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Abstract

Tropical seagrass meadows are vital coastal ecosystems threatened by both storm ac-
tivity and human interference. Intense hurricane activity in the subtropical Atlantic
has been projected to increase by the late 21st century, having uncertain consequences
for seagrass ecosystems in the region. This study investigated the responses of seagrass
meadows to hurricane-related nearshore processes in the current and future storm cli-
mates. Further, the impacts of human interference and the sensitivity of meadow
formation were studied. This was achieved by coupling the morphodynamic model
XBeach and the agent-based seagrass community model SMEAGOL. The develop-
ment of Thalassia testudinum meadows was simulated with cycles of 40 hours of
morphodynamics followed by one year of growth, over a one-dimensional cross-shore
transect across Galion Bay, St Martin.

Both seagrass leaves and the biogeomorphic landscapes they form are signi�cant in
attenuating wave energy. Relative wave attenuation by Thalassia meadows is reduced
under the storm surge and waves generated by a category 5 hurricane. Removal of
the seagrass canopy by changes in the water quality results in a signi�cant reduction
in wave attenuation and coastal protection potential.

Untouched Thalassia meadows in shallow, reef-protected habitats are unlikely to ex-
perience widespread loss as a result of increasing storm activity in the future. The
tipping point, if it exists, is certainly above four direct category 5 hurricane strikes
in a year. A meadow fragmented in exposed areas by propeller scarring or other
human interferences is unlikely to recover, and renders the meadow vulnerable to fur-
ther damage in the event of a storm. Regeneration of Thalassia meadows by sexual
reproduction is a slow and sensitive process irrespective of the storm climate, remain-
ing susceptible to complete reversal by storm impact for decades. As such, meadows
removed by a combination of hurricanes and human activity may never recover.

Cover photograph courtesy of R. James.
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1 Introduction

Seagrass meadows are one of the most widespread marine ecosystems, occurring in coastal
waters across the globe (�gure 1). The ecosystem functions of seagrass habitats are di-
verse (Green et al., 2003). As primary producers they sequester carbon, recycle nutrients,
oxygenate the water, support populations of marine herbivores and serve as a nursery for
commercially important �sh species. By forming canopy structures they attenuate both
waves and currents and facilitate sediment trapping, while the belowground root mass
binds sediments, together acting to protect coasts from erosion. Together with coral reefs,
mangroves and salt marshes, seagrass meadows have been identi�ed as critical to the sur-
vival of coastal communities (Arkema et al., 2013).

Figure 1: Global seagrass diversity and distribution, adapted from (Short et al., 2007,
�gure 3).

The ecosystem engineering and coastal protection services provided by seagrass meadows
have been documented in numerous studies. Seagrass meadows attenuate waves (Fonseca
and Cahalan, 1992; Paul and Amos, 2011) and currents (Koch et al., 2007; Fonseca et al.,
1982), thereby causing increased deposition and retention of sediments (Sco�n, 1970; Gacia
and Duarte, 2001; Hansen and Reidenbach, 2012; Potouroglou et al., 2017) and modi�ca-
tions in spatial sediment size distribution (Van Katwijk et al., 2010; Bos et al., 2007). This
often manifests in the creation of biogeomorphic landscapes, in which seagrass meadows
locally raise the seabed above surrounding areas of bare sediment (Patriquin, 1975; Folk
and Robles, 1964), with sharp borders of near-vertical or overhanging cli�s commonly up
to a metre high (�gure 2). These seagrass meadows, raised or otherwise, provide a coastal
protection service by reducing erosion both within and inshore of the meadow (Christianen
et al., 2013; Koch et al., 2009). The level of wave attenuation provided by seagrasses is
primarily dependent on the percentage of the water column occupied, or rather, the height
of the seagrass relative to the local water depth (Fonseca and Cahalan, 1992). While
the seagrass height remains relatively constant, the water depth can change rapidly under
storm-driven surges. The e�ects that increased water depth and wave activity generated
by storms have on the wave attenuation and coastal protection provided by seagrass, and
on the survival of the seagrass itself, is as yet unknown.
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Figure 2: Seagrass meadow raised approximately 50 cm above the surrounding bed in
Galion Bay, St Martin. Measuring rod displays 10 cm divisions. The overhanging seagrass
at right is a result of undercutting. Photo courtesy of R. James.

Widespread loss of seagrass ecosystems has resulted in changes in the morphology of coasts
(Hine et al., 1987) and caused populations of seagrass-dependent marine herbivores to col-
lapse (Preen and Marsh, 1995). Natural causes of large-scale seagrass loss include macroal-
gal blooms (van Tussenbroek et al., 2017) and storms (Preen et al., 1995), but human
activity is increasingly a contributing factor. Direct mechanical impacts from boating ac-
tivity, notably propeller scars (Zieman, 1976), grounding events (Whit�eld et al., 2002)
and moorings (Hastings et al., 1995), locally cause long term seagrass removal on the scale
of tens to thousands of square metres. Declining water quality in coastal areas as a result
poor water management has lead to the complete loss of seagrass meadows (Ralph et al.,
2007). Through anthropogenic climate change, increasing physiological stresses from rising
sea levels and temperatures have the potential to directly cause ecosystem-wide loss, while
increasing dissolved CO2 concentrations threaten the existence of critical co-habiting corals
and coralline algae (Duarte, 2002). Climate change is likely to cause a redistribution of
seagrass ecosystems as physiological tolerances are exceeded (Short and Neckles, 1999). If
seagrasses �nd no suitable habitat to which to migrate, loss of entire ecosystems can result.
As such, removal of seagrass ecosystems and the coastal protection they provide has the
potential to exacerbate the e�ects of rising sea levels on our coasts (Orth et al., 2006).

A projected downstream e�ect of human-induced climate change is an increase in the
frequency of tropical storms, fuelled by rising sea temperatures. In the Atlantic, the fre-
quency of major hurricanes (category 4 and above, on the Sa�r-Simpson scale) has been
projected to nearly double by the end of the 21st century as a result of anthropogenic
warming (Bender et al., 2010), even though the overall frequency of hurricanes has been
projected to decrease over the same period (Knutson et al., 2008). Seagrass meadows in
the tropical and subtropical western Atlantic have proven themselves to be resilient to di-
rect impacts of intense hurricanes (Cruz-Palacios and Van Tussenbroek, 2005; Anton et al.,
2009; Byron and Heck, 2006), generally su�ering no more damage than limited 'blowouts'
of several square meters, in which above- and belowground vegetation is removed (Cruz-
Palacios and Van Tussenbroek, 2005). Elsewhere, large-scale seagrass removal (on the
order of a thousand square kilometres, �gure 3) has been recorded in Australia after a
sequence of �ooding preceding and following a cyclone caused an extended period of high
turbidity and light deprivation (Preen et al., 1995). Although not being known to initiate
extensive damage, hurricanes have been documented to reverse recovery and extend exist-
ing injuries, even in reef-protected habitats as found in the subtropical western Atlantic
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(Whit�eld et al., 2002). It has been speculated that the projected increase in frequency
of large storms could prevent any re-establishment of slow-growing climax seagrass species
(Ondiviela et al., 2014), with increasing coastal erosion a likely consequence. To date, no
studies have attempted to simulate the re-establishment of seagrass seedlings under the
in�uence of hydrodynamic forcing.

Figure 3: The distribution of sampling sites and percentage seagrass cover in Hervey Bay,
Australia, measured before and after the �ood-cyclone-�ood sequence of February-March
1992. a) 1988. b) December 1992. c). December 1993. Stippling represents seagrass cover
generalised from sampling sites. Dashed lines indicate three arbitrarily de�ned sectors
of the bay. Notice that the north-east sector was particularly poorly sampled in 1988.
Adapted from Preen et al. (1995, �gure 2).

On September 6, 2017, the category 5 Hurricane Irma made direct landfall on the Caribbean
island St Martin, with sustained winds exceeding 155 kt damaging or destroying 70-90 %
of structures and causing an economic loss in excess of 1 billion USD (Cangialosi et al., 30
May 2018). The seagrass meadows on St Martin, as throughout much of the subtropical
western Atlantic, are situated in shallow bays protected by fringing coral reefs. Observa-
tions in March 2018 compared to those of R. James (personal communication) along with
preliminary analysis of satellite imagery indicate little change in the seagrass distribution
around St Martin. Root clusters of about 30x30x20cm were found strewn over the remain-
ing meadow (�g 4b,c), which were likely overhanging the edges of raised meadows (�gure
2) before being removed. These cannot be con�dently attributed to hurricane Irma alone,
however, as six months had passed between the hurricane and these observations.
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(a)

(b) (c)

Figure 4: (a) Study location of St Martin, with inset Galion Bay (Google Earth, 2018).
Red point indicates the tidal gauge at Marigot. (b,c) Seagrass root clumps found in Galion
Bay six months after hurricane Irma, with a 30 cm quadrat for scale.

Currently, there appears to exist a state of balance between seagrass meadow destruction
and regrowth. The regrowth into meadow injuries is a slow process that takes years per
square meter of injury (van Tussenbroek et al., 2007), taking place in the periods of calm
conditions between storms (Folk and Robles, 1964). While there have been no documented
cases of large-scale seagrass loss following a hurricane in reef-protected habitats, it is not
known whether this will remain so in a changing climate involving rising sea levels and
increasingly frequent large storms. Studies of multiple storm impacts on seagrass until
now have generally involved lesser storms (for example Byron and Heck, 2006). The for-
mation of mature seagrass meadows, in terms of species complexity and density, is an even
slower process than the recovery after injury. Spatial distribution of habitat suitable for
the establishment of seedlings exists in a much narrower range of hydrodynamic conditions
than is tolerated by mature meadows (Sco�n, 1970; Koch, 2001; Saunders et al., 2014).
As such, conditions in which a mature meadow thrives may be inhospitable for seedlings,
thereby inhibiting regeneration. It follows then that the regeneration may be even more
sensitive to an increasingly stormy environment. The phenomenon of increased recovery
time with increasing hydrodynamic stress has previously been described in salt marshes,
termed as 'critical slowing down' by Van Belzen et al. (2017).

The previous considerations naturally lead to the following research questions, which form
the focus of this study:

� How is the coastal protection a�orded by seagrass a�ected during a hurricane?

� How will the survival of seagrass meadows be a�ected in a climate that involves
increased storm activity? Is widespread meadow loss a possibility?

� If seagrass meadows do experience widespread die-o�, by storm or otherwise, is their
regeneration in an increasingly stormy climate realistic and/or possible?
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These questions will be answered with a case study of Galion Bay (Baie de L'Embouchure),
St Martin [18.075768N, -63.016596E] (�gure 4a). Galion is typical of shallow Caribbean
bays, consisting of a highly vegetated seabed leading to a dissipative beach, protected by
a shallow coral reef. Field data collected from the bay, during this study and by R. James
(unpublished data), is used alongside published literature data to force coupled simula-
tions of the morphodynamic model XBeach (Roelvink et al., 2009) and the purpose-built
seagrass community model SMEAGOL.

This thesis is structured as follows. Background theory and a review of literature are
given in section 2. An outline of the models XBeach and SMEAGOL and the experimental
methods are presented in section 3, along with the sources of data used and their applica-
tion into the models. Results are presented in section 4 and further discussed in section 5,
along with some considerations for future research. Finally, some concluding remarks are
given in section 6.
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2 Background

2.1 Sediment transport

In this section a brief overview of sediment transport processes is provided, as described
by Van Rijn et al. (1993), among others.

Transport of sediment occurs when the drag and lift forces exerted by a moving �uid
overcome the stabilising forces of the sediment grains, namely gravity and cohesion. The
balance between the mobilising shear force and stabilising gravitational force is described
by the Shields parameter θ = τb

(ρs−ρ)gd , in which τb is the shear stress exerted on the bed by
a �uid of density ρ, g is the gravitational acceleration and ρs and d are the sediment density
and grain size, respectively. Sediment motion is initiated when the bed shear stress exceeds
some critical value τc. The critical Shields parameter θc, corresponding to θ(τb = τc), is
a function of the near-bed hydraulic conditions, which can be expressed by the particle
Reynolds number Re∗ = u∗d

ν , in which ν is the kinematic viscosity coe�cient of water and

u∗ =
(
τ
ρ

)1/2
is the bed shear velocity.

Once the critical shear is exceeded and sediment motion is initiated, how it is then trans-
ported is dependent on the magnitude of the shear stress and the sediment characteristics.
For low shear or large particles, sediment is transported in the bed-load, in which particles
roll, slide, or otherwise move while remaining in contact with the bed. Once the bed shear
velocity u∗ exceeds the sediment's settling velocity ws, particles enter the suspended load
and are advected by mean currents, until u∗ < ws and particles are deposited to the bed.
The settling velocity results from a balance between the gravitational and friction forces

acting on a particle: in laminar �ow ws ∼ ρs−ρ
ρ

gd2

ν , while in turbulent �ow ws ∼
√

(ρs−ρ)
ρ gd

(Ahrens, 2000).

The generation of near-bed water motion di�ers between currents and waves. A current
constant in time �owing over the seabed experiences friction, and the resulting pro�le of
the velocity u over the vertical (z) is described by the general expression

u =
u∗
κ

ln
z

zo
(1)

in which κ ≈ 0.4 is von Karman's constant and zo is de�ned such that u = 0 at z = zo.
Under waves, the near-bed velocity is oscillatory, and can be calculated from linear theory
(for a full derivation, see Van Rijn, 1990). Brie�y, assuming irrotational �ow, the governing
equations of linear wave theory are continuity and Euler's equations of motion. These can
be written in terms of the velocity potential φ, which relates to the instantaneous orbital
velocities Ũ and W̃ in the x and z planes by

Ũ = −∂φ
∂x

and W̃ = −∂φ
∂z

(2)

The solution for φ, describing a wave of height H, period T and wavelength L travelling
in the x-direction, reads

φ =
ωH

2k

cosh[k(h+ z)]

sinh(kz)
sin(ωt− kx) (3)

Here, k = 2π
L is the wavenumber, h is the mean water depth, z is a vertical coordinate

de�ned positive upwards from the mean water level, and ω = 2π
T is the angular frequency.

The orbital velocity in the x-direction follows:

Ũ = −∂φ
∂x

=
ωH cosh[k(z + h)]

2 sinh(kz)
cos(ωt− kx) (4)
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The peak orbital velocity evaluated at the bottom (z = −h) is then

Û =
ωH

2 sinh(kh)
(5)

The properties of waves, and hence the sediment transport under waves, are a�ected in the
presence of currents. Waves travelling against a current become higher and the wavelength
is reduced, leading to steeper waves to the point of breaking. Waves travelling with a
current have an increased wavelength and correspondingly reduced height.

2.2 Seagrass-wave-sediment interactions

Seagrasses attenuate waves by swaying with the orbital motion, thereby reducing the en-
ergy of a wave as it propagates over a meadow (�gure 5). This �exibility is one of the
two main mechanisms employed by vegetation to resist the forcing of waves and survive in
the dynamic environment, the alternative being an increase in rigidity adopted by woody
plants. The level of wave attenuation is dependent on seagrass form and the underlying
hydrodynamic conditions, in particular water depth and the presence of mean �ows (Fon-
seca and Fisher, 1986; Paul and Amos, 2011; Paul et al., 2012). This swaying motion of
seagrass is not constant under all wave conditions. Rather, seagrass leaves tend to sway
out of phase with high frequency waves, attenuating more energy than when the leaves
sway more in phase with lower frequency waves, such that seagrasses act as low-pass �lters
(Bradley and Houser, 2009).

Figure 5: Qualitative overview of the �ow pattern at the meadow scale. The decay in wave
height (propagating left to right, �ne black line) along the meadow results in a proportional
decrease in the oscillatory velocity �elds (ellipses). Vertical pro�les of the mean current
(heavy gray lines) are shown. The local circulation pattern, shown by the large gray arrows,
results from the di�erence in the velocity pro�le within and outside the meadow. Adapted
from Luhar et al. (2010, �gure 2).

Wave damping is proportional to the percentage of the water column occupied by the sea-
grass, or the ratio of seagrass height to water depth, and is not signi�cantly dependent
on the shoot density within naturally occurring values (Fonseca and Cahalan, 1992). This
lack of dependence on density is also observed in studies of seagrass interacting with cur-
rents (Fonseca and Fisher, 1986). In the presence of mean �ows, potential wave damping
is reduced as the meadow is folded over for extended periods (Koch et al., 2007), reducing
the relative height and ability of the grass to sway with wave motions (�gure 6). Further,
waves travelling with a following current are 'stretched' to a lower frequency, and attenua-
tion by seagrass is reduced (Paul et al., 2012). This folded over meadow, although now less
e�ective at attenuating waves, nonetheless inhibits erosion by displacing the �ow of water
away from the seabed to above the level of the canopy (Fonseca et al., 1982; Koch and
Gust, 1999). In the process of damping wave orbital motions, the drag forces generated
within a seagrass meadow also lead to a non-zero (averaged over the wave period) stress
at the top of the meadow, which drives a current through the meadow in the direction of
wave propagation (Luhar et al., 2010, see �gure 5).
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In relation to unvegetated areas, the reduced current- and wave-induced near-bed velocities
within seagrass meadows result in reduced erosion and resuspension of sediment (Koch,
1999b; Potouroglou et al., 2017), increased rates of deposition (Gacia and Duarte, 2001;
Hansen and Reidenbach, 2012), and lower concentrations of suspended sediments (Ward
et al., 1984). This e�ect has been observed during both calm conditions and in periods
of high hydrodynamic energy during storms (Granata et al., 2001). The reduction in ero-
sion is enhanced by the retention of sediment trapped within the dense belowground root
and rhizome matrix. In a review of studies involving seagrass-mediated sediment reten-
tion worldwide, Potouroglou et al. (2017) report that seagrasses facilitate bed elevation at
5.3±2.69 mm per year while unvegetated areas erode at 21.3±7.33 mm per year, a di�er-
ence of 31.2±9.57 mm per year when within-site mean di�erences were taken into account.
This increased deposition within seagrass meadows is most noticeable in �ner sediments,
which would otherwise remain in suspension above unvegetated areas. This leads to sig-
ni�cant changes in the sediment grain size distribution, so-called 'muddi�cation' as the
fractions of �ne particles increase in vegetated areas (Bos et al., 2007; Van Katwijk et al.,
2010).

Figure 6: The bending of seagrass under unidirectional or tidal �ows (A,B) and under
oscillatory motion of waves (C,D,E). Under unidirectional �ow, shoots remain bent for
extended periods allowing skimming �ows to form above the canopy. Under oscillatory
motion shoots instead sway back and forth on the time scale of waves, and a skimming
�ow does not form. Adapted from Koch et al. (2007, �gure 8).

The coastal protection a�orded by seagrass is not restricted to the immediate location of
the meadows. By inhibiting short wave activity, seagrasses thereby also reduce the gen-
eration of long (infragravity) waves, which are generated by the setup from shoaling and
breaking wave groups (Holthuijsen, 2010). On dissipative beaches, the majority of short
waves have dissipated before reaching the shoreline, and infragravity waves are the dom-
inant factor in erosion processes in the swash (run up of long waves on the beach) zone.
Infragravity waves are in�uenced by seagrass in the same way as mean �ows or currents,
by experiencing an additional bottom drag force (Van Rooijen et al., 2016).

Although stagnant water is in general inhospitable to seagrasses, as some water motion is
necessary for photosynthesis and nutrient intake (Koch, 1994), less is known about upper
limits. Koch (2001) reports maximum velocities in which specimens of various species were
found between 7 and 180 cm s−1. Extreme water motion imposes limits on the distribu-
tion of seagrass by instigating erosion and uprooting (Fonseca and Bell, 1998), rather than
causing physical damage to the plant itself. The force at which shoots break under tension
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varies between species (Carmen et al., 2016), but is in all cases greater than that likely to
be delivered by waves or currents. Threshold water velocities above which erosion occurs
within a meadow have thus far only received attention regarding uni-directional �ow, and
not wave-orbital motion. Sco�n (1970) states that "Extensive removal of sediment around
Thalassia rhizomes and gradual erosion of the roots starts at a current velocity of about
50 cm/sec in sparse grass, 100 cm/sec in medium grass and about 150 cm/sec in dense
grass (current velocity measured just above the blades). The only naturally occurring cur-
rents capable of eroding Thalassia roots are in or close to the tidal channels." The critical
uni-directional current velocity for sediment motion in Thalassia meadows on St Martin
was recorded by R. James (unpublished data). Sediment motion was initiated at 0.5 ms−1

in a mature Thalassia meadow, at 0.17 ms−1 within a grazed meadow, and at 0.11 ms−1

across bare sediment.

Near-bed water motion and initiated sediment movement due to currents and waves there-
fore in�uence the distribution and community structure of seagrasses (Koch, 2001; Fonseca
and Bell, 1998; Fonseca et al., 2007), as species more tolerant of water motion will colonise
areas of higher hydrodynamic activity. This is particularly relevant regarding the establish-
ment of seedlings, which, due to their poorly-developed root system, have a lower tolerance
to water and sediment motion than mature specimens (Fonseca and Bell, 1998; Williams,
1990).

2.3 Seagrass community dynamics

Tropical seagrass communities typically consist of green calcifying macroalgae, one or more
species of pioneer or intermediate seagrass, and a climax seagrass species, existing in
monospeci�c or mixed meadows (van Tussenbroek et al., 2007). These species generally
follow the successional pattern of initial colonisation by the macroalgae followed by growth
of the pioneer seagrass, which is eventually out-competed by the longer lived climax sea-
grass (Williams, 1987, 1990; Gallegos et al., 1994). Dominant species in the area of this
study are the algae Halimeda sp., primary seagrass Syringodium �liforme and the climax
seagrass Thalassia testudinum (turtle grass).

The recovery of a seagrass meadow after damage or disturbance has attracted much atten-
tion (Rasheed, 2004; Whit�eld et al., 2004; Patriquin, 1975; Kenworthy et al., 2002; Dawes
et al., 1997). Complete removal of above- and belowground structures can result from
dredging and boat-induced damage (Dawes et al., 1997; Whit�eld et al., 2004), smothering
by or erosion of sediment through storms (Cruz-Palacios and Van Tussenbroek, 2005) and
smothering by macroalgal blooms (Kaldy and Dunton, 1999), among others. Seagrasses
exhibit both sexual and asexual reproductive strategies, and while asexual reproduction
has traditionally been assumed to dominate the growth and recovery (Rasheed, 2004),
sexual reproduction can be of signi�cance especially in larger clearings (Whit�eld et al.,
2004) and long-distance dispersal (Kaldy and Dunton, 1999). The timescale of regrowth
into injuries is dependent on the species involved, but is in all cases on the order of several
years per square meter of injury (Kenworthy et al., 2002; Dawes et al., 1997).

In this study, several simplifying assumptions are made regarding the community dynam-
ics of seagrass. Firstly, a monospeci�c community consisting only of the climax species
Thalassia testudinum, who is the primary factor in the formation of raised seabeds in
the Caribbean, is assumed. The common assumption that growth and maintenance of an
existing meadow occurs only by asexual reproduction (the process of growing new shoots
from horizontal rhizomes, often referred to as vegetative or clonal reproduction) is followed.
Further, this study assumes that the asexual reproduction is monotonically dependent on
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uniform rhizome growth rates, neglecting complex branching patterns (Renton et al., 2011)
and dependence on seagrass meadow size (Kendrick et al., 2005a). The recovery from com-
plete removal is assumed to occur in an area far removed from an existing meadow, such
that recovery is due only to sexual reproduction and the development of seedlings.

The reproductive rates of both mature and developing Thalassia are compiled from pub-
lished literature in the following sections.

2.3.1 Mature Thalassia growth morphology

Thalassia testudinum is a strap-bladed seagrass which develops into dense meadows from
individual seedlings, by growing shoots from interconnected rhizome systems (�gure 7).
The vegetative growth rate of Thalassia has been well studied, and depends on a multitude
of factors including light, nutrient availability and physical setting. Gallegos et al. (1993)
report rhizome growth rates (in cm yr−1) for an undisturbed meadow next to a barrier reef
(35±8.9), in a lagoon-reef-beach system subject to human disturbance (22.3±3.6) and in
a eutrophied lagoon (24.4±2.5), though found the di�erences to be insigni�cant. Marbà
and Duarte (1998), from a review including Gallegos et al. (1993) and Patriquin (1973),
place the mean value at 69 cm yr−1, with lower and upper bounds at 22-152 cm yr−1.

Figure 7: Thalassia testudinum. Line drawing of a seedling, depicting the horizontal
rhizome, apical horizontal rhizome branch, short-shoot, and seed. Adapted from Whit�eld
et al. (2004, �gure 5).

2.3.2 Thalassia seedling growth and survival

Studies regarding the growth of Thalassia seedlings are scarce, as most authors focus on
the clonal recovery after natural or human disturbances. From studies scattered across the
tropical western Atlantic, a timeline of the development from germinating seed to mature
seagrass unit is created, and by extension the time-dependence of tolerances to mechan-
ical disturbance is inferred. Values of growth rates in laboratory studies under arti�cial
conditions (for instance Koch, 1999a; Williams and Adey, 1983) are not considered, as the
authors themselves note that rates di�er signi�cantly from �eld studies. This timeline is
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implemented in the seagrass community model SMEAGOL, to simulate the development
of vegetation.

The sexual reproductive process itself is well known, �rst described fully by Orpurt and
Boral (1964). The production of �owers and fruits occurs throughout most of the year,
but only in a low, annually varying percentage of the population (Orpurt and Boral, 1964;
Durako and Mo�er, 1987; Kaldy and Dunton, 1999). Fruits are buoyant and disperse on
local currents, releasing negatively buoyant seeds (Kaldy and Dunton, 1999) which ger-
minate immediately and anchor to the seabed by developing "root hairs" (Orpurt and
Boral, 1964), providing a fast, if somewhat shallow, anchorage. This immediate germina-
tion means that Thalassia has no seed bank, and all new seedlings are from the current year.

Kaldy and Dunton (1999) report a density of naturally settled seedlings of 66±14 m−2

in previously bare sand, of which 22 % survived to 6 months and only 11 % surviving
to 1 year. At an age of <1 month, Lewis III and Phillips (1980) observed only one of
1400 seedlings to have any evidence of rhizome development, while leaves averaged 35 mm
(number of samples n=20). Thorhaug (1974) measured the development structure of a
cohort of 130 seedlings from germination to 8 months old. Leaves on the primary shoot
were narrow, but reached maximum length of 29.6 cm (mean 16.5±4.0) within the �rst
two months. By age 8 months, this �rst shoot was well developed in all seedlings, but sub-
sequent shoots were smaller and less common: 54 % had a second shoot (mean leaf length
7.4±4.8cm), 18 % a third (mean leaf length 6.0±5.5 cm), 4 % a fourth (mean leaf length
6.9±8.3 cm) and none more than four. By age 4 months, 50 % of seedlings had developed
rhizomes, increasing to 89 % at 8 months old with a mean length of 4.7±2.5 cm (maximum
8.2 cm). This rhizome growth was described as "slow during the �rst two months. From
four to 8 months it was vigorous." By age 8 months, all seedlings had developed roots at
a mean length of 6.8±2.8 cm (maximum 17.0 cm), though it is noted that this represents
a minimum as roots were �rmly embedded and some broke upon excavation. Thorhaug's
(1974) study recorded a survival rate to 8 months of 78.8 %, though the study area was
of low tidal and wave energy. It must also be noted that, in contrast to the other studies
mentioned here, Thorhaug's (1974) was a study of transplantation by seed planting, so
did not take place under wholly natural conditions. Kaldy and Dunton (1999) describe
15 month old seedlings with 3-5 developed shoots and 10-15 cm of horizontal rhizome.
Whit�eld et al. (2004) describe 1 year old seedlings with a primary shoot mean leaf length
of 10.4±6.1 cm, width of 0.78±0.16 cm and averaging 3.1±0.8 leaves per shoot (n=30).
Of these specimens, 43 % had a second and 17 % a third or fourth shoot, giving a mean of
1.6 shoots per seedling, which increased to 2.4 shoots per seedling at 2 years old (n=54).
Of the 30 1-year old seedlings, 87 % had rhizomes of <9 cm for an average rhizome growth
rate of 6.0 cm yr−1, increasing to 8.5 cm yr−1 by age 2 years (n=12). Survival after one
year averaged 51 %, decreasing to 17 % after two years.

2.3.3 Grazing by green turtles

Grazing by the green turtle Chelonia mydas locally alters the length and density of Tha-
lassia, thereby a�ecting the wave dissipation and sediment trapping a�orded by the grass.
The turtles do not graze at random, rather they maintain grazing plots of 10-100 m2 in
deeper areas near coral reefs for years at a time (Ogden et al., 1980). Here, older leaves are
removed and allowed to �oat away while all young, growing tissue is consumed, reducing
the canopy to within several centimetres of the seabed (Bjorndal, 1980). This results in
sharp divisions between the grazed and ungrazed areas (�gure 8). The short-term response
of the grass is increased leaf growth from the energy stores in the rhizomes (Moran and
Bjorndal, 2005), which, due to the constant grazing, become depleted resulting in reduced
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leaf production and shoot density (Thayer et al., 1984). Wave dissipation by subtidal veg-
etation is primarily due to the attenuation a�orded by the aboveground structures, and
reductions in these result in a reduction in potential attenuation. Christianen et al. (2013)
note however that grazed seagrasses retain their belowground mass and still inhibit erosion,
thereby maintaining the seabed at a higher level. Grazed seagrass meadows thereby still
provide a coastal protection service by displacing the location of wave breaking away from
the shore.

Figure 8: A naturally grazed green turtle feeding plot (right) and an adjacent ungrazed
area (left) in a Thalassia testudinum seagrass meadow in Little Cayman. Photo by Robert
A. Johnson, reproduced from Johnson et al. (2017, �gure 1).

2.4 Hurricane impact on seagrass

The tropical and subtropical western Atlantic is a region of high hurricane activity, sub-
jecting seagrass beds in this region to frequent episodes of high wind, wave and storm surge
activity. Intense storms consist of sustained wind speeds in excess of 130 kt, driving storm
surges several metres high and waves on the order of 10 m in coastal areas, depending
on topography and the storm's trajectory (for instance Cangialosi et al., 30 May 2018).
Stresses this imposes on seagrass ecosystems include large-scale sediment transport lead-
ing to burial or uprooting of a meadow, extreme water motions, and changes in salinity
(Cruz-Palacios and Van Tussenbroek, 2005). Sediment disturbance increases turbidity and
light deprivation (Preen et al., 1995), though the duration of this due to a hurricane alone
is likely too short to cause major seagrass death (Dawes et al., 1995). Indeed, uprooting of
small patches within a meadow seems to be the extent of long lasting hurricane-initiated
damage in the western Atlantic (Cruz-Palacios and Van Tussenbroek, 2005). Salinity �uc-
tuations due to large fresh water in�ux have caused widespread defoliation, which is soon
regrown from energy stores in the surviving root systems (Pérez and Galindo, 2000). Even
the repeat impacts of hurricanes Ivan and, one year later, Katrina on the USA's Gulf
Coast failed to cause large scale damage to seagrasses (Byron and Heck, 2006). Storm
surges driven by hurricanes may, by changing the relative height of seagrass in the water
column, reduce the coastal protection they provide. Although seagrasses largely survive
the hurricanes unscathed, larger plants inshore such as mangroves do not, for example dur-
ing hurricane Katrina in 2005 (Anton et al., 2009). This is likely due to the extreme winds
(over 140 kt), which submerged seagrass escapes, and the storm surge of approximately
8 m leading to coastal inundation.
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Although perhaps not initiating extensive injuries within seagrass meadows, hurricanes
can extend, and reverse recovery into, existing bare regions generated by previous storms
or human impact (Whit�eld et al., 2002). There must exist therefore a balance between the
frequency of storms and the damage they cause, against the time scale of seagrass recovery.
Since the growth rate of seagrasses varies between species, depending on their ecological
niche, the balance is also species-dependent (Williams, 1990). This species-dependent bal-
ance can lead to changes in the community structure (van Tussenbroek et al., 2008).

2.4.1 Changing hurricane frequency

Increasing sea surface temperatures as a result of anthropogenic climate warming have been
linked to the observed increase in hurricane activity in the Atlantic (Mann and Emanuel,
2006; Holland and Webster, 2007). Initial models predicted that this warming will lead
to a decrease in the overall hurricane frequency by the end of the 21st century (Knutson
et al., 2008), however these were not able to resolve intense (category 4 and above) storms.
A more recent ensemble of models (Bender et al., 2010), able to resolve these larger storms
agrees that the overall frequency of Atlantic hurricanes will decrease toward the latter half
of the 21st century. Bender et al. predict that, overall, storms will undergo a 28 % decrease
from the current 9 storms per year (1980-2006 average), while category 4 and above storms
(currently 1.4 per year) will increase by 81 %. The largest increase in intense hurricane
activity is predicted to be in the region of the western Atlantic between 20oN and 40oN
(�gure 9). Given that larger storms are more likely than small storms to in�ict signi�cant
damage on seagrass meadows, an increase in their frequency could alter the balance of
seagrass recovery.

Figure 9: Category 4 and 5 storms per decade in the late 21st century, for the control (top)
and 18-model ensemble warmed climates (middle), and the di�erence between warmed
climate and control (bottom). Adapted from Bender et al. (2010, �gure 3).
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3 Material and Methods

To simulate the morphodynamic response of a shallow bay to a hurricane impact in the
presence of seagrass, the numerical model XBeach (Roelvink et al., 2009), described in
section 3.1.1, is coupled to the seagrass community model SMEAGOL, de�ned in section
3.1.2. These models are driven with data collected from the case study site at Galion Bay
and compiled from literature, which is presented in section 3.2. Further details on the
experimental setup are given in section 3.3.

3.1 Models

3.1.1 XBeach

XBeach is an open source numerical model designed to simulate the morphodynamic re-
sponse of sandy beaches to extreme storm conditions (Roelvink et al., 2009). It includes
formulations for the wave attenuation by vegetation (Van Rooijen et al., 2015), ful�lling
the hydro- and morphodynamic modelling requirements of this study. The model simulates
the hydrodynamic processes of short and long wave transformation and propagation, along
with wave-induced and tidal currents. Morphodynamic processes included are suspended
and bed load transport and avalanching. A schematic description is given in �gure 10.

Figure 10: Schematic of XBeach processes. Transformation of short waves (black) generates
long waves (blue) and currents (red arrows), which mobilise and advect sediment. The
presence of vegetation attenuates wave orbital (ellipses) and current motions.

XBeach operates over a two-dimensional curvilinear grid in which the x-axis lies in the
cross-shore direction, with x = 0 de�ned at the o�shore boundary, and the y-axis is in the
along-shore direction. Bathymetry, sediment concentrations, water depth and wave energy
are de�ned at the grid cell centres, while water velocities and sediment transport gradients
are de�ned at the grid cell borders. In the case of one-dimensional simulations, the grid
reduces to a cross-shore transect along the x-axis one grid cell wide.

The hydrodynamic simulation is forced by de�ning wave and water level parameters at
the o�shore boundary, assuming an irregular wave �eld within a narrow frequency spec-
trum. Wave propagation through the domain is solved by a time-dependent version of the
stationary HIWSA model of Holthuijsen et al. (1989), which solves the variations in short
waves on the scale of wave groups and allows waves to travel in di�erent directions, de�ned
as

∂A

∂t
+
∂cxA

∂x
+
∂cyA

∂y
+
∂cθA

∂θ
= −

Dw +Df +Dv

σ
(6)

where A is the wave action given by

A(x, y, t, θ) =
Sw(x, y, t, θ)

σ(x, y, t)
(7)

In these equations, θ is the wave angle of incidence relative to the x axis, and is therefore
the direction of propagation, Sw is the wave energy density in each directional (θ) bin, and
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cx, cy and cθ are the wave group propagation speeds of wave action in their respective
directions. Dw, Df and Dv represent wave energy dissipation due to breaking, bottom
friction and vegetation respectively. The intrinsic wave frequency σ is determined from the
linear dispersion relation derived from linear wave theory. The default setting of XBeach is
to compute this without wave-current refraction, such that the intrinsic frequency is equal
to the absolute radial frequency ω, given by the dispersion relation

σ = ω =
√
gk tanh(kh) (8)

in which g is the acceleration due to gravity, k = 2π
L is the wavenumber of a wave of

wavelength L, and h is the local water depth. The process of waves and currents interacting
with and a�ecting each other is important in situations with signi�cant currents, such as
longshore currents induced by large wave breaking feeding into rip currents. This is not
the case in the low energy study site, so the wave-current interaction is not switched on.
The propagation speeds in the x, y, and θ directions are, when wave-current interactions
are ignored, given by

cx(x, y, t, θ) = cg cos(θ) (9)

cy(x, y, t, θ) = cg sin(θ) (10)

cθ(x, y, t, θ) =
σ

sinh 2kh

(
∂h

∂x
sin θ − ∂h

∂y
cos θ

)
(11)

where cg = ∂ω
∂k is the group velocity.

Wave dissipation due to breaking is modelled following the formulation of Roelvink (1993):

Dw(x, y, t) =
α

π
QbσEw (12)

Here Qb is the fraction of breaking waves calculated based on the local wave height and
water depth, α is a calibration factor of O(1), and Ew is the total wave energy obtained
by integrating the energy density per directional bin Sw:

Ew(x, y, t) =

∫ 2π

0
Sw(x, y, t, θ)dθ (13)

When waves break, momentum is temporarily stored at the surface in the form of the
so-called 'roller'. The roller energy balance is, similar to the wave balance, solved with the
roller energy in each directional bin Sr(x, y, t, θ) over all space:

∂Sr
∂t

+
∂cxSr
∂x

+
∂cySr
∂y

+
∂cθSr
∂θ

= −Dr +Dw (14)

where Dr is the total roller energy dissipation.

The short wave dissipation by vegetation (Dv) is implemented as a drag force, calculated
as a function of the local wave height and the vegetation's characteristics, following the
formulation of Mendez and Losada (2004). This was extended to include vertically non-
uniform vegetation by Suzuki et al. (2012), such that complex species such as mangroves
can be described as a series of vertical sections or layers, each with distinct properties.
Each vegetation species is described by its height above the seabed hv, stem diameter bv,
stem density per unit area Nv and bulk drag coe�cient C̃D. The total dissipation is calcu-
lated as the sum of the contributions Dv,i per vertical vegetation layer i up to the number
of layers nv:

Dv =

nv∑
i=1

Dv,i (15)
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where

Dv,i = Av,i
ρC̃D,ibv,iNv,i

2
√
π

(
kg

2σ

)3

H3
rms (16)

In this equation, ρ is the �uid density and

Av,i =
(sinh3 kαih− sinh3 kαi−1h) + 3(sinh kαih− sinh kαi−1h)

3k cosh3 kh
(17)

where αi = hv,i/h is the vegetation height relative to the local water depth h of each
vegetation layer i. Seagrasses are approximately uniform in the vertical, in which case this
reduces to nv = 1. Hrms is the root-mean-square wave height of an irregular wave �eld,
de�ned as

H2
rms =

∫ ∞
0

H2P (H)dH (18)

where H is the height of individual waves in the �eld. Assuming a narrow spectrum,
Longuet-Higgins (1952) showed this follows a Rayleigh probability distribution, given by

P (H) =
2H

H2
rms

exp

[
−
(

H

Hrms

)2
]

(19)

Long waves and currents are induced by the setup and radiation stresses associated with
short waves. These are solved in XBeach using the shallow water equations de�ned in a
depth-averaged Eulerian formulation, in which the momentum and continuity equations
are cast in terms of the mass transport velocities uL and vL in the x- and y-directions. The
mass transport velocities are de�ned as the sum of the depth averaged velocity (uE , vE)
and the wave-induced mass transport or Stokes velocity (uS , vS). The Stokes velocity
arises from the fact that �uid particles within a wave do not describe a closed orbit, but
travel further in the direction of wave propagation at the wave crest than they travel against
the direction of propagation in the wave trough (see equation (4)). The Stokes velocities
in the x and y directions are calculated by

uS =
Ew cos θ

ρhc
and vS =

Ew sin θ

ρhc
(20)

The resulting shallow water equations are

∂uL

∂t
+ uL

∂uL

∂x
+ vL

∂uL

∂y
− fvL − νh

(
∂2uL

∂x2
+
∂2uL

∂y2

)
=
τsx
ρh
−
τEbx
ρh
− g ∂η

∂x
+
Fx
ρh

+
Fv,x
ρh
(21)

∂vL

∂t
+ uL

∂vL

∂x
+ vL

∂vL

∂y
− fuL − νh

(
∂2vL

∂x2
+
∂2vL

∂y2

)
=
τsy
ρh
−
τEby
ρh
− g∂η

∂y
+
Fy
ρh

+
Fv,y
ρh
(22)

∂η

∂t
+
∂huL

∂x
+
∂hvL

∂y
= 0 (23)

where f is the Coriolis parameter, νh is the horizontal eddy viscosity coe�cient, τsx, τsy, τbx
and τby are the wind and bed shear stresses, η is the water level, Fx and Fy are components
of the radiation stress tensor S, and Fv,x and Fv,y are the stresses due to vegetation.

The radiation stress tensor S arises from the transport of mass and momentum, with
contributions from both unbroken waves and from the roller formed by breaking waves.
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Horizontal gradients in S introduce a stress on the water column, forcing the generation
of long waves and currents (for a full description, see for instance Holthuijsen, 2010). The
radiation force in the x direction is

Fx = −∂Sxx
∂x
− ∂Sxy

∂y
(24)

per unit horizontal area, where Sxx and Sxy denote the wave-induced transport of x-
momentum in the x- and y-directions, respectively. Similarly for Fy.

The bed shear stresses, taking in to account the contributions of water motion due to
both waves and currents, are calculated by

τEbx = cfρuE
√

(1.16urms)2 + (uE + vE)2 (25)

τEby = cfρvE
√

(1.16urms)2 + (uE + vE)2 (26)

where cf =
√

g
C2 is the the dimensionless bed friction coe�cient calculated with the Chézy

value C = 55 m1/2s−1, uE and vE are the depth-mean velocities, and urms is the near-
bed wave-induced orbital motion. In the case of an irregular wave �eld, near-bed orbital
velocities can be calculated by (Van Rijn, 1990)

urms =
πHrms√

2Trep sinh(kh)
(27)

where Trep is a representative wave period of the wave �eld.

The wind shear stresses are de�ned as

τsx = ρaCdW |Wx| (28)

τsy = ρaCdW |Wy| (29)

where ρa is air density, Cd is the wind drag coe�cient and W is the wind velocity.

The vegetation-induced stress is modelled as an additional drag force of the form presented
by Morison et al. (1950), which considers the vegetation to be rigid cylinders and ignores
the swaying motions. Again, this is calculated as the sum of drag force per vegetation layer
i, using the mass transport velocity uL

Fv(t) =

nv∑
i=1

Fv,i(t) (30)

Fv,i(t) =
1

2
ρCD,ibv,iNv,ihv,iu

L(t)|uL(t)|

Sediment in XBeach is implemented by user-de�ned inputs of the median (D50) and 90th

percentile (D90) grain sizes. Transport of sediments is computed with the following depth-
averaged advection-di�usion equation:

∂hC

∂t
+
∂hCuE

∂x
+
∂hCvE

∂y
− ∂

∂x

[
Dhh

∂C

∂x

]
− ∂

∂y

[
Dhh

∂C

∂y

]
=
hCeq − hC

Ts
(31)

where again uE and vE are the depth-mean velocities, and Dh is the sediment di�usion
coe�cient. The entrainment and/or deposition of sediment is determined by the imbalance
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between the actual (C) and equilibrium (Ceq) depth-averaged sediment concentrations.
This occurs on the adaptation time scale Ts, which is approximated based on the local
water depth and the sediment fall velocity ws:

Ts = max

(
0.05

h

ws
, T̂s

)
,where T̂s = 0.2s (32)

in which the fall velocity is calculated based on the characteristic median grain size of the
sediment (D50), as follows (Ahrens, 2000):

ws = C1
∆gD2

50

ν
+ C2

√
∆gD50 (33)

C1 = 0.055 tanh
[
12A−0.59 exp(−0.0004A)

]
C2 = 1.06 tanh

[
0.016A0.50 exp(−120/A)

]
A =

∆gD3
50

ν2

In these expressions, ν is kinematic viscosity of water and ∆g = g ρs−ρρ is the speci�c
gravity of sediment (density ρs) within the water column (density ρ). The total equilibrium
sediment concentration Ceq is computed as the sum of the bed (Ceq,b) and suspended (Ceq,s)
loads:

Ceq = max

(
min

(
Ceq,b,

Cmax
2

)
+ min

(
Ceq,s,

Cmax
2

)
, 0

)
(34)

with an imposed upper concentration limit set as default to Cmax = 0.1 kgm−3. The
equilibrium concentrations for the bed and suspended loads are calculated using the for-
mulations of van Rijn (2007) and van Thiel de Vries (2009):

Ceq,b =
Asb
h

(√
v2mg + 0.64u2rms,2 − Ucr

)1.5
(35)

Ceq,s =
Ass
h

(√
v2mg + 0.64u2rms,2 − Ucr

)2.4
(36)

In these expressions,

vmg =

√
(uE)2 + (vE)2 (37)

is the magnitude of depth-averaged water velocities, and urms,2 is the root-mean-square
bottom orbital velocity adjusted for the turbulence of breaking short waves (van Thiel de
Vries, 2009). The bed- and suspended load coe�cients Asb and Ass are functions of the
local water depth, speci�c gravity and median sediment grain size. The critical depth-
averaged velocity for sediment motion Ucr is calculated as the weighted sum of critical
velocities due to currents (Ucrc, Shields, 1936) and waves (Ucrw, Komar and Miller, 1975),
as follows (van Rijn, 2007):

Ucrc =


0.19D0.1

50 log 10
(

4h
D90

)
for D50 ≤ 0.5 mm

8.5D0.6
50 log 10

(
4h
D90

)
for D50 ≤ 2 mm

1.3
√

∆gD50

(
h
D50

)1/6
for D50 > 2 mm

(38)

Ucrw =

{
0.24(∆g)2/3 (D50Trep)

1/3 for D50 ≤ 0.5 mm

0.95(∆g)0.57D0.43
50 T 0.14

rep for D50 > 0.5 mm
(39)

Ucr = βUcrc + (1− β)Ucrw, β =
vmg

vmg + urms
(40)
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The bed level zb is then updated based on gradients in the sediment transport rates qx and
qy by

∂zb
∂t

+
fmor

(1− p)

(
∂qx
∂x

+
∂qy
∂y

)
= 0 (41)

in which

qx =
∂hCuE

∂x
− ∂

∂x

(
Dhh

∂C

∂x

)
(42)

qy =
∂hCvE

∂y
− ∂

∂y

(
Dhh

∂C

∂y

)
(43)

where p is the sediment porosity and fmor is a morphological acceleration factor. Bed level
is also updated by the process of avalanching, by which sediment is exchanged between
adjacent cells when the bed slope exceeds a critical value.

Spatial variation in sediment can be applied by de�ning distinct sediment fractions, each
described by by their median and 90th percentile grain sizes, along with their location
within the domain. A sediment fraction can be given a mobility restriction, making it
in essence more di�cult to erode, by specifying the parameter sedcal between 0-1 which
linearly decreases the equilibrium sediment concentration. This is useful for simulating
the e�ect of sediment retention a�orded by the root systems of vegetation, as a proper
parametrisation of this process is as yet lacking. Non-erodible structures can also be
implemented by de�ning the depth of erodible sediment within the model domain. For
instance, a non-erodible coral reef is described by an erodible sediment depth of 0 m.

For the numerical implementation in XBeach, spatial integration of the wave energy bal-
ance is achieved with a second order upwind discretisation, while the time integration
for shallow water equations is implemented in an explicit leapfrog scheme. All internal
times are de�ned in so-called morphological time. Since morphological change by sedi-
ment transport gradients occurs on a time scale much longer than that of the short-wave
driven hydrodynamic processes, application of the morphological acceleration factor fmor
allows the approximation of longer-term morphological change from shorter hydrodynamic
simulations, saving computational time. Input hydrodynamic simulation time is divided
internally by fmor, and the resulting sediment transport is then multiplied by fmor. Sensi-
tivity analyses carried out by McCall et al. (2010) and Lindemer et al. (2010) showed that
values of fmor between 1 and 20 result in relative errors in simulated bed level change of
at most 2%.

The wave propagation model is forced by applying a wave spectrum at the o�shore bound-
ary, which is then propagated into the domain as described above. At the lateral bound-
aries of the wave propagation model Neumann boundaries are applied, which specify a
zero longshore gradient across the boundary. For the shallow water equations, the o�shore
boundary is an absorbing boundary, such that long waves generated within the domain
can pass through without re�ection. At the lateral boundaries for the shallow water equa-
tions, Neumann boundaries are applied. For the sediment transport equations, Neumann
boundaries are applied at both the o�shore and lateral boundaries.

3.1.2 SMEAGOL

Although XBeach can simulate the e�ects of vegetation on the hydrodynamics of a system,
at the instigation of this study this was limited to static vegetation, that is, vegetation
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would remain in place regardless of any hydrodynamics and morphological change. As a
demonstration, consider the schematic in �gure 11. Suppose a large volume of sand is
deposited upon the grass at an arbitrary time t = 1. At the following time t = 2, the grass
in XBeach will reappear at the same location, while in reality it is likely to remain buried.

Figure 11: Sketch of the vegetation updating in XBeach versus reality.

For this purpose, the seagrass community model SMEAGOL (Seagrass Meadow Ecosystems
are Guardians of Land) was created. SMEAGOL is an agent-based model that simulates
the growth and death of vegetation during an XBeach simulation following simple rules,
producing updated vegetation, sediment distribution and bathymetry to be used as inputs
for subsequent XBeach simulations.

SMEAGOL computes the dynamics of a vegetation community under the in�uence of
simulated hydro- and morphodynamics, and allows for bathymetry changes through the
processes of sediment-trapping by vegetation and direct import or within-domain produc-
tion of sediment. At this stage the e�ects of salinity and light variations as a result of fresh
water in�ux and sediment resuspension are not taken into account, as the short-term e�ect
of these on seagrasses was judged to be minimal or within tolerance limits. The dynamics of
any species with known morphology and physical tolerances can be simulated, however this
is limited to one species per grid cell, as is XBeach. A community of multiple co-habiting
species can be approximated with a su�ciently �ne grid, by packing di�erent monospeci�c
cells in a small area, at a cost of computational e�ort. For this study, SMEAGOL was
parametrised to the tolerances and morphology of the turtlegrass Thalassia testudinum.
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SMEAGOL reads the output at the end of an XBeach simulation, and computes the
community development for a given growth interval in the following steps:

- Survival of the vegetation in each grid cell is evaluated based on the species-speci�c
tolerances.

- If the vegetation survives, it is allowed to grow both within the cell and into neigh-
bouring cells, based on known growth rates and the applied growth interval. It is not
possible that vegetation of a particular species can grow into a cell where the same
species had been removed within the same growth interval.

- Bathymetry updating can then be applied, accounting for any sediment trapping by
vegetation and production or transport during the growth interval.

Bathymetry, sediment class distribution (as a function of vegetation distribution, or other-
wise de�ned) and vegetation distribution and characteristics are then exported in XBeach-
compatible format.

SMEAGOL has two modes, developed for the speci�c aims of this study. The �rst considers
the growth of a mature seagrass community, while the second considers the establishment
and development of seedlings in a previously bare area. The mature mode assumes the
growth of seagrass to be wholly clonal, as this is the dominant local form of growth, and
to be monotonically dependent on rhizome growth rates. It further assumes that seagrass
in newly-inhabited cells immediately manifests in mature form for both size and density,
with constant tolerances throughout. In the seedling mode, if there existed no vegetation
in the previous XBeach simulation, seedlings are 'sown' into the domain, based on the sex-
ual reproductive rates of the species in question. Thereafter, vegetation size and density
is updated during the growth interval, with the associated tolerance changes, until such
time as the vegetation reaches its mature characteristics, whereby SMEAGOL switches
to the mature mode. If, at any time, no vegetation survives, at the next growth interval
SMEAGOL reverts to seedling mode, 'sowing' seedlings into the recently emptied domain.

The growth of vegetation can be forcibly limited to certain habitable regions of a model
domain. For instance, seagrasses cannot take root in areas where the sediment is too large
or the seabed is solid, such as on a coral reef or in the regions of coral rubble surrounding
a reef. Growth into such regions is prohibited in both the mature and seedling modes.

3.2 Data

3.2.1 Bathymetry

The bathymetry of Galion Bay is compiled from in situ measurements taken during two
�eld campaigns, by R. James in July 2016 (unpublished data), and for this study in March
2018 (�gure 12).

R. James' measurements were made by recording depth and location with a Trimble®

R8 Rover dGPS accurate to ±5 mm (Trimble Inc, Sunnyvale, USA). The device itself
could not be submerged, and as such measurements were restricted to areas of the bay
reachable on foot and shallower than 2 m. Emphasis was placed on mapping two promi-
nent raised seagrass meadows at the northern and southern ends of the bay, chosen by
their accessibility.

Measurements in March 2018 were made by recording depth with a HOBO® U20L-01
water level logger (Onset Computer Corporation, Bourne, USA), accurate to ±4 cm, and
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location with a Garmin GPS 60 (Garmin International Inc, Olathe, USA), accurate to
±3 m. Measurement locations were selected on site to produce a representative bathymet-
ric map of the whole bay. Care was taken that all points were separated by at least twice
the uncertainty of the gps unit. The depth logger, recording at 0.1 Hz, was lowered from
the surface to the seabed and left in place for at least one minute. Recordings during this
interval were averaged to �nd the wave-averaged depth for each location. The tidal signal
was removed using data obtained from a Caribbean Tsunami Warning Program (USA) tidal
gauge located at Marigot [18.08333N, -63.085434E], indicated by the red dot in �gure 4a,
accessed via http://www.ioc-sealevelmonitoring.org/station.php?code=stmt. The
gauge recorded at 0.0167 Hz, and values were smoothed by passing through a 15-minute
moving average �lter.

It was not possible to measure the depth of the fringing coral reef in either campaign
for safety reasons, and as such the o�shore extent of the measurements approximately
describes the reef's inner edge.

Figure 12: Locations of point bathymetry measurements inside Galion Bay, St Martin.
March 2018 (red, this study, where the number of measurements n=380) and July 2016
(black, R. James unpublished data, n=1109).

The landfall of the category 5 Hurricane Irma in September 2017 created interest in re-
measuring the locations of R. James in 2016 to evaluate any hurricane-induced bathymetry
changes. Due to time constraints this was unfortunately not possible. Measurements in
2018 were taken to be complementary to those made in 2016, with the primary goal to
create a bathymetry map of the entire bay. There were no signi�cant bay-wide changes
in bathymetry, or in the location and extent of seagrass meadows (R. James, personal
communication), which justi�ed the creation of a map with the compiled data. An acute
exception was the formation of a channel between Galion Bay and Salines d'Orient, a
wetland salt pond inland of the bay (�gure 13b), however it is not unlikely that a channel
existed here before being paved over to provide headland access.
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(a) (b)

Figure 13: Satellite imagery of northern Galion bay. (a) 12/02/2017, before hurricane
Irma. (b) 14/09/2017, after landfall of hurricane Irma, showing the newly formed channel
(Google Earth, 2018).

The scattered point measurements of bathymetry were interpolated onto an irregular com-
putational grid using the Delft3D pre-processing tools RGFGRID and QUICKIN from the
Delft3D Flow Suite (Deltares, 2017). A variable resolution grid was designed to maximise
the resolution in particular areas of interest while minimising computational demands. The
grid has a resolution of approximately 1.5 m at the o�shore boundary, and approximately
0.15 m inshore of the coral reef.

3.2.2 Thalassia testudinum morphology, Galion Bay distribution and impact

of hurricane Irma

Morphological and drag coe�cient measurements of mature Thalassia testudinum were
obtained from samples transported from St Maarten to the Netherlands for laboratory
study (R. James, unpublished data). The shoot density of mature Thalassia meadows was
counted from 30x30 cm quadrants placed at random within the study area.

The distribution of seagrass within Galion Bay was inferred from satellite imagery (for
example �gure 4a), and rati�ed against personal observations. The shallow bay (maxi-
mum depth of ≈5 m) and clear water means seagrass is easily distinguishable from bare
sediment.

From observations in March 2018, compared to those of R. James before hurricane Irma
(personal communication), there appears to have been no signi�cant damage to the sea-
grass meadows in Galion Bay beyond the removal of overhanging sod at the seaward edge
of the meadow (�gure 4), though this cannot be wholly attributed to hurricane Irma.
Although it is unclear whether this occurred at all locations in the bay, the removal of
overhanging sod implies a retreat of the meadow's seaward edge on the order of 30 cm.

Values of the growth rates and tolerances to disturbance for both mature and develop-
ing Thalassia are compiled from published literature (section 2.3), summarised in table 1.
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Table 1: Parameters applied to SMEAGOL for the growth and death of Thalassia

tetudinum. Erosion depth tolerance of seedlings is interpreted from published root and
rhizome lengths and growth rates.

Mature Thalassia Seedling Thalassia Source

Horizontal rhizome
growth rate

69 cm y−1 Marbà and Duarte (1998)

6.0 cm y−1 (age<1 yr)
8.5 cm y−1 (age>1 yr)

Whit�eld et al. (2004)

Tolerance:
Erosion >0.1 m Cruz-Palacios and

Van Tussenbroek (2005)
0.005 m * age(months) Thorhaug (1974); Kaldy and

Dunton (1999); Whit�eld
et al. (2004)

Burial 0.05 m 0.05 m Cruz-Palacios and
Van Tussenbroek (2005)

Minimum depth 0.15 m 0.15 m Marigot tide gauge
Current 1 ms−1 Sco�n (1970)

critical velocity for
sediment movement
(equation (40))

van Rijn (2007)

3.2.3 Sediment

Sediment in shallow Caribbean bays is predominantly calcareous and organic in origin,
produced by mechanical erosion of coral reefs or through direct sedimentation by calcify-
ing algae such as Halimeda (Boon and Green, 1989; Folk and Robles, 1964; Harney and
Fletcher III, 2003). The rates of contribution from each source is dependent on species
presence and physical setting. Harney and Fletcher III (2003) provide a review of the
contributions across coral reef lagoons.

Sediment grain size distributions of Galion Bay were determined by sieving and laser
di�raction of samples collected from inside and outside the seagrass meadows (R. James,
unpublished data). The seabed in the vicinity of the coral reef consists of coral rubble, a
haphazard mix of coral fragments visually estimated to be on average 2 cm in diameter,
up to approximately 15 cm. Three sediment fractions are de�ned, corresponding to their
cross-shore location and the presence or absence of seagrass. Measured and estimated grain
sizes for each fraction are given in table 2.

Table 2: Median (D50) and 90th percentile (D90) sediment grain sizes of Galion Bay sam-
ples. (+ denotes values from R. James, unpublished data, * denotes visually estimated
values).

D50(mm) D90(mm)

Bare sand 0.35354+ 0.8125+

Seagrass meadow 0.191853+ 0.476393+

Coral rubble 20∗ 150∗
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3.2.4 Waves

O�shore wave data used to force the XBeach simulations for calm conditions were ob-
tained from the NOAA WAVEWATCH III® model (Tolman et al., 2009). Average signif-
icant wave height, direction and period are extracted in the region o�shore of St Martin.
Simulated propagation of waves in calm conditions into Galion Bay is validated against
measurements made by R. James (unpublished data) between September-December 2015,
at the wave gauge locations indicated in �gure 14.

O�shore wave parameters during a category 5 hurricane were obtained from Candy et al.'s
(2018 in preparation) simulations of the waves and storm surge generated by hurricane
Irma. At its peak, hurricane Irma generated a sea-surface height anomaly of 0.8m and
signi�cant wave heights of up to 10m in the region o�shore of Galion Bay. No measured
data from within the bay are available for veri�cation of the wave propagation, nor is data
available from the tidal gauge at Marigot to validate the storm surge at the coast.

3.3 Experimental setup

In this section the experimental design is described. First the general settings which were
�xed for all simulations, then further detail is given for the setup used to answer each
research question in turn.

3.3.1 General settings

The evolution of the seagrass systems was simulated with cycles of the coupled XBeach-
SMEAGOL model, the exact number of cycles determined by computational time con-
straints. In all cases, XBeach simulated 10 hours of wave attack and 40 hours of morpho-
dynamics, by speci�cation of the morphological acceleration factor fmor (equation (41)).
The 40 hour period was approximately the duration of the peak impact of hurricane Irma
on St Maarten.

XBeach was run in the 'surfbeat' mode, which solves short wave action at the wave-group
scale, while resolving the infragravity waves associated with wave groups. O�shore wave
parameters are read in to XBeach, which internally converts the input to a JONSWAP
spectrum. The hydrodynamic input conditions applied at the o�shore boundary for both
calm and storm simulations are given in table 3. The wave incidence angle of 270o implies
that waves are propagated from the o�shore to the onshore boundary of the model domain.

Table 3: Hydrodynamic input boundary conditions for the XBeach simulations

Water level (m above
mean water level)

Hrms wave height (m) Wave period (s) Wave incidence (o)

Calm 0 1.6 8 270
Hurricane 0.8 2.5 10 270

Simulations were run over a one-dimensional transect across Galion Bay. The slow growth
rate of Thalassia (table 1) requires a computational grid resolution on the centimetre
scale if short-term behaviour is to be resolved. This can only be achieved e�ciently in
two-dimensional domains when using sub-grid schemes and supercomputing, or equiva-
lent, neither of which were available for this study. Using this transect approach achieves
centimetre-scale grid resolution while reducing computational requirements.

The transect which forms the model domain (�gure 14) was drawn from the beach, across
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a prominent raised seagrass meadow and the fringing coral reef out to approximately 1km
from shore, and located to coincide with the wave gauges placed by R. James (unpublished
data). The result is a compromise between capturing the cross-shore depth pro�le and
intersection with the measurement stations. Grid resolution is variable across the transect,
from 1.5 m at the o�shore boundary, re�ning to 0.5 m across the coral reef and further
re�ning to 0.15 m from the reef to the shore. The pro�le and initial seagrass and sediment
distributions are shown in �gure 14c. Figure 14d is an idealised bathymetry pro�le used
to study the e�ect of an absence of seagrass biogeomorphic landscapes, and serves as the
bathymetry for the study of seagrass meadow regeneration.

The initial sediment distribution across the transect is as shown in �gure 14c, using the
values given in table 2. The �ne sediment within the seagrass meadow is given a mobil-
ity restriction (XBeach parameter sedcal=0.5) to simulate the sediment stabilisation of
the seagrass' root and rhizome system. The coral reef is assumed to be a non-erodible
structure.

(a) (b)

(c) (d)

Figure 14: (a,b) Model domain transect (black line) of this study, and wave gauge locations
(red dots) of R. James (2015, unpublished data). (c) Cross-shore transect depth pro�le,
including initial seagrass distribution and the distribution of sediment grain sizes, as de�ned
in table 2. 'Bare sand' (slanted lines), 'Seagrass meadow' (stippled) and 'Coral rubble'
(crossed lines). The coral reef is indicated by the solid black area. The o�shore boundary
is at left (x=0m), the onshore boundary is on the beach at right. (d) Idealised cross-shore
transect depth pro�le applied for simulations in the absence of seagrass biogeomorphology.

It was considered to switch o� the bed-updating process of avalanching, since seagrass
meadows facilitate the formation of near-vertical cli� faces. However, the e�ect of avalanch-
ing could still be signi�cant in unvegetated areas of the domain, so the process of avalanch-
ing was retained. Likewise, the numerous free parameters which allow selection between
various numerical schemes and physical formulations in XBeach were left at their default
settings.
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The parameters governing the growth and death of Thalassia applied in SMEAGOL are
given in table 1. Growth is restricted to areas of sandy substrate, since seagrass cannot
take root in coral rubble or on the coral reef. Enforced bed updating during the seagrass
growth interval is twofold. To account for the direct production by calcifying algae, 0.53
kgm−2y−1 of calcium carbonate is added across the domain (Harney and Fletcher III,
2003). To account for the di�erential sediment trapping and erosion between vegetated
and unvegetated areas, vegetated areas accrete at 5.3 mm y−1 while unvegetated areas
erode at 21.3 mm y−1 (Potouroglou et al., 2017).

Results of the simulations are analysed, and all �gures are generated, in MATLAB®

R2016b.

3.3.2 How a hurricane a�ects seagrass coastal protection

To study the e�ects a hurricane has on the coastal protection provided by seagrass, single
XBeach simulations are run for both calm and hurricane conditions. Four seagrass states
are considered, to isolate the e�ect of di�erent parts of the seagrass ecosystem. The �rst
is of mature, healthy seagrass, as observed in the �eld during this study. Removing the
major wave-dissipative in�uence of seagrass leaves, the second scenario is of defoliated
seagrass, in which the seagrass is present but reduced to 3 cm high. This represents the
e�ect of mass defoliation events caused by �uctuations in temperature or salinity, or other
degradations of water quality. In the third scenario all seagrass is removed, although the
seagrass-generated raised seabed is retained. These �rst three scenarios are run across the
transect in �gure 14c. The �nal scenario removes the in�uence of seagrass altogether, and
is run over the transect in �gure 14d.

3.3.3 Seagrass survival in storm climates

To study the community dynamics of seagrass under various storm climates, SMEAGOL is
run in the mature mode for growth intervals of one year between XBeach simulations. Each
XBeach simulation is forced by either calm or hurricane wave and water level boundary
conditions (table 3). The switch between calm and hurricane forcing is based on the
probability of a category 5 hurricane impact, which adds a stochastic element to the model
design. The various climates are de�ned by this hurricane probability. Climates considered
are the current state, that projected for the late 21st century by Bender et al. (2010), and
three hypothetical climates. The hurricane probability for each is given in table 4.

Table 4: The probability of category 5 hurricane impact per year, applied in each climate
scenario.

Climate Probability (per year)

Current 1/20
Late 21st century 1/5
Hypothetical 1 1/10
Hypothetical 2 1/2
Hypothetical 3 1

3.3.3.1 Sensitivity analyses Further to the initial study of seagrass survival in vari-
ous storm climates, the sensitivity to 'patchiness' of a seagrass meadow was investigated.
Until this point, the evolution of seagrass meadows was studied with a seagrass distribu-
tion as observed in Galion Bay (�gure 14c). This is rather continuous meadow, with the
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exception of the small satellite meadow just o�shore of the main raised bed feature. How-
ever, many authors describe patchy distributions, in which patches on the order of several
square metres form raised meadows. These patchy meadows can form naturally (Fonseca
and Bell, 1998) or as a result of human interference (Hastings et al., 1995). Several arti�cial
patchy distributions are created by placing breaks 15-50 m wide at various places within
the observed meadow of �gure 14c. Further, based on Ogden et al.'s (1980) observations of
green turtle grazing patterns, a turtle grazing scenario was created by reducing the length
and density of the satellite meadow. The responses of each arti�cial distribution to both
calm and hurricane conditions were studied, by running SMEAGOL for a one year growth
interval.

3.3.4 Regeneration of seagrass meadows by seedling development

To study the regeneration of seagrass meadows by seedling Thalassia, SMEAGOL is run
in the seedling mode for growth intervals of one month, between XBeach simulations run
over the idealised cross-shore transect without any seagrass biogeomorphology (�gure 14d).
'Sowing' of seedlings is restricted to the region of the domain inshore of the coral reef.
Potential real estate is therefore landward of the transition from coral rubble to sand
substrates, at x = 670 m. Storm climates applied were the current climate and the late
21st century climate. Further, the sensitivity of seagrass seedling success to incoming wave
energy is investigated by increasing the input wave height at the o�shore boundary in
10 cm increments.
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4 Results

4.1 Model validation

4.1.1 Cross-shore wave transformation

The cross-shore wave transformation into Galion Bay simulated by XBeach, forced with
time-mean wave conditions from the NOAA WAVEWATCH III® model (Tolman et al.,
2009), is validated against R. James' measurements from inside the bay (2015, unpublished
data). Simulated Hrms signi�cant wave height is within one standard deviation of the
measured Hrms at each wave gauge (�gure 15). The wave gauges in �gure 15 are indicated
by their distance from the o�shore boundary, or x = 0 m in the transect, while they deviate
from the transect by 4-45 m (see �gure 14b). With the spatial limitation of the available
dataset, and deviation of the wave gauges from the transect, the simulated cross-shore
wave transformation is satisfactory.

Figure 15: XBeach-simulated Hrms signi�cant wave height (blue) compared to the mea-
surements (red, mean ± one standard deviation) of R. James (2015, unpublished data).
Numbers correspond to the gauge numbers in �gure 14b.

4.2 The e�ect of hurricanes on the coastal protection a�orded by sea-

grass

To examine the coastal protection provided by seagrass and the biogeomorphic landscapes
they create, the signi�cant wave height and near-bed orbital velocity across the domain
are shown in �gure 16, under both calm (�gures 16a,c) and hurricane Irma (�gures 16b,d)
conditions, for the four states of seagrass presence outlined in section 3.3.2. Wave break-
ing over the coral reef, located between 500-600 metres into the domain, has the greatest
dissipative e�ect on the incoming waves in all cases.

After the reef, seagrass and the biogeomorphic landscape further impede wave propaga-
tion. The signi�cant wave height exponentially decays across the meadow in all cases with
seagrass biogeomorphology (�gures 16a,b, dashed, solid, and dash-dot lines). As such,
exponential curves of the form y = aebx were �tted to the simulated Hrms wave height
values across the location of the seagrass meadow to evaluate the degree of wave decay
(�gure 17).
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(a) (b)

(c) (d)

Figure 16: Signi�cant wave height (a,b) and near-bed orbital velocity (c,d) as a function
of cross-shore distance. Seagrass states are mature (dashed line), defoliated (solid line),
bare sediment (dash-dot) and the absence of seagrass biogeomorphology (BGM, dotted
line). Boundary hydrodynamic conditions are (a,c) calm, and (b,d) hurricane Irma. The
locations of the coral reef and seagrass meadow are indicated. Note the di�erent vertical
scales.

The coe�cient b describes the wave height growth (for b > 0) or decay (for b < 0) per unit
distance across the seagrass meadow. Values of b are given in table 5, along with values of
the r2 coe�cient of determination for the �tted curves of �gure 17. The �tted curves agree
well with the simulated wave height values in the three cases including seagrass or seagrass
biogeomorphology (r2 ≈ 1). The �t is poorer in the absence of seagrass biogeomorphology,
due to the shoaling and breaking of waves (�gures 16a,b, 17, dotted lines).

A full seagrass meadow causes the greatest rate of wave height decay (b = −0.01761). Re-
ducing the leaf length to 3 cm reduces the decay rate by approximately half (b = −0.00921).
The rate of wave height decay by the seagrass biogeomorphology alone is approximately half
that again (b = −0.00494). In the absence of seagrass and its biogeomorphology, there is
no decay in wave height across the previous location of the seagrass meadow (b = 0.00052).
Rather, the slightly positive b value indicates that waves instead grow by shoaling, before
ultimately breaking on the beach face (�gure 16a, dotted line).

33



(a) (b)

Figure 17: Exponential functions (red curves) �tted to simulated Hrms values across the
location of the seagrass meadow. Seagrass states are mature (dashed line), defoliated (solid
line), bare sediment (dash-dot) and the absence of seagrass biogeomorphology (dotted line).
Boundary hydrodynamic conditions are (a) calm, and (b) hurricane Irma.

Under the increased water level and incident wave heights during a hurricane, the rates
of wave height decay, indicated by b values, are approximately halved relative to that
under calm conditions for all seagrass states (table 5). The behaviour in the absence of
biogeomophology is unchanged between calm and hurricane conditions.

Table 5: Exponential decay curve coe�cient b, and r2 coe�cient of determination, of curves
of the form y = aebx �tted to the simulated Hrms wave height across the location of the
seagrass meadow (see �gure 17). Fits are given for the four states of seagrass presence
under both calm and hurricane conditions. No BGM refers to the case of no seagrass
biogeomorphology.

Seagrass con�guration Calm Hurricane
b r2 b r2

Full -0.01761 0.9405 -0.00976 0.9482
Defoliated -0.00921 0.9592 -0.00440 0.9639
None -0.00494 0.9607 -0.00239 0.9427
No BGM 0.00052 0.6439 0.00052 0.6149

The e�ect of each seagrass factor is further evident in examining the cross-shore propa-
gation of wave energy and its sources of dissipation (�gure 18). Again, in all cases the
breaking of incident waves on the coral reef is the dominant dissipative process. In the
presence of mature seagrass, wave energy is almost purely dissipated by the seagrass, and
the little that remains breaks on the beach (�gures 18a,b). When seagrass is defoliated
(�gures 18c,d) or removed (�gures 18e,f) wave breaking occurs on the raised seabed and
through the seagrass meadow. There is reduced wave dissipation inshore of the raised bed,
leaving waves free to propagate to and break on the beach. In the absence of seagrass
biogeomorphology (�gures 18g,h) there exists no dominant obstacle to wave propagation,
and wave breaking occurs almost continuously from the reef to the beach.

In all cases, the energy dissipation by wave breaking at the beach face is signi�cantly
higher during hurricane conditions than during calm.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 18: Wave energy (blue line, left axis), and energy dissipation (right axis) due to
wave breaking (red line) and seagrass interaction (green line) across the model domain.
(a,b) Seagrass; (c,d) defoliated seagrass; (e,f) no seagrass; (g,h) no seagrass biogeomor-
phology. Boundary hydrodynamic conditions are calm (left column) and hurricane Irma
(right column). Note the di�erent vertical scales between the left and right columns.
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The resulting changes in bed level for each seagrass state after 40 hour morphodynamic
simulations of calm and hurricane conditions are given in �gure 19. The extent and loca-
tion of erosion in each case is a re�ection of the wave breaking (�gure 18), or more rightly
the near-bed orbital velocity (�gures 16c,d). In the case of mature seagrass, erosion within
the seagrass meadow during both calm (�gure 19a) and hurricane (�gure 19b) conditions is
limited to the seaward edges of the main meadow, beginning on top of the raised plateau,
and the small satellite meadow o�shore of the plateau. The beach face is eroded during
a hurricane, slumping down under the increased water level driven by the storm surge.
Erosion at the o�shore meadow edges is increased in the case of defoliated seagrass under
both calm and hurricane conditions (�gures 19c,d), and erosion again does not occur fur-
ther into the meadow. The landward edge of the meadow does become buried under sand
eroded from the beach face during a hurricane. Removing all seagrass removes the local
protection of the seabed and the retention provided by roots and rhizomes. As a result,
the raised meadow is signi�cantly rounded-o� as its sharp edges are eroded under both
calm and hurricane conditions (�gures 19e,f), as is the beach face. A similar level of beach
erosion occurs in the absence of seagrass biogeomorphology (�gures 19g,h). Note that,
under hurricane conditions, the entire beach face of the model domain has been eroded in
all cases other than that of mature seagrass (�gures 19d,f,h).

The sharp drop in the �nal bed levels at 670 m is located at the transition from coral
rubble to sandy substrate, indicated in �gure 19b.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 19: Initial (black) and �nal (red) bed level after a 40 hour morphodynamic sim-
ulation, focusing on the region inshore of the coral reef. (a,b) Seagrass; (c,d) defoliated
seagrass; (e,f) no seagrass; (g,h) no seagrass biogeomorphology. Boundary hydrodynamic
conditions are calm (left column) and hurricane Irma (right column). Indicated in (b) is
the transition from coral rubble to sand substrate.
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4.3 Survival of seagrass meadows in the current and future storm cli-

mates

Figure 20 shows the number of grid cells containing seagrass over time, normalised to
the initial seagrass distribution, for all of the climates considered. Note: the number of
simulated years di�ers per climate scenario, as XBeach required more wall-clock time to
simulate hurricane hydrodynamics than it did calm. The response of seagrass to the hy-
drodynamic simulation in a given year is seen in the number of cells containing seagrass
in the following year. First, general trends are presented, then each climate is analysed in
isolation.

There is clear separation between the current climate, with extended periods of calm
conditions (dashed curve), and the climates with an increased probability of encountering
a category 5 hurricane per year (solid curves). In the former, the seagrass distribution is
stable until the single storm causes a decrease. In the latter, the seagrass distributions
experience continual decay as a result of repeated storm impacts, but the rate of seagrass
death decreases over time. There is little di�erence between the seagrass survival pro�les
of the climates in this group. This is a symptom of the short available simulation time, as
the stochastic nature of hurricane impact applied in the model did not separate the various
climates as expected. The climates of one hurricane per year (�gure 25) and one every
two years (�gure 24) were properly captured. The late 21st century (two hurricanes per
decade, �gure 22) and one hurricane per decade (�gure 23) climates simulated hurricanes
more frequently than would be expected.

In no instance did seagrass growth occur, even during the extended period of calm condi-
tions in the current climate. The growth period of one year was su�cient for Thalassia,
growing at 69 cm y−1 (table 1), to grow by up to four grid cells (grid spacing of 15 cm) in
suitable conditions.

Figure 20: Number of grid cells with seagrass present over time in all simulated climates,
normalised to the initial seagrass distribution, for a seagrass growth interval of one year.
Simulated hydrodynamic conditions are calm (crosses) or hurricane (squares). The current
climate is indicated by the dashed curve.

In the current climate, which experiences category 5 hurricanes approximately once every
20 years, the seagrass distribution remains stable at 99 % of the initial distribution during
the eight years of calm conditions (�gure 21a). Seagrass death during calm conditions only
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occurs in the �rst year, due to erosion at the o�shore edges of both the main meadow and
the small 'satellite' meadow (�gure 21b). As a result of the hurricane in year 9, erosion
causes further seagrass death at the o�shore edge of the satellite meadow, and a block of
grass in the middle of the satellite meadow is buried (�gure 21c).

(a)

(b) (c)

Figure 21: (a) Number of grid cells with seagrass present over time in the current climate,
normalised to the initial seagrass distribution, for a one-year seagrass growth interval.
Simulated hydrodynamic conditions are calm (crosses) or hurricane (squares). Bed level
change after each 40 hour morphodynamic simulation, and the locations and causes of
seagrass death, after (b) year 1; (c) year 9.

In the late 21st century climate, which experiences category 5 hurricanes twice per decade,
the seagrass distribution decays to 93.1 % of the initial distribution after �ve years (�g-
ure 22a). Seagrass death decreases with time and only occurs during hurricanes. In the
�rst year this is due to erosion at the o�shore edges of the main and satellite meadows and
burial in the middle of the satellite meadow (�gure 22b). Further erosion at the o�shore
edge and burial inside the satellite meadow occurs in the second year (�gure 22c). In the
fourth year, erosion at the o�shore edge of the satellite meadow is the only cause of death
(�gure 22d).
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(a) (b)

(c) (d)

Figure 22: (a) Number of grid cells with seagrass present over time in the late 21st century
climate, normalised to the initial seagrass distribution, for a one-year seagrass growth
interval. Simulated hydrodynamic conditions are calm (crosses) or hurricane (squares).
Bed level change after each 40 hour morphodynamic simulation, and the locations and
causes of seagrass death, after (b) year 1; (c) year 2; (d) year 4.

In the climate experiencing one category 5 hurricane per decade, the seagrass distribution
decays to 92.8 % of the initial distribution after �ve years, then remains stable (�gure 23a).
Under calm conditions in the �rst year, seagrass is eroded at the o�shore edges of both the
main and satellite meadows (�gure 23b). In the subsequent hurricanes in years 2 and 4,
erosion at the o�shore edge and burial in the middle of the satellite meadow cause further
seagrass death (�gures 23c,d).
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(a) (b)

(c) (d)

Figure 23: (a) Number of grid cells with seagrass present over time in the climate of one
category 5 hurricane per decade, normalised to the initial seagrass distribution, for a one-
year seagrass growth interval. Simulated hydrodynamic conditions are calm (crosses) or
hurricane (squares). Bed level change after each 40 hour morphodynamic simulation, and
the locations and causes of seagrass death, after (b) year 1; (c) year 2; (d) year 4.

In the climate experiencing a category 5 hurricane every two years, the seagrass distribution
decays to 92 % of the initial distribution after seven years. Under calm conditions in the
�rst year, seagrass is eroded at the o�shore edges of both the main and satellite meadows
(�gure 24b). In the subsequent hurricanes in years 2 and 6, erosion at the o�shore edge and
burial in the middle of the satellite meadow cause further seagrass death (�gures 24c,e).
The hurricane in year 4 causes seagrass death only by erosion at the o�shore edge of the
satellite meadow (�gure 24d).
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(a)

(b) (c)

(d) (e)

Figure 24: (a) Number of grid cells with seagrass present over time in the climate of one
category 5 hurricane every two years, normalised to the initial seagrass distribution, for a
one-year seagrass growth interval. Simulated hydrodynamic conditions are calm (crosses)
or hurricane (squares). Bed level change after each 40 hour morphodynamic simulation,
and the locations and causes of seagrass death, after (b) year 1; (c) year 2; (d) year 4; (e)
year 6.

In the climate experiencing a category 5 hurricane every year, the seagrass distribution
decays to 93.5 % of the initial distribution after �ve years (�gure 25a), the amount of
seagrass death per year decreasing with time. In year 1, seagrass death is caused by
erosion at the o�shore edges of the main and satellite meadows, and burial in the middle
of the satellite meadow (�gure 25b). Thereafter, seagrass death is limited to the satellite
meadow, by erosion at its o�shore edge in years 2, 3 and 4, and burial in the middle in
year 2 (�gures 25c,d,e).
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(a)

(b) (c)

(d) (e)

Figure 25: (a) Number of grid cells with seagrass present over time in the climate of one
category 5 hurricane every year, normalised to the initial seagrass distribution, for a one-
year seagrass growth interval. Simulated hydrodynamic conditions are calm (crosses) or
hurricane (squares). Bed level change after each 40 hour morphodynamic simulation, and
the locations and causes of seagrass death, after (b) year 1; (c) year 2; (d) year 3; (e) year
4.

In none of the simulations did seagrass death occur landward of the o�shore edge of the
main meadow.

4.3.1 Sensitivity to meadow patchiness and grazing

The locations and causes of seagrass death, and the locations of regrowth after one year,
are shown for the various arti�cial patchy distributions under both calm and hurricane
conditions in �gure 26.

43



In all simulations of calm conditions, seagrass death occurs due to erosion at the o�-
shore edge of the satellite meadow. Death occurs due to erosion at the o�shore edge of the
main meadow in all cases with the exception of distribution 1 (�gure 26a). In this distri-
bution, the break in the seagrass meadow was created at the original o�shore edge of the
main meadow, and no death occurs at the new o�shore edge. All simulations of hurricane
conditions across the patchy distributions (�gures 26b,d,f,h,j,l) display the same pattern
of seagrass death by erosion at the o�shore edges of both the satellite and main meadows,
and by burial in the middle of the satellite meadow, with again the same exception of
distribution 1 (�gure 26b). On no occasion does death occur landward of the o�shore edge
of the main meadow.

Thalassia regrows at all patch edges located landward of the main raised plateau, irre-
spective of the hydrodynamic conditions simulated. Regrowth distance is the same in all
cases, patches extending by 60 cm (four grid cells) at each edge. No regrowth occurs on top
of the raised plateau, or from the satellite meadow. Notable is distribution 3 (�gures 26e,f),
in which a break was created from the top to the back of the plateau. Regrowth occurs at
the landward, but not the seaward, edge of the break.

In the case of the grazed satellite meadow (�gures 26m,n), signi�cant death occurs by
erosion and burial in both the satellite and main meadows, under both calm and hurricane
conditions. The scale of death is signi�cantly larger under a hurricane.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 26: continues on the following page.
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(i) (j)

(k) (l)

(m) (n)

Figure 26: Bed level change after a 40 hour morphodynamic simulation, locations and
causes of seagrass death, and locations of seagrass regrowth after one year. Response after
calm conditions (left column) and hurricane conditions (right column) for each arti�cial
distribution.
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4.4 Regeneration of seagrass meadows by developing seedlings

Figure 27 shows the number of grid cells containing Thalassia seedlings over time. When
exposed to only calm wave conditions, the seedling distribution decays during the �rst
seven months as seedlings with poorly-developed root systems are uprooted in unstable
sediment (�gure 27a). The distribution then stabilises after seven months as the seedlings
develop. When exposed to a category 5 hurricane, the hydrodynamic conditions and sedi-
ment motion are such that all seedlings are uprooted (�gure 27b), and seedling development
has to begin again from seeds in the following month.

In neither occasion did the number of grid cells containing seedlings increase after the
'sowing' events. In the short simulation time, seedlings did not develop to mature Thalas-
sia characteristics, which was required to force SMEAGOL to switch to the mature mode
and simulate clonal reproduction.

No direct results can be presented comparing seedling success in the current and late
21st century climates. The short simulation time and SMEAGOL growth interval of one
month did not produce separate climate conditions.

(a) (b)

Figure 27: Number of grid cells with Thalassia seedlings present over time. (a) Under
purely calm conditions. (b) In a climate including category 5 hurricanes.

4.4.1 Sensitivity to wave energy

The number of successfully established Thalassia seedlings after the initial 'sowing' stage
of SMEAGOL is shown in �gure 28, as a function of the signi�cant wave height at the
transition from coral rubble to sand substrate (x = 670 m, see �gure 14d). Successful
establishment of Thalassia seedlings decreases with increasing wave height. Hrms signi�cant
wave heights above 0.75 m at the transition from coral rubble to sand allows no suitable
habitat within the bay for seedlings to take root.
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Figure 28: Number of successfully established Thalassia seedlings after the initial 'sowing'
stage, as a function of signi�cant wave height at the transition from coral rubble to sand
(x = 670 m, see �gure 14d).
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5 Discussion

5.1 The e�ect of hurricanes on the coastal protection a�orded by sea-

grass

This study �nds that the relative wave attenuation across an unaltered Thalassia tes-

tudinum meadow is reduced under the increased wave heights and water level associated
with a hurricane. Rates of wave height decay per unit distance across a seagrass meadow
are approximately halved in relation to calm hydrodynamic conditions (table 5). Similar
results were found by Yang et al. (2012) in a �eld study of the wave attenuation by salt
marshes over a tidal cycle, in which the distance required for wave elimination was greater
during high tide, when water depths and wave heights were greater. Previous modelling
studies of the wave attenuation by seagrass have not captured this. Chen et al. (2007)
found relative wave height attenuation to increase with incident wave height. However,
Chen et al. (2007) considered only the variation in wave height, over �at and plane-sloping
beds in which seagrass occupied either the whole water column at still water or a sig-
ni�cant portion thereof. Some of the decrease of wave attenuation rates under hurricane
conditions can be explained by low-pass �ltering (Bradley and Houser, 2009), by which
lower frequency waves are less well attenuated. Waves at the o�shore boundary under
hurricane conditions in this study were of a lower frequency than under calm conditions
(table 3). Chen et al. (2007), meanwhile, held wave frequency constant. That relative
wave attenuation decreases with increasing wave height and water level follows from Fon-
seca and Cahalan (1992), among others, who stated that wave attenuation should increase
as seagrass occupies more of the water column. Although wave height and water level
were not considered explicitly in this study, reducing the leaf length to simulate mass
defoliation due to deteriorating water quality showed that the percentage occupation of
the water column by seagrass is the dominant factor in wave attenuation (�gure 17, table 5).

Each component of a seagrass meadow contributes to the attenuation of waves, it is not
due to only the leaves. In the absence of any seagrass in�uence, there is no obstacle to wave
propagation (�gure 17), which allows waves to almost exclusively break on the beach face
(�gures 18g,h). Introduction of seagrass biogeomorphology introduces an obstacle akin to
the coral reef, causing waves to decay before reaching the beach (�gure 17). This displaces
the location of wave breaking away from the beach (�gures 18e,f), thereby reducing erosion
at the beach, in agreement with the �ndings of the �eld study of Christianen et al. (2013).
Without the presence of seagrass roots to maintain the biogeomorphic structure, it becomes
ephemeral and would soon be eroded away (�gure 19e). These biogeomorphic structures
owe their existence to the long term presence of seagrass, and these results indicate that
they cannot continue to exist if their creators are removed.

The presence of mature seagrass inhibits wave breaking, as wave energy is instead dis-
sipated through 'ba�ing' by the seagrass leaves. The inhibition of wave breaking reduces
the near-bed orbital motion, which locally protects the sediment from erosion. The lesser
ba�ing of wave energy by the shorter leaves of defoliated grass means wave energy is pri-
marily dissipated by breaking (�gure 18). The presence of seagrass, however long, protects
the seabed against erosion (�gures 19a-f) in relation to the absence of seagrass, with greater
di�erences in bed level across the raised plateau and near the shore. This is in agreement
with �eld observations of the e�ect of grazing by turtles, which similarly reduces seagrass
length. Christianen et al. (2013) found that both grazed and ungrazed seagrass maintained
a higher bed level than bare sediment. Meanwhile, the bed level in grazed areas was only
marginally lower than in ungrazed areas. This is not what would be expected when only
the critical shear velocities are considered. R. James (unpublished data) found the critical
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shear velocity for initiation of sediment motion in grazed Thalassia meadows (0.17 ms−1)
to be slightly higher than over bare sediment (0.11 ms−1), but still far lower than in an un-
touched meadow (0.5 ms−1). From this alone, one would expect grazed meadows to erode
at near the rate of bare sediment. Christianen et al. (2013) attributed this discrepancy to
the sediment immobilisation a�orded by the belowground root and rhizome system, which
in this study was approximated by a linear reduction in erodibility of sediment with the
seagrass meadow. However crude, the resulting form of the simulated bed change agrees
with observations, though its use as a predictive model is cautioned. Further, Christianen
et al. (2013) found the magnitude of the bed level di�erences to be a function of wave
energy and cross-shore setting, between the beach and a coral reef. As in this study, ero-
sion was greatest in regions of high energy, near the reef and in the inshore region where
waves had shoaled, and least in the low energy intermediate region. It is interesting to
note that a full seagrass meadow prevents the shoaling of waves, which otherwise occurs
when seagrass is shortened or absent (see �gure 16a between 800-900 m).

The scenario of defoliated seagrass across the domain is unlikely to be a natural long
term manifestation. Even though salinity �uctuations by fresh water in�ux can cause
widespread defoliation (Pérez and Galindo, 2000), the energy stores in the root system
are su�cient to regrow the shoots within a matter of weeks (Greenway, 1974). Human
activity in coastal areas, however, has increasingly lead to eutrophication and declining
water quality, causing long term defoliation or outright death of seagrass (Greening and
Janicki, 2006; Ralph et al., 2007), which is only going to worsen as the population grows
unless drastic changes to water management are made (Duarte, 2002). It is evident from
the results of this study that, should mass defoliation occur by processes natural or hu-
man, the coastal protection provided by seagrasses will be greatly reduced, a consequence
ampli�ed in the event of storms.

How this reduced coastal protection will manifest for particular stretches of coastline will
require the application of this study's model in a two-dimensional con�guration on a case-
by-case basis, taking into account local bathymetry, hydrodynamics, and vegetation. Fur-
ther, predicting the coastal protection a�orded by seagrass against storms is di�cult, due
to spatial and temporal variation in seagrass presence and characteristics (Paul and Amos,
2011), and in storm activity (Keim et al., 2007). For a full discussion of the implications
this variability has on predicting coastal protection, see Koch et al. (2009).

5.2 Survival of seagrass meadows in the current and future storm cli-

mates

The survival of seagrass meadows as an entity is not signi�cantly di�erent in the current
climate than in a climate with more frequent hurricanes. In all climates, the meadow dis-
tribution stabilised at above 90 % of the initial distribution. The level of damage to the
meadow after each hurricane passage in this study is consistent with �eld observations of
meadow injuries, for instance as described by Cruz-Palacios and Van Tussenbroek (2005);
Anton et al. (2009); Byron and Heck (2006). Damage to the meadow is limited to small
injuries on the order of several square metres, and widespread loss does not occur. It is
noted that the o�shore edges of both the satellite and main meadows retreated due to ero-
sion in the �rst iteration of all simulations in this study, calm and hurricane. That further
death by erosion did not occur in any subsequent simulations of calm conditions (see for
instance �gure 21) means that this initial erosion under calm conditions is considered a
'spin up' e�ect of the model, and as such can be disregarded. The transition from coral
rubble to sand, indicated in �gure 19b, was likely a contributing factor to this in the case
of the satellite meadow.
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The cross-shore distribution of seagrass, or perhaps the size of the meadows, does appear
to be reduced in a more stormy climate, however a tipping point for large-scale meadow
retreat is not reached. The main seagrass meadow in this study only su�ered minor re-
treat in all climates considered, while the satellite meadow su�ered fragmentation under
frequent storm impact. From the repeated fragmentation and lack of regrowth in the satel-
lite meadow it appears that, should the simulations of this study be continued, the satellite
meadow will disappear. Once this tipping point is reached, the lack of regrowth o�shore
of the main meadow even under calm conditions, and the low success of regeneration by
seedlings, would likely render this retreat permanent. Full removal of the satellite meadow
was not considered in this study, but possible e�ects can be inferred from the scenario
of grazing (�gures 26m,n). Green turtles maintain feeding sites in Galion Bay (personal
observations), but their exact locations were not noted. The size and location of the simu-
lated grazing plot were detemined based on Ogden et al.'s (1980) observations of 10-100 m2

sites located near coral reefs. In this scenario, signi�cant seagrass death resulted in both
the main and grazed satellite meadows due to erosion and burial, under both calm and
hurricane conditions. Most signi�cantly, the main meadow became fragmented at its o�-
shore edge. It is therefore not unreasonable to state that complete removal of the satellite
meadow by repeat storm impact will result in fragmentation and increased vulnerability
of inshore seagrass meadows.

A future climate scenario in which this tipping point may be reached was not found in
this study. The stochastic nature of hurricane impacts implemented in the storm climates
in this study did not separate the climates based on storm frequency, as expected, though
this is likely due to the limited simulation time. The stochastic implementation was chosen
to allow for the possibility of long periods of calm conditions followed by single or repeated
hurricane impacts. While not entirely successful, a few interesting points can be made.
Although the experimental setup of this study de�ned the growth period between hydro-
dynamic simulations as one year, on no occasion in the full meadow scenarios did growth
occur. The growth period of one year was su�cient for Thalassia, growing at 69 cm yr−1

on a grid of 15 cm resolution, to grow by up to four grid cells in the year if conditions
suited, or one cell in three months. The lack of growth can in part be attributed to the
fact that initially almost all habitable substrate is occupied, with the only available real
estate located around the satellite meadow where hydrodynamic conditions and sediment
motion are at the limit of what is tolerated by established Thalassia. Nonetheless, this
allows the results of the back to back hurricanes in �gures 22 and 25 to be interpreted
as direct category 5 hurricane strikes three months apart. This is neither trivial nor an
unprecedented event. Hurricane Maria passed through the Caribbean region as a category
4+ hurricane in late September 2017 (Pasch et al., 10 April 2018), some two weeks after
the category 5 hurricane Irma (Cangialosi et al., 30 May 2018). Of the two, only Irma
made direct landfall on St Martin, the site from which the model domain of this study
was derived, while Maria passed by to the south and east. The results shown in �gure 25
indicate that mature, initially undamaged seagrass meadows are resilient to the extreme
case of four direct category 5 hurricane impacts within a year.

The behaviour of fragmented meadows di�ered from that of the undamaged meadow dis-
cussed above, although long-term behaviour must be extrapolated from the single iteration
in this study. The arti�cially created patchy meadows did not exhibit the retreat of the
patches, or extension of the arti�cially created break, as has been described by previous
authors. Several authors (for instance Folk and Robles, 1964; Patriquin, 1975) have pro-
posed that raised seagrass plateaus exist in an oscillatory state, perhaps, between extension
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during calm conditions and retreat during storms. Signi�cant retreat of the main meadow
atop the plateau in this study did not occur, and regrowth occurred at all protected patch
edges during both calm and hurricane conditions (�gure 26). Neither was the extreme
retreat of a broken meadow, as observed by Whit�eld et al. (2002), captured in any of
the patchy distributions in this study. This is not unexpected. The physical setting of a
seagrass meadow has a great in�uence on its form (Fonseca and Bell, 1998) and its resis-
tance to hurricane impact (Preen et al., 1995). The seagrass meadow in Galion Bay, St
Martin, is situated behind a shallow coral reef, which bears the brunt of incident wave
energy (�gure 18). Indeed, while Preen et al. (1995) observed the death of approximately
a thousand square kilometres of seagrass as a result of a hurricane in Hervey Bay, Aus-
tralia, seagrass in a section of the same bay protected by a coral reef remained relatively
unscathed. The raised plateau formed by the seagrass performs a similar role to the coral
reef in protecting the seagrass located inshore. In no instance in this study did seagrass
death occur landward of the plateau, as wave energy was su�ciently dissipated in passing.
The inshore breaks in this study underwent recovery under all conditions (�gures 26g-l), so
it is reasonable to assume that these will all grow closed and reform a continuous meadow
given su�cient time. There is also the matter of scale to take in to consideration. Whit-
�eld et al.'s (2002) meadow injuries which experienced such extensive extension after a
hurricane originally comprised of some thousands of square metres as the result of boat
groundings. The arti�cial injuries in this study were on the order of 15-50 m2, intended to
replicate anchor-induced damage and the like. Indeed, the conclusion of Whit�eld et al.
(2002) was that large, boat-grounding scale injuries would remain vulnerable to storm im-
pacts for many years after. Further study is required to �nd the scale of meadow injuries
at which dramatic extension occurs during storms.

However, the most common type of human-induced meadow injury occurs in shallower,
exposed regions as a result of propeller scarring (Dunton and Schonberg, 2002). These
scars have been observed to persist for many years without regrowth (Zieman, 1976), or
regrowth of only faster-growing pioneer species (Kenworthy et al., 2002). In this study,
neither regrowth nor death occurred at the edges of the arti�cial breaks on top of the
plateau (�gures 26a-f), so predicting how shallow injuries will develop over time based
on the results of this study is di�cult. Further, the study of patchy meadows was lim-
ited to the evolution after one hydrodynamic simulation. In particular, the seagrass in
�gures 26a,b was initially protected by the o�shore edge of the plateau. By the end of
the simulation, this edge had eroded, leaving the grass exposed to waves in the future.
The development of the satellite meadow in the study of climate sensitivity gives insight
into the development of fragmented seagrass meadows in more exposed locations. In each
climate scenario with repeat hurricane impact, the satellite meadow became steadily more
fragmented, and regrowth into the breaks never took place. This behaviour can reasonably
be expected in the patchy distributions, if say the climate sensitivity simulations were to
be repeated with each patchy distribution in section 4.3.1. At a minimum, it appears
that injuries on shallow, raised plateaus are not likely to recover, as no regrowth occurred
during calm conditions, in agreement with the above authors. In addition, the arti�cial
breaks in this study comprised solely of a removal of Thalassia, with no change to the
local bathymetry. Propeller scars often gouge tens of centimetres deep into the sediment,
severing rhizome connections and prolonging recovery times (Hammerstrom et al., 2007).
Even while one scar may grow closed, their prevalence near high tra�c areas (Dunton and
Schonberg, 2002) means that meadows may never truly recover.

The above considerations can be summarised as follows. Mature, unaltered seagrass mead-
ows reef-protected bays or similar low-energy habitats are unlikely to experience large scale
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damage due to hurricane activity, even in a climate featuring more frequent hurricanes.
Small injuries such as anchor holes in unprotected, higher energy areas render the remain-
ing meadow susceptible to further damage in the event of a storm. Propeller scarring and
other injuries located on the shallow, seagrass-generated plateaus will likely remain a per-
manent feature and may extend during storms. Only injuries located in areas protected
by raised meadows or similar structures are likely to recover.

5.3 Regeneration of seagrass meadows by developing seedlings

The regeneration of seagrass meadows is an extremely sensitive process. In areas far re-
moved from existing meadows such that no residual root systems are present, the regrowth
is driven by the establishment of seedlings. Under purely calm conditions, the population
dynamics of developing seedlings in this study (�gure 29b) follows a similar pattern to that
observed in the �eld study of Kaldy and Dunton (1999), who observed a seedling survival
rate of 11% one year after germination (�gure 29a). That the survival rate of seedlings
in this study is higher is likely due to the limited stresses considered. Additional factors
in�uencing survival range from nutrient limitation to grazing. Seedlings in nature also
cannot 'choose' where they initially take root, indeed some take root in locations which
are unsuitable (in terms of nutrient availability, for instance) for later growth (Preen et al.,
1995), contributing to the low survival rate. In this model, seedlings are only 'sown' into
locations potentially suitable for growth.

(a) (b)

Figure 29: (a) Survivorship curve for Thalassia testudinum seedlings grown in the �eld
between September 1995 and September 1996, adapted from Kaldy and Dunton (1999,
�gure 2). (b) Seedling survival during the �rst 12 months from this study.

The slow development of root and rhizome system in Thalassia seedlings means that, when
exposed to storm conditions within the �rst few years after germination, they are unable to
withstand the increased water and sediment movement, and as a result are uprooted. This
was captured in this study by the passage of a hurricane ten months into the seedling's
development, which removed all individuals (�gure 27b). Whit�eld et al. (2002) observed
the passage of the category 2 hurricane Georges in 1998 to cause near total reversal of 4.5
years of regrowth into meadow injuries from boat grounding events in the Florida Keys.
So far in this study, a time scale at which storm survival of seedlings begins has not been
found. There likely exists a minimum shoot density and size a developing seagrass meadow
has to attain to su�ciently reduce wave energy and inhibit erosion (Paul and Amos, 2011),
thereby increasing its tolerance to hydrodynamic conditions. Perhaps more importantly,
there would also exist a minimum scale of the subsurface structures (length of roots or
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density of rhizomes, for example) required to successfully remain anchored during a hur-
ricane. What the minimum requirements are could conceivably be determined without
too much di�culty in a �ume experiment. Finding the timeframe at which that scale of
structure is reached from observations of growth is a more di�cult prospect. Studying
the development of aboveground structures of seagrass is no matter, but to determine the
subsurface development individuals must be excavated, which can delay or halt further de-
velopment if that individual is re-planted (Thorhaug, 1974). Studies of the development of
Thalassia seedlings are scarce, as discussed previously in section 2.3.2. Of those, Whit�eld
et al.'s (2004) study observed the oldest seedling at 4.8 years old, which had 22 shoots
and 65 cm of rhizome. However, this was only one individual. Given that Whit�eld et al.
(2002) observed near total reversal of 4.5 years of growth, the size of Whit�eld et al.'s
(2004) 4.8 year old seedling cannot be con�dently given as 'hurricane surviving' standard.
The wide range of estimates of rhizome growth rates from previous studies also makes
it di�cult to estimate the time at which the subsurface structure is su�cient to survive
storms. Thorhaug (1974) reported a growth rate of transplanted seedlings of 7 cm yr−1,
further stating that rhizome growth was "slow during the �rst two months. From four to
eight months it was vigorous." Kaldy and Dunton (1999) reported average growth rates
for one year old seedlings of 12 cm yr−1, while Whit�eld et al. (2004) found average rates
of 6 and 6.6 cm yr−1 in one year old seedlings (two separate studies), 8.5 cm yr−1 in two
year olds, and 13.5 cm yr−1 from the single 4.8 year old individual. Marbà and Duarte's
(1998) value for rhizome growth in mature Thalassia of 69 cm yr−1 (22-152 cm yr−1) fur-
ther complicates matters. The rates of development are clearly dependent on more factors
than purely individual age, such as nutrient availability and light conditions. The rate
of growth has also been demonstrated to be dependent on the number of shoots or size
of a meadow (Kendrick et al., 2005a), as resources can be shared by way of the rhizome
network (Tomasko and Dawes, 1989). All told, even an in-depth study of the subsurface
development of Thalassia is unlikely to con�dently provide a widely-applicable estimation
of the time scale at which developing seedlings can be expected to survive a hurricane.

The results of this study are not su�cient to comment on the di�erences in likelihood
of seedling success between the current and projected late 21st century storm climates,
nor are they su�cient to enter a discussion on Van Belzen et al.'s (2017) 'critical slowing
down' of vegetation recovery under increased hydrodynamic forcing. This is partially due
to the available simulation time, which captured 25 months of development, insu�cient
to distinguish climate scenarios de�ned by decadal hurricane frequency. An argument can
be formulated, however. The category 5 hurricane captured after ten months of recovery
in this study removed all developing seedlings (�gure 27b), while Whit�eld et al. (2002)
observed the much smaller category 2 hurrcane Georges to cause the reversal of 4.5 years
of regrowth. In light of Bender et al.'s (2010) projected increase in category 4+ storms
in the western Atlantic, to 2-3 per decade depending on location, and Knutson et al.'s
(2008) projected decrease of smaller storms in the same area, it seems unlikely that re-
generation of seagrass meadows will be a�ected any di�erently by storms in the future
than they are now. The process is already very sensitive. Seed production in Thalassia

varies interannually (for instance Durako and Mo�er, 1985, 1987). Additionally, seedling
establishment rates are low with high hydrodynamic activity (�gure 28), similar to the
reduced transplantation success under higher hydrodynamic activity observed in the �eld
study of Van Katwijk and Hermus (2000). It is not unreasonable to speculate that a storm
passing after an isolated year of high seed production could remove the whole crop, and it
may be years before the next large seed production event.

The simulated 25 months of development was insu�cient to properly capture the de-
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velopment of a Thalassia meadow. In a previous study, Kendrick et al. (2005b) created a
more complex agent-based model to simulate the development of a similarly slow-growing
seagrass Posidonia oceanica (with a horizontal growth rate of 1-6 cm yr−1), in the absence
of dynamic abiotic forcing. In�lling of the model domain was slow (�gure 30), and after
600 years only two thirds of the 2916 m2 model domain was occupied. As such, the time
scale at which developing Thalassia seedlings reach a size su�cient to survive hurricanes
would appear to be at least on the order of decades. This serves to further highlight that,
while established meadows cannot be described as fragile, if they are somehow removed
recovery will take decades to centuries, and the recovering meadow will be vulnerable to
storm impact during the early decades.

Figure 30: An example of in�lling of the model landscape by Posidonia oceanica agents
(black pixels). Adapted from (Kendrick et al., 2005b, �gure 2).

5.4 Model limitations, and considerations for further research

Numerous assumptions were made in the coupled XBeach-SMEAGOL model of this study,
which are discussed in this section. These caveats must be borne in mind when drawing
conclusions from the discussion above, and future research would do well to address them.

Previous modelling studies of the development of seagrass can be split into two classi�ca-
tions: predictive (Saunders et al., 2014; Grech and Coles, 2010) and agent-based (Kendrick
et al., 2005b; Renton et al., 2011). Brie�y, the predictive models operate by predicting the
spatial distribution of suitable habitat for seagrass by a probabilistic model (Saunders et al.,
2014) or with a Bayesian belief network (Grech and Coles, 2010), based on dynamic abi-
otic conditions. The agent-based models simulate the development of seagrass unit agents,
governed by more complex growth rules and plant-plant interactions, in the absence of
dynamic abiotics. The model developed in this study, SMEAGOL, resides approximately
in between the above classi�cations. It was designed to be reactionary to dynamic abiotic
conditions, rather than predictive, and was required to be compatible with XBeach. This
placed limits on the complexity of the rules governing seagrass growth, such that growth
was monotonically determined by rhizome growth rates, unlike the more realistic rules in
the models of Kendrick et al. (2005b) and Renton et al. (2011).

A key limitation of the coupled model's ability to answer questions regarding the long

55



term development of seagrass is the dependence of seagrass growth on the horizontal rhi-
zome growth rate. Given that this is such a slow process (tens of centimetres per year for
the fastest species), the examination of recovery on short time scales enforces upon hydro-
dynamic simulations the requirement of a grid resolution on the centimetre scale, beyond
reasonable computational limits when considering even a small bay such as Galion. This
is perhaps the reason why no previous studies have taken this approach. A two dimen-
sional model domain was brie�y attempted, but the high resolution requirement caused
the computational time to explode, and the attempt was abandoned. This was the main
reason that the model domain in this study reduced from the full bay to a one-dimensional
cross-shore transect, an approach also taken by Saunders et al. (2014) when predicting
the distribution of seagrass based on hydrodynamic conditions. Coupling course resolution
hydrodynamic simulations with high spatial resolution vegetation models is possible with
sub-grid modelling schemes (see for instance Wu et al., 2016), but this requires super-
computing and modelling capability beyond the scope of this study. The main drawback
associated with the one-dimensional transect approach is the loss of any along-shore hy-
drodynamics processes, such as wave refraction and di�raction, wave-driven along-shore
currents, and the sediment transport they generate. Galion bay is a shallow, low energy
system, and the along-shore currents were deemed to be negligible compared to the cross-
shore processes. In higher energy systems, such as during a hurricane or where there exists
a current due to signi�cant tides or river out�ow, this approximation can not be made.
The absence of along-shore wave transformation in the one-dimensional model is possibly
of more signi�cance. While in the �eld for this study, waves entering Galion Bay were
observed to refract by almost 180o around the protruding headland and shallow seagrass
plateau at the northern end of the bay (�gure 4a). Waves, although small, impacted the
seagrass meadow from all sides, not only at its o�shore edge. The lack of along-shore
bathymetry variation in the one dimensional model meant this behaviour could not be
captured.

Associated with the grid resolution issue is that too coarse a grid leads to a misrepre-
sentation of seagrass distributions, especially in the early stages of seedling development
or other instances in which the seagrass meadow is smaller than the computational grid
cell size. Take for instance a square metre of seabed. This approach assumes a uniform
distribution of shoots within that square. A more realistic pattern would be of a seedling
establishing in a corner of that square, increasing the density of shoots over time in that
corner as the seedling produces subsequent clonal shoots, while the rest of the square re-
mains empty. The uniform distribution is a poor approximation of a locally dense patch
in an otherwise bare area. The solution is again more computing power and sub-grid mod-
elling.

A further limitation of this coupled model in simulating the removal of seagrass is that
undercutting of the meadow, described by Patriquin (1975) and Sco�n (1970), and ob-
served in the �eld during this study, cannot be resolved. The subsurface root and rhizome
network of Thalassia binds sediment and inhibits resuspension, but only within the extent
of the roots, typically on the order of tens of centimetres deep. Below the in�uence of
the roots, sediment can be eroded more freely, by for instance wave-generated longshore
currents. This results in an overhanging seagrass-root-sediment matrix extending above
bare sediment (�gure 2). Resolving this would require the computation of a discontinuous
seabed, existing at multiple depths at one location, which is not possible.

Alongside the issue of undercutting, the parametrisation of sediment stabilisation by sea-
grass roots in the model is inadequate. Although the treatment of this process by applying
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a linear reduction in equilibrium sediment concentration produced results qualitatively in
agreement with �eld observations, it is crude at best and cannot in good conscience be used
in a predictive model of the seabed. A proper understanding of how the binding of roots
and rhizomes in�uence sediment resuspension is thus far lacking. Filling this knowledge
gap will strengthen future studies.

Further limitations regarding sediment arise from the speci�cation of an abrupt change,
from one cell to the next, from coral rubble to the several orders of magnitude smaller
sand (table 2). This lead to the development of a sharp drop in the bed (see �gure 25e at
670 m), which had an unduly large in�uence on the evolution of the satellite meadow. The
speci�cation of the size of coral rubble was based on a visual estimate. Proper measure-
ment of the rubble, and perhaps a more gradual transition from rubble to sand, should
rectify this issue. It is unclear how this a�ected the propagation of waves further into the
domain.

The question of seagrass survival in various storm climates could not be adequately an-
swered, as the climate scenarios considered did not diverge in the simulation time available
(�gure 20). A more e�cient model with more available computational time should solve
this issue and give the conclusions drawn a solid footing. Further, repeating the climate
analyses with each of the patchy meadows of section 4.3.1 will allow a description to
be made of their long term development. Coupled with subgrid modelling, which could
e�ciently include a multi-speci�c seagrass ecosystem, this would allow the changes in com-
munity structure observed as a result of storms (van Tussenbroek et al., 2008) and propeller
scarring (Kenworthy et al., 2002) to be resolved and further studied. Inclusion of more
environmental factors, such as light and nutrients, and application of more complex growth
rules, as applied by Kendrick et al. (2005b) and Renton et al. (2011), will result in a much
more realistic system.

Finally, the main area of interest of this study, namely the inshore region of Galion Bay,
should have been located further from the boundaries of the model. Given the total erosion
of the beach face that occurred under hurricane impact in the cases of reduced seagrass
(�gures 19d,f,h), the landward boundary of the model domain should have been placed
further inland. Similarly, lateral boundaries of the model domain should be located away
from the key area of interest, which is not possible in a one dimensional transect model.
A solution to this problem is, again, sub-grid modelling.
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6 Conclusions

From the results of the coupled XBeach-SMEAGOL model in this study, the following
conclusions can be drawn.

Seagrasses signi�cantly attenuate waves during hurricane events, but approximately only
half as well as during calm conditions due to the increased water depth under a storm surge.
Widespread defoliation by storm-induced salinity �uctuations or, more likely, human-
induced deteriorations in water quality, signi�cantly reduces the coastal protection a�orded
by seagrass meadows. In the absence of seagrass leaves, the biogeomorphic landscapes they
form are signi�cant in reducing cross-shore propagation of wave energy and the resulting
beach face erosion.

Survival of undisturbed seagrass meadows in shallow, reef-protected bays is unlikely to
change in climates featuring more frequent large storm activity. Widespread meadow loss
did not occur even in the extreme case of four category 5 hurricane strikes within a year.
Although limited meadow retreat was observed, a tipping point to wholesale retreat was
not found.

Fragmentation of seagrass meadows by human activity as simple as propeller scarring
or laying anchor signi�cantly increases the meadow's vulnerability to storm impact if the
injury occurs in unprotected, high energy areas. Injuries in these areas are unlikely to
recover within a period of a few years. Meadow injuries in protected areas, however, are
likely to recover even during storms.

Regeneration of seagrass meadows by the development of seedlings will be no more sensi-
tive in climates featuring increased storm activity than they are now. In both cases it is
a slow process on the order of decades to centuries, susceptible to total reversal by even
minor hurricane-scale activity.
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