBF provided ecological and social co-benefits and can self-adapt to rising seas
and recover naturally following extreme events.

In particular, mangrove forests have been observed to provide significant protection during storm
and tsunami events (e.g., Krauss et al. 2009; Alongi 2008; Das and Vincent 2009; Goda et al. 2019;
Tomiczek et al. 2020a), mitigating inland water levels, wave heights, and damage to near-coast
structures. However, the engineering performance of mangrove systems must be quantified to
develop reliable design guidance for successful implementation. While several field, laboratory,
and numerical studies detailed in the following sections have advanced the understanding of
mangrove effects on wave transformation during overland flow events, additional work is required.
This EWN TN (1) provides a brief background on mangrove habitat and characteristics,
emphasizing species native to southern Florida; (2) details studies investigating coastal protection
provided by mangrove forests through field observations and experiments, and physical model
experiments; (3) describes documented ecological, economic, and social co-benefits of mangrove
forests; (4) addresses knowledge and data gaps and areas for future work; and (5) summarizes
conclusions of this literature review.
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Government Publishing Office Style Manual, 31st ed. (Washington, DC: US Government Publishing Office 2016),
248-52, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf.
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Mangrove Habitat and Characteristics. Mangroves are a group of woody halophyte species
found in tropical and subtropical coastal regions. Their salt tolerance allows these plants to thrive
in intertidal zones. Occupying over 13 million ha' in marine and brackish environments, there are
54 valid species of mangroves worldwide; however, definitions differ based on physical and
ecological traits, and over 80 mangrove species have been reported considering all plants that live
in these environments (Feller 2018). Mangroves are intolerant to freezing temperatures and frost.
Thus, their latitudinal range is limited to regions between 32°N and 38°S, with ideal air
temperatures between 21°C and 26°C (Quisthoudt et al. 2012). Global increases in temperature
are expected to expand the mangrove range to higher latitudes, excluding other limiting factors
(Gilman et al. 2008). Ellison et al. (2002) found that mangrove species diversity decreases with
increasing latitude. Despite regularly occupying shorelines with salinities up to 40 ppt, mangroves
are generally considered facultative halophytes and do not require saltwater for survival (Krauss
and Ball 2013). However, there is still active research with evidence for characterizing mangroves
as obligate halophytes (Wang et al. 2011). However, their salinity tolerance allows them to thrive
in saline environments where limited freshwater and tidal influence minimize competition
(USFWS 1999).

Optimal mangrove growth occurs in low-energy shorelines where fine-grained sand and sediment,
such as clay and silt, can accumulate, resulting in muds with high organic matter. Mangroves can
also be found on rock and shelly substrates, though they are often less productive in these
conditions (Odum, Mclvor, and Smith 1982; Mendelssohn and McKee 2000). All mangroves are
viviparous, with seeds germinating into seedlings while still attached to the parent plant. Viviparity
offers the reproductive advantage of seedling survival since high salinity, wave action, and
oxygen-limited sediment can hinder seed germination. Once germinated, the mangrove propagules
detach from the mangrove parent and are transported by wave action and currents to colonize new
areas, remaining viable for rooting up to a year after detachment and sustaining themselves via
photosynthesis. As growth is restricted under closed canopies due to the shade intolerance of
mature mangroves, forests often consist of similarly aged trees.

Mangrove Adaptations. Mangroves are well suited for their water-logged, saline environments
through a variety of adaptations. To survive in routinely flooded, anaerobic conditions, many
mangroves have aerial roots to supply oxygen to belowground roots and facilitate gas exchange.
Stilt roots (arched aerial prop roots), knee roots (above ground looping horizontal cable roots), and
pneumatophores (vertical pencil-like offshoots of cable roots) are all aerial roots exhibited by
mangrove species. Though aerial roots may vary physically from one mangrove species to another,
they are functionally similar, taking oxygen directly from the atmosphere during anaerobic soil
conditions and periods of inundation. Above-ground roots also aid tree stability, providing
resistance against frequent wave forces. Above-ground roots have lenticels, or small openings, on
the surface that facilitate O> entry, which is then transported via aerenchyma, or porous tissue, to
the belowground roots (Feller and Sitnik 1996). Oxygen can then be stored in the roots and used
during periods of root submergence during high tide. To survive in high salinity conditions (up to
hypersaline), mangroves have also developed salt-exclusionary and removal adaptations
(Tomlinson 1986; USFWS 1999). Some mangroves, such as the black mangrove, remove salt after

!'For a full list of the unit conversions used in this document, please refer to US Government Publishing Office Style
Manual, 31st ed. (Washington, DC: US Government Publishing Office 2016), 345-7,
https.://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf.

2 & Wi,

WITH

US Army Corps of Engineers ¢ Engineer Research and Development Center

®


https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf

ERDC/TN EWN-21-1
November 2021

intake by excreting it onto their leaves. Other mangroves, such as the white mangrove, exclude
salt during initial water uptake. Additional adaptations for sunny tropical/subtropical environments
allow mangroves to alter the orientation of their leaves to protect against sun damage and limit the
opening of their stomata during the day to reduce evapotranspiration (Reef and Lovelock 2015).

At the beginning of the century, mangrove forests were estimated to cover 140,000—150,000 km?
of the earth's surface (Spalding et al. 2010; Giri et al. 2011). It is estimated that 35% of the total
mangrove forest could have been lost in the 1980s and 1990s (Friess et al. 2019). Mangroves are
often categorized by forest type: fringe, overwash, riverine, basin, and dwarf as described in
Table 1 (Lugo and Snedaker 1974).

Table 1. Summary of mangrove forest types.

Fringing Mangroves Found along open shorelines and lagoons that are regularly influenced by tidal activity
and wave action. Fringing mangroves are often exposed to storm surges and winds
and are typically the first line of defense against storms for mangrove dominated
coasts.

Overwash Mangroves Persist on islands and are often completely flooded at high tide. Typically consist of
red mangroves (USFWS 1999).

Riverine/Estuarine Located along river floodplains and often fringed by red mangroves, they regularly
Mangroves experience a combination of freshwater from riverine input and seawater from tidal
influence. These mangrove communities are some of the most highly productive
mangrove forest types due to enhanced nutrient and sediment deposition from tidal
exchange (USFWS 1999).

Basin Mangroves Occur in depressions near inlets. Those near the coast receive tidal exchange but
often consist of slow-moving or stagnant water, resulting in high salinities and
anaerobic soils. Though often dominated by black and white mangroves, red
mangroves dominate when closer to shorelines (Odum, Mclvor, and Smith 1982).

Dwarf/Scrub Mangroves | Typically contain trees less than 1.5 m in height. Their stunted growth is usually due to
a lack of nutrients, extremely low or high salinities, or rocky/shell-ridden substrates
(USFWS 1999).

Florida Mangroves. In the continental United States, mangrove forests occur predominantly
between 24.5°N and 26°N latitude, along the coastlines of the northern Gulf of Mexico in Florida,
Louisiana, and Texas, and on the Atlantic coast of Florida. There are approximately ~250,000 ha
of mangroves in the United States, with over 98% occurring in Florida and the majority of that
percentage occurring in south Florida. (Giri and Long 2016). The northernmost limit of mangroves
is 30°N in Florida, a threshold set due to intolerance of freezing temperatures (<0°C) and extreme
freezing conditions (<-4°C) (Cavanaugh et al. 2013).

In south Florida and the Florida Keys (~24°N — 27°N), three species occupy an area of 2000 km?
(FDEP 2019). These species include Rhizophora mangle (red mangrove, Figure 1), generally
found seaward of other mangrove types; Avicennia germinans (black mangrove), found slightly
inland and at higher elevations than red mangroves; and Laguncularia racemosa (white
mangroves), found farthest inland and at the highest elevations of the three species. Buttonwood
trees (Conocarpus erectus), an associate mangrove, is not technically a true mangrove but is often
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found along the upper fringe of mangrove forests. These dominant species occupy the entire
intertidal gradient from just above the lowest intertidal zone to the high-tide mark.

Figure 1. Red mangroves, Islamorada, FL, USA.

Red Mangrove (Rhizophora mangle). R. mangle-dominated forests are located on the lower
to mid-intertidal zone along shoreline edges. Experiencing frequent tidal inundation, red
mangroves have prop roots that provide stability and supply oxygen to the root zone. Their roots
are capable of excluding 90%—-97% of salt upon water intake and can survive in salinities up to
65 ppt (Odum, Mclvor, and Smith 1982). Red mangroves average 6 m tall in Florida but can
achieve heights up to 25 m in highly productive areas (USFWS 1999).

Black Mangrove (Avicennia germinans). The black mangrove is the most common
mangrove in Florida outside of the Everglades and is also the most cold tolerant, existing farther
north than either other species (Mendelssohn and McKee 2000). Black mangroves persist at a
slightly higher elevation than red mangroves and are often found in the upper intertidal zone,
occasionally experiencing flooded conditions. Their horizontal, cable roots extrude
pneumatophores, stick-like aerial roots, up to 30 cm above the soil surface to provide oxygen to
the root zone (Odum, Mclvor, and Smith 1982). Black mangroves can withstand salinities as high
as 90 ppt by selectively excreting salt to outer leaves (Odum, Mclvor, and Smith 1982). Black
mangroves achieve heights up to 20 m but are typically smaller in Florida, while their heights vary
between 1.5 and 10 m in Louisiana (Houck and Neill 2009).

White Mangrove (Laguncularia racemosa). White mangroves are typically found at higher
elevations than either black or red varieties and are rarely flooded. Although they often lack visible
roots, they can produce prop roots if flooded for long periods or experience anaerobic soil
conditions. White mangroves are the shortest of the three Florida species (maximum height of
15 m) and are also the least cold tolerant; they are more common to south Florida than anywhere
else in the state (Odum, Mclvor, and Smith 1982; USFWS 1999). They can survive in salinities
upwards of 90 ppt, removing salt through excretion (Odum, Mclvor, and Smith 1982).
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The combination of rising sea levels, saltwater intrusion, and milder winters induced by climate
change are expected to expand the range of mangrove forest habitats in Florida. There is evidence
that mangroves in Florida are experiencing landward migration, encroaching upon saltmarsh
habitat due to their ability to adapt to increasing occurrences of inundation, sea level rise, and
salinity (Saintilan et al. 2020; Giri and Long 2016; Steinmuller et al. 2019). Similarly, milder
winters and decreased extreme cold events may lead to the northern expansion of mangroves
(Cavanaugh et al., 2013; Giri and Long, 2014; Giri and Long 2016). The black mangrove is the
most cold-tolerant Florida species and responsible for the majority of the presumed poleward
expansions observed. Mangrove expansion and encroachment into salt marshes can increase
carbon storage in mangroves forests, which store 2% more carbon per area compared to salt
marshes (Doughty et al. 2016; Breithaupt et al. 2020). High sedimentation rates, significant peat
accumulation from biomass production, and minimal decomposition due to a lack of oxygen make
mangroves highly efficient at carbon capture and storage. Mangrove ecosystems are a main
component of blue carbon storage, defined as carbon stored in coastal marine environments
(McLeod et al. 2011). Although mangroves occupy a small percentage (0.5%) of coastal areas
around the world, they are estimated to provide 10%—15% of the coastal sediment carbon storage
(Alongi 2014). These reports are consistent with other studies that measured stored carbon in
mangrove forests and suggest that these forests are among the most carbon-rich forests in the
world, storing 2-3x more carbon than any other forest type (Fujimoto et al. 1999; Donato et al.
2011; Alongi 2014). Breithaupt et al. (2020) found that mangroves in southwest Florida buried
1.9-2.3x more carbon than salt marshes. Mangrove expansion may also improve coastal protection
as they have higher wave attenuation benefits compared to saltmarshes (Chmura 2003).

Red Mangrove Characteristics. Mangrove characteristics vary with species and location. Red
mangroves (R. mangle) trunk diameters are typically measured at a height 1.3 m above ground
(termed diameter at breast height (DBH) or girth at breast height). Measurements of DBH in
mangrove forests have been reported between 4.5 to 16.5 cm in Cuddalore, India (Danielson et al.
2005) and 9 to 75.5 cm in the Matang Mangrove Forest Reserve Malaysia (Jin Eong et al. 1995),
with greater DBH indicative of a more mature tree. Stem densities also vary by location and forest
age. In the United States, Dawes et al. (1999) reported a mean density of 0.504 stems/m? for
primarily R. mangle mangrove forests in Tampa Bay, FL. Novitzky (2010) performed a detailed
field study of red mangrove characteristics in Rookery Bay, Cockroach Bay, and Crystal Bay, FL.
The author measured DBH and stem density at each of the three field sites; average mangrove
trunk diameters ranged from 3.18 to 12.74 cm while stem densities ranged from 0.86 to 2.02
stems/m”. These values were similar to those measured by Tomiczek et al. (2019), who measured
red mangrove trunk diameters, prop root densities, and prop root elastic moduli at three field sites
in Key West, FL. While R. mangle are distinguished by their complex system of aerial prop roots
that emerge from the trunk and anchor the tree into the ground (Figure 1), A. germinans contain
aerial roots, pneumatophores, that grow vertically from the ground. Still, the roots of L. racemosa
are found below ground.

General mangrove restoration guidance typically results in denser forests than found in natural
forests. Guidance documents recommend planting propagules with 25 — 300 cm spacing between
stems (Kainuma et al. 2013; EAD 2015). These documents recommend thinning restored forests to
1500 — 2000 stems/ha (Clough et al. 1999; EAD 2015); the oldest forests may thin to 1,000 stems/ha
(EAD 2015). Imbert, Rousteau, and Scherrer (2000) suggest red mangroves are best suited for low-
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lying, sheltered shorelines, and propagules should be planted at the beginning in July/August,
coinciding with the beginning of the rainy season and when propagules are widely available.

POST-DISASTER OBSERVATIONS AND MODELING OF MANGROVE EFFECTS:
Observations or numerical hindcasts following tsunami or major storm events (e.g., tropical
cyclones) have demonstrated the capacity of mangroves to protect life and property during extreme
hydrodynamic conditions. Post-impact surveys of areas affected by the 2004 Indian Ocean
earthquake and tsunami indicated that mangrove forests provided significant protection to inland
communities (Alongi 2008). Chang et al. (2006) synthesized satellite imagery, georeferenced
videos and photographs, field observations, and resident interviews from 20 villages along the
Andaman Coast, Thailand. Similarly, they reported that mangroves were an effective buffer during
the 2004 tsunami. Danielsen et al. (2005) studied the effects of this tsunami in the Cuddalore
District in India, finding that areas with dense mangrove forests (1,400 — 2,600 trees/ha) were
significantly less damaged than other areas. More recently, Goda et al. (2019) observed structures
behind mangroves of moderate cross-shore forest thickness experienced less damage than
unsheltered structures for ~2 m high tsunami waves in Palu Bay, Sulawesi, Indonesia, indicating
that even forests of moderate cross-shore thickness can provide noticeable protection against
tsunami impacts. In a case study of tsunami inundation of the same event in Palu Timur, Sulawesi,
Indonesia, Novitarima and Saputri (2019) found that adding 0.073 ha of mangrove forest could
reduce the tsunami inundation area by over 50%.

Observations following tropical cyclones have similarly indicated the protective value of mangrove
systems. Das and Vincent (2009) investigated 409 villages affected by the 1999 Indian Super
Cyclone. Using statistical regressions, the authors found that villages shielded by mangroves with
wider cross-shore forest thicknesses between the village and the coast experienced significantly
fewer deaths than villages with no or few mangroves. Mangroves were observed reducing water
levels during Hurricane Charley and Wilma along coastal Florida (Krauss et al. 2009), and Tomiczek
et al. (2020a) surveyed damage to structures and shorelines in the Florida Keys following Hurricane
Irma (2017). The structures sheltered by moderate widths of mangrove shoreline consistently
experienced more minor damage than neighboring structures with other shoreline archetypes. While
mangroves provide protection during extreme events, they are also vulnerable to damage from
extreme inundation, waves, and particularly wind. Several studies have documented damage to these
systems following hurricanes and intense storms (e.g., Tallie et al. 2020); however, in less severe
cases, these forests may be able to self-recover (e.g., Alongi 2008; Danielson et al. 2017; Asbridge
et al. 2018), pointing to their resilience as a coastal infrastructure system.

In addition to post-event observations, numerical simulations allow for comparison of impacts
with and without natural infrastructure to coastal protection as well as the degree of impact at
regional and global scales. Guannel et al. (2016) investigated individual and combined protection
by mangroves, coral reefs, and seagrasses during non-storm and storm conditions using a
numerical model of synthetic hurricane wind, waves, and storm surge over one-dimensional
idealized transects. Results indicated that mangroves reduced wave heights by 70% and that
multiple habitats provided more benefits than any individual system. Similarly, a meta-analysis of
69 coastal habitats including coral reefs, mangroves, seagrasses, kelp beds, and salt marshes
indicated that mangrove projects provided up to 50% improvement in protection during storm
events when considering damage costs from storms (Narayan et al. 2016). The authors posited that
these systems were cheaper to install than submerged breakwaters providing similar protection.
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Finally, Zhang et al. (2012) compared field measurements of storm surge due to Hurricane Wilma
in southern Florida to numerical results of inundation from the Coastal and Estuarine Storm Tide
model, finding that 6 — 30 km mangrove forests significantly reduced inundation area and storm
surge levels inland. However, many developed areas require adequate coastal protection in a
confined cross-shore area. While several studies have suggested that moderate cross-shore forest
thicknesses can provide noticeable protection (Goda et al. 2019; Tomiczek et al. 2020a), a better
understanding of the required width of a mangrove forest with a given density is needed to
implement these systems in coastal design effectively.

Finally, an innovative study conducted in collaboration with University of California Santa Cruz,
Risk Management Solutions, and The Nature Conservancy used an insurance industry catastrophe
model to quantify the economic benefits of mangroves in Florida for reducing coastal flood damages
annually in Collier County, FL, and from Hurricane Irma. Annually, across multiple storms,
mangroves reduced flood damages by 25.5% to properties behind them in Collier County. During
Hurricane Irma, 626,000 people living behind mangroves saw reduced flooding across Florida,
resulting in $1.5 billion of averted surge-related flood damages or an average of $7,500 in risk
reduction benefits per hectare of mangroves with properties behind them (Narayan et al. 2019).

FIELD EXPERIMENTS OF WAVE ATTENUATION THROUGH MANGROVES: Table 2
summarizes previous field campaigns measuring wave attenuation by mangrove forests, including
location of study, mangrove species, and wave type.

Table 2. Summary of field studies of wave attenuation through mangrove forests.

Study Location Species Wave Type
Mazda et al. (1997) Tong King Delta, Kandelia candel short-period (5 -8 s)
Vietham
Quartel et al. (2007) Red River Delta, Kandelia candel short-period (3 - 7's)
Vietnam
Bao (2011) Red River Delta and | mixed (Aegiceras corniculatum, short-period
Can Gio reserve, Avicennia marina, Rhizophora
Vietnam mucronata, Sonneratia caseolaris,
Kandelia candel)
Horstman et al. (2014) Andaman region, mixed (Avicennia sp., Sonneratia short-period (3 — 19 s)
Thailand sp., Rhizophora sp.)
Trung et al. (2015) Cai Lon River and Rhizophora apiculata boat wakes
Ong Doc River,
Vietnam
Thuy et al. (2017) Ca Mau River, Rhizophora apiculata boat wakes
Vietnam
Ismail et al. (2017) Matang Forest mixed  (Rhizophora sp. and| boat wakes
Reserve, Malaysia Bruguiera sp.)
Tomiczek et al.’ Key West, Florida, Rhizophora mangle boat wakes
USA

"' Tomiczek, T., A. Wargula, K. O'Donnell, V. LaVeck, K. Castagno, and S. Scyphers. In preparation. "Vessel-
generated wake attenuation by Rhizophora mangle in Key West, FL." Estuarine, Coastal, and Shelf Science.
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As indicated in the table, measurements generally focused on attenuation of recreational boat-
generated wakes or short-period waves generated by wind or swell (as opposed to long-period
tsunami). Mazda et al. (1997) found that sites with primarily young mangroves showed little/no
impact on wave transformation, while in areas where trees were sufficiently tall (6 yr old,
vegetation parameters not provided), waves were reduced by up to 20% over a 100 m transect.
Attenuation in these sites remained large even when water depth increased. Quartel et al. (2007)
studied wave attenuation in coastal forests dominated by Kandelia candel (a species in the
Rhizophoricae family). They proposed an equation for calculating the drag coefficient of a
mangrove system as an exponential function of submerged projected underwater area. Similarly,
Horstman et al. (2014) proposed relationships between vegetation densities, wave attenuation
rates, sediment characteristics, and sedimentation rates. The authors noted that wave attenuation
rates in areas dominated by dense Rhizophora vegetation were up to 0.012/m and that wave
attenuation rates facilitated net sediment deposition in mangrove forests. Bao (2011) measured
wave attenuation in 32 mangrove plots in coastal Vietnam and found that wave height decayed
exponentially with distance. The author developed a "V-index" for characterizing mangrove plots
by their ability to dissipate waves and proposed equations to determine the minimum vegetation
band width required to attenuate waves to a safe wave height.

Studies of small recreational boat wakes have shown similar wave height reduction by mangrove
forests. Trung et al. (2015) and Thuy et al. (2017) measured ship wake attenuation by riverine
mangroves in Vietnam and found significant wave height reduction within moderate cross-shore
distances. Trung et al. (2015) reported wave height reductions of 44% — 56% and 70% — 84%
within 4 m and 10 m, respectively, while Thuy et al. (2017) supplemented field results with a two-
dimensional Boussinesq numerical modeling and estimated that 200 m long timber piling
combined with a 20 m wide mangrove fringe reduced runup and forces by 61% and 95%,
respectively. Ismail et al. (2017) measured reduction of wave amplitudes in a mixed mangrove
forest and reported average reduction of wave amplitude by 63% over a 15 m transect. This
reduction in wave amplitudes was similar to values reported by Tomiczek et al.! based on
measurements of 236 events of boat-generated wave heights throughout a 12.5 m wide mangrove
island in Cow Key Channel between Key West and Stock Island, FL.

PHYSICAL MODELS OF MANGROVE EFFECTS ON WAVE PROPAGATION: Trees
including mangroves have been modeled as rigid vegetation, contrasting with studies of wave
transformation through flexible vegetation including cordgrass (Spartina), rush (Juncaceae), or
seagrass (Thalassia testudinum, Posidonia oceanica and Zostera marina) (Anderson and Smith
2014; Ozeren et al. 2014; Lara et al. 2016; Lei and Nepf 2019). For example, Huang et al. (2011)
used rigid, emergent cylinders to mimic mangroves to investigate solitary wave propagation using
both physical model experiments and numerical model simulations. More recently, several studies
have specifically investigated the effects of the characteristic prop roots of the Rhziophora species
(Table 3) on hydrodynamics. These tests have been conducted at a range of scales and under
constant flow and for long- and short-period wave conditions. These studies also sought to improve
the representation of the Rhziophora species by moving away from the use of rigid cylinders to a
representative geometric form. Based on field measurements at 18 sites in Vietnam, Ohira et al.
(2013) presented a method for parameterizing the Rhizophora prop root system including diameter,

"' Tomiczek, T., A. Wargula, K. O'Donnell, V. LaVeck, K. Castagno, and S. Scyphers. In preparation. "Vessel-
Generated Wake Attenuation by Rhizophora Mangle in Key West, FL." Estuarine, Coastal, and Shelf Science.

8 & Wi,

WITH

US Army Corps of Engineers ¢ Engineer Research and Development Center



ERDC/TN EWN-21-1
November 2021

number, height, and horizontal spreading of prop roots based on the specimen trunk diameter. This
parameterization has been used to create mangrove mimics for several recent physical model
experiments (Maza et al. 2017, 2019; Tomiczek et al. 2020b).

Table 3. Summary of physical model studies of wave attenuation through

Rhizophora.

Study Scale| Hydrodynamic Conditions

Strusinska-Correia et al. (2013) 1:20 | solitary, tsunami bore

Zhang et al. (2015) 1:7.5 | constant flow

Maza et al. (2017) 1:12 | constant flow

Chang et al. (2019) 1.7 regular

Maza et al. (2019) 1:6 regular, irregular

Tomiczek et al. (2020b) 1:16 | long waves, long waves over the constant
flow

Bryant et al. (experiments in progress| 1:2 regular, irregular

at ERDC)

Kelty et al. (experiments in progress at| 1:1 regular, irregular

Oregon State University)

Strusinska-Correia et al. (2013) reported transmission rates of 20% based on measurements of
solitary wave and tsunami bore propagation through a 1:20 scale model of a mangrove trunk-prop
root system. Zhang et al. (2015) constructed a 1:7.5 scale physical model based on field
measurements and measured flow velocities, Reynolds numbers, and turbulent kinetic energy
through the mangrove forests. The authors calculated drag coefficients from laboratory
experiments that were consistent with field measurements. Chang et al. (2019) used a three-
dimensional (3D) printed mangrove prop root model at 1:7 scale and calculated inertial and drag
coefficients for mangrove models subject to regular waves with periods between 1.25 to 1.70 s and
heights between 1.83 to 4.02 cm propagating over two water depths (10 cm and 19.5 cm). A non-
negligible inertial effect was observed, and relationships were proposed for estimating the drag
and inertial coefficients based on the Keulegan-Carpenter and Reynolds numbers.

Maza et al. (2017) and Maza et al. (2019) used the parameterization presented by Ohira et al.
(2013) to construct a 1:12 scale and 1:6 scale model of a mature Rhizophora mangrove forest,
respectively. In the former study, the results indicated velocities decreased by up to 50% within
the root zone. In the later tests, the authors considered a stem density of 625 trees/ha (full scale)
and measured wave attenuation and wave-induced forces on mangroves for short-period (regular
and irregular) wave conditions. Water depth, wave height, and frontal area of the mangroves were
identified as important parameters in determining short-period wave decay through the forest.

Tomiczek et al. (2020b) considered a similar parameterization as well as field measurements
from the Florida Keys to create a 1:16 scale mimic of the Rhizophora trunk-prop root system
(Figure 2). The authors measured flow transformation and load reduction on an idealized inland
structure sheltered by two forest thicknesses compared to no-mangrove conditions; mangrove
models were spaced 0.17 m (trunk center to trunk center) in the cross-shore and 0.19 m in the
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alongshore, representing a prototype density of 1,700 trees/ha. The authors found a relationship
between load reduction and cross-shore mangrove thickness normalized by wave representative
time scale and offshore celerity.

root
diameter

Figure 2. R. mangle physical model for DBH of 20 cm informed by Ohira et al. (2013) parameters
(Tomiczek et al. 2020b).

These data were compared to simulations by the numerical model IH Cantabria's OpenFoam by
Maza et al. (2015), who found that for similar stem densities, there was little effect of random or
regular distribution of the cylinders on wave damping.

Another consideration that has been investigated is the effect of patchiness in coastal forests. Irish
et al. (2014) investigated tsunami propagation through two configurations of rigid polyvinyl
chloride pipe representing a patchy coastal forest. The authors found that momentum flux
decreased in wake regions behind roughness patches and increased between patches due to
channelization. Maza et al. (2016) performed experiments of solitary wave propagation through
patchy rigid vegetation using rigid cylinders representing Avicennia mangroves. The authors
similarly noted variability of force magnitude and direction owing to patchiness. Maza et al. (2016)
observed more significant attenuation rates for more considerable wave heights and shorter wave
periods and proposed a new parameter for estimating wave dissipation based on the effective
length and submergence of the vegetation patch.

Ongoing experiments at the US Army Engineer Research and Development Center (ERDC) in
Vicksburg, MS, are constructing a 1:2 scale model mangrove forest (Figure 3) based on
measurements of R. mangle in Rookery Bay, FL, by Novitzky (2010). These experiments will be
complemented with similar tests conducted at full scale in the Oregon State University wave flume
to investigate cross-scale and cross-facility comparisons of mangrove density, incident
hydrodynamic conditions, and scaling effects on flow transformation and load reduction.
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Figure 3. 1:2 R. mangle physical model constructed at the ERDC.

The field observations and physical model results provide predictive capability through the
development of theoretical models for wave propagation through flexible and rigid vegetation
(Dalrymple et al. 1984). The National Academy of Sciences (NAS 1977) proposed a transmission
coefficient dependent on vegetation parameters (drag coefficient (order unity), wetted height,
mean effective diameter, spacing, and width) and incident wave conditions (water depth, incident
wave height) considering energy losses due to drag forces on an element oscillating in still water,
combined with wave energy flux relationships, for waves propagating over a vegetated field.
Similarly, Mendez and Losada (2004) presented a widely accepted empirical model for random
wave transformation over vegetated fields, estimating wave height dissipation as a function of
incident wave characteristics, geometry of vegetation stems, physical properties of the vegetation,
and a drag coefficient specific for each plant. Despite these advances, all of the models require
laboratory and/or field data to provide a drag coefficient, highlighting the need for in situ
measurements and laboratory models. More information on these theoretical approaches is
provided by Anderson et al. (2011) in a comprehensive literature review of wave dissipation by
vegetation.

CO-BENEFITS OF MANGROVE FORESTS: While the aforementioned studies and
observations relate to the engineering performance of mangrove forests in wave attenuation and
protection of coastlines and near-coast infrastructure, mangroves are also known to provide
environmental, ecological, and social/economic co-benefits. Vo et al. (2012) conducted a review
of ecosystem services provided by mangroves and provided a detailed description of how
ecosystem functions related to goods and services. The authors highlighted values of mangroves
for direct use (i.e., timber, fiber, fuel, medicine, education, recreation, and cultural), indirect use
(i.e., watershed protection, nutrient cycling, air pollution reduction, microclimate reduction,
carbon storage), option (i.e., future direct and indirect use opportunities), and existence (i.e.,
biodiversity, cultural heritage). Additionally, mangroves provide valuable habitat for juvenile fish,
shrimp, other crustaceans, mollusks and invertebrates, birds, insects, monkeys, and reptiles
(McLeod and Salm 2006). Since mangroves span the entire intertidal zone, from regularly to only
occasionally flooded, they offer diverse habitats for aquatic and terrestrial species. Mangroves
provide food, habitat, and shelter for over 1,300 permanent, temporary, and opportunistic species
(Odum, Mclvor, and Smith 1982; USFWS 1999). In Florida, mangrove roots serve as rigid
substrates for sessile shellfish, such as oysters and mussels, and provide critical nursery habitat
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and protection for juvenile fish. Over 200 fish species make their home in Florida mangroves, with
over 90% of commercial and 70% of sport fisheries in Florida using mangroves for habitat, shelter,
or food during some part of their lifecycle (Lewis et al. 1985; Ueland 2005). Nearly 200 species
of birds utilize Florida mangroves for foraging, nesting, and protection (Ueland 2005). These
habitats provide feedbacks and social benefits as communities around the world leverage these
resources provided by the forests for income (Hussain and Badola 2010; Reinisch 2014) and social
capital (Situmorang 2018). Hussain and Badola (2010) conducted structured surveys in India and
reported that mangrove resources, including fisheries, timber, and others, contributed to over
14.5% of household income.

The complex above-ground root structures of mangroves help slow water velocity within forests,
resulting in high sedimentation rates that help stabilize shorelines and prevent erosion (Katherisan
2003). Previous studies have found mangroves can retain up to 80% of sediment delivered to their
systems during spring high tide events (Furukawa, Wolanski, and Mueller 1997). Red mangroves
prop roots have increased sedimentation and wave attenuation values than bare substrates and other
Florida mangrove species due to their position in the lower intertidal zone (Furukawa and
Wolanski 1996; Krauss, Allen, and Cahoon 2003). However, mixed stands of black and red
mangroves have higher sediment trapping capacities than a single species due to the increased
complexity of both prop and pneumatophores (black) (Furukawa and Wolanski 1996; Kathiresan
2003). Hurricanes and storms also provide significant pulses of sediment to coastal and riverine
mangroves. Breithaupt et al. (2019) evaluated the sedimentation impact of Hurricane Irma in
southwest Florida and found a 3.02—4.31 cm sediment deposition layer, equivalent to the yearly
accretion rate for the site in a singular event (Breithaupt et al. 2017). In conjunction with sediment
deposition from marine and riverine sources, mangroves build elevation via peat deposition and
organic matter accumulation, which can accrete to several meters thick (Feller and Sitnik 1996;
USFWS 1999; Donato et al. 2011). While Alongi (2008) suggested that the rate of sedimentation
in mangroves is close to rates of sea level rise, others have asserted that these fragile ecosystems
require a sustained sediment supply and suitable conditions for accretion and that accelerating rates
of sea level rise may be a threat to mangrove forest survival over decadal-scale climate change
impacts (Cheong et al. 2013; Saintilan et al. 2020).

Mangroves express resiliency to storm events, despite experiencing defoliation, stem breakage,
and uprooting. Aerial roots help maintain mangrove tree stability, while the retention of large
reserves of belowground nutrients provides a nutrient subsidy after disturbance events to help
stimulate productivity (Feller and Sitnik 1996; Kumara et al. 2010). Armitage et al. (2020)
observed regrowth on damaged black mangrove branches in Texas just 2 months after injury from
Hurricane Harvey, a category 4 storm. Severely damaged and defoliated mangroves in the
Philippines saw a 90% recovery in primary production 18 months after Super Typhoon Haiyan
(Long et al. 2016). In Florida, mangroves in the Everglades National Park recovered their net
primary production in fewer than 5 years after severe defoliation damage caused by Hurricane
Wilma (Danielson et al. 2017). Recovery after storm events is facilitated by regeneration
mechanisms, such as resprouting on surviving trees (black and white mangroves), the growth of
propagules released by storm impacts (red mangroves), or via the expansion of understory trees
saplings established pre-disturbance (Baldwin et al. 2001). Stems below the water line tend to be
buffered by the water and are spared significant storm impacts (Armitage et al. 2020).
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KNOWLEDGE GAPS: While the aforementioned studies have improved the understanding of
wave dissipation through rigid vegetation, knowledge gaps remain and require further
investigation for the development of robust design guidance for implementing mangroves as
coastal protection. Previous physical and numerical experiments considered an idealized,
parameterized model of a scaled mangrove system; therefore, scaling effects from model to
prototype scale on fluid-vegetation interaction must be identified and addressed to contextualize
experimental results and implications for stakeholders. For example, many experiments consider
only the trunk-prop root system of a mangrove forest, ignoring canopy effects and morphological
evolution of the mangrove bed. Recently, Kalloe (2019) performed manual measurements and 3D
laser scans to investigate wave damping potential of willow forests and compared results to
measurements from full-scale experiments with live willow trees. The author found that wave
dissipation in tests considering leaves in the tree canopy were 2% — 4% higher than dissipation in
tests considering canopy branches without leaves. While effects of leaves have been reported to
be small (e.g., Kalloe 2019), canopy branches and leaves may become important when considering
extreme storm surge levels or the combined effects of wind and hydrodynamic hazards. Including
realistic bathymetries consistent with the sediment capture of mangrove prop roots will improve
the understanding of wave evolution through these systems.

Standardized performance metrics must be defined to quantify the efficacy of mangroves in
reducing inland hydrodynamic conditions including wave heights, velocities, and momentum flux
as well as the effect on wave overtopping, runup, and loading on inland structures. These
performance metrics may be dependent on mangrove forest density, diversity, forest width to
wavelength ratio, incident wave height and steepness, and other parameters that must be identified
for use in design. Furthermore, the contributing effects of natural and artificial infrastructure for
hybrid system design must be more thoroughly investigated. Wave attenuation by natural and
nature-based features combined with that by structural systems (e.g., breakwater, seawall,
revetment) may not be the linear combination of each system acting alone. Therefore further
investigation of wave-vegetation-structure interaction is required. Breakpoints, or conditions at
which these natural systems fail, in addition to failure criteria for mangrove forests during a design
event, must also be defined to identify the limitations of these infrastructures. Complementarily,
the resiliency, or ability to rebound after a damaging event of mangrove forest needs to be
investigated. Addressing these knowledge gaps may serve as a model for developing guidance for
the implementation of other natural features, including marshes, wetlands, and reefs.

In addition to defining the engineering performance of mangrove systems, the interconnected
contribution to ecological, biological, and social co-benefits of mangroves and other natural
infrastructure must be quantified and considered in cost-benefit analysis to inform decision-makers
considering multiple gray and green design alternatives. Similarly, existing social norms and
policy effects on shoreline management must be addressed to improve community education and
buy-in to implement natural and nature-based shoreline protection.

CONCLUSIONS: This EWN TN presents a literature review of mangrove ecosystems and their
potential for coastal protection through wave attenuation and erosion prevention. Previous field
observations from historic tsunami and tropical cyclone events, combined with investigations
through field observations and physical modeling, indicate that these systems mitigate inland
hydrodynamic conditions and loads on near-coast structures, protecting life safety and mitigating
damage to structures in coastal communities. Additional work is required to define and quantify
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performance metrics for these systems to develop practical design guidance for implementing
mangroves in appropriate environments.

ADDITIONAL INFORMATION: This EWN TN was prepared as part of Wave Attenuation of
Coastal Mangroves During Extreme Water Levels at Near Prototype Scales work unit in the Flood
and Coastal (F&C) R&D Program and Engineering with Nature (EWN) initiative under the
Dredging Operations and Environmental Research Program, and was written by Nia Hurst
(Nia.R.Hurst@usace.army.mil), Duncan B. Bryant (Duncan.Bryant@usace.army.mil), and Leigh
Provost (Leigh.A.Provost@erdc.dren.mil) of the US Army Engineer Research and Development
Center (ERDC) in collaboration with Tori Tomiczek (viohnson@usna.edu) and Anna Wargula
(wargula@usna.edu) of the US Naval Academy. The Program Managers are Dr. Brandon Boyd
(F&C) and Dr. Jeff King (EWN). This EWN TN should be cited as follows:

Tomiczek, T., A. Wargula, N. R. Hurst, D. B. Bryant, and L. A. Provost. Engineering
With Nature: The Role of Mangroves in Coastal Protection. ERDC/TN EWN-21-1.
Vicksburg, MS: US Army Engineer Research and Development Center.
http://dx.doi.org/10.21079/11681/42420
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