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Although seagrass canopies are known to enhance particle sedimentation, there is still limited knowledge about
how seagrasses modify the vertical distribution of sediment particles; especially when particles come from
allochthonous sources. This study determined the volume of particles trapped by the seagrass leaves, the amount
that remains in suspension both within and above the canopy, and the amount deposited onto the seabed. A set of
laboratory experiments were conducted in which hydrodynamic conditions and canopy densities were varied to
mimic real field conditions. This study demonstrated and quantified previously recorded observations concerning
the fate of sediment in seagrass meadows. Seagrass meadows decreased the amount of suspended sediment by
capturing the sediment on the blades of the seagrass and by enhancing particle sedimentation on the seabed.
However, particles trapped by the blades of seagrass in the whole canopy increased with canopy density and
reduced the number of particles in suspension within the canopy. The ecological implications were significant,
since a seabed covered by vegetation, when compared to a bare seabed, produced a reduction in the suspended
sediment particles within the canopy, improving water clarity. Furthermore, canopies (compared to bare sub-
strates) enhanced seabed sedimentation and the denser the canopy was, the greater the amount of sediment

deposited on the seabed.

1. Introduction

Seagrass canopies formed by Posidonia oceanica (Linnaeus) Delile or
Cymodocea nodosa (Ucria) Ascherson are recognized in the EU Water
Framework Directive (Community, 2000) as water quality indicators as
they provide many ecosystem functions and services and maintain the
complex structure of habitats (Brodersen et al., 2017b; Zucchetta et al.,
2016). Species diversity in seagrasses increases with the structural
complexity of the seagrass canopies (Gonzalez-Ortiz et al., 2016). Sea-
grass meadows also play a role in ‘blue carbon’ sequestration because
suspended particulate organic carbon can be trapped and buried by
canopy action, thus mitigating the effect of the ongoing increase in CO2
(Armitage and Fourqurean, 2016; Ricart et al., 2017). Furthermore,
because damage to or the destruction of seagrass meadows can cause a
release of carbon to the environment (Fourqurean et al., 2012), in
developing ‘blue carbon’ strategies, management authorities and
stakeholders could restore carbon sequestration capacities through
coastal restoration projects (Duarte et al., 2013, 2015).

* Corresponding author.

Allochthonous sediment particles transported by currents can impact
coastal seagrass meadows negatively and consequently reduce the ser-
vices they provide (Fraser et al., 2017). Some natural origins of the
allochthonous sediment input can be coastal runoff, river plumes or
natural resuspension (Pineda et al., 2016). Climate change has led to an
increase in the frequency and intensity of heavy precipitation episodes
which, in turn, has increased episodic river and runoff outflow (Vautard
et al., 2014). Coastal development is also responsible for moving large
amounts of sediment that can impact seagrass meadows (Wu et al.,
2017). Suspended sediment input increases turbidity in the water col-
umn (Pineda et al., 2016; Wu et al., 2017; Roy et al., 2013), leading to a
decrease in light intensity that then limits phytoplankton and seagrass
growth, and buries benthic communities (Fraser et al., 2017; Vander-
ploeg et al., 2007; Longstaff and DennisonW.C., 1999).

Seagrass beds are one of the most valuable habitats in coastal zones
because they promote the reduction of suspended particles within the
seagrass meadows. Seagrasses affect particle sediment fluxes by
reducing flow velocity, increasing sediment deposition and, via the plant
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leaves themselves within the seagrass canopy capturing particles
(Granata et al., 2001; Hendriks et al., 2008), decreasing sediment
resuspension (Gacia et al., 1999; Zong and Nepf, 2011). Hence, the
allochthonous suspended sediment that is advected over a canopy can
remain in suspension in the water column inside the canopy, or settle to
the seabed and possibly be resuspended, or be captured by the seagrass.
That said, little information is available about the physical role the
canopy densities play in trapping particles and thus improving carbon
sequestration in coastal waters (Greiner et al., 2016; Marba et al., 2015).
Until now, the effect seagrasses have on the fate of particles from
allochthonous sources in coastal areas has been studied observationally.
For instance, Lawson et al. (2012) found an increase in the sediment
suspended from the seabed in low densities of Agarophyton vermic-
ulophylla (Ohmi) Gurgel, although J.N Norris & Fredericq compared this
with higher densities. Through field observations, Gacia et al. (1999)
determined that, when compared to bare substrates, seagrass meadows
promote sediment accretion. Other authors have studied sediment
resuspension in laboratory experiments (Ros et al., 2014; Zhang et al.,
2018; Zhang and Nepf, 2019). Ros et al. (2014), for example, found that
the presence of vegetation produced a decrease in resuspension and an
increase in sediment deposition compared to bare seabeds. Sediment
resuspension is reduced in dense model canopies because of the atten-
uation of the turbulent kinetic energy (TKE) (Gacia et al., 1999; Ros
etal., 2014; Zhang et al., 2018; Bos et al., 2007). However, none of these
studies quantifies the amount of sediment particles captured by plant
leaves or how particles settling onto the seabed is enhanced by the
presence of vegetation.

Hendricks et al. (Hendriks et al., 2008) did, however, find that there
was a reduction in resuspended sediments within a seagrass canopy
compared to bare or eroded grasslands, not only because of reduced
hydrodynamic energy, but also because of reduced particle transport
due to the energy loss caused by collisions with seagrass leaves. Different
rates of reduction in the suspended sediment were also found for
different types of Caulerpa sp. And seagrass canopies (Hendriks et al.,
2010), indicating the role the distinct architectures found within the
canopy has in the behaviour of suspended particles. Furthermore, the
particle retention by a single cylindrical collector was also quantified
and found to increase as the diameter of the collector increased (Palmer
et al., 2004). Short and Short (Short et al., 1984) also found a smaller
overall turbidity in seagrasses with higher leaf surface area, indicating
the potential role the leaves have in reducing water turbidity. In their
study, however, no quantification of the sediment deposited on the
leaves was carried out. Terrados and Duarte (2000) conducted experi-
ments with leaf detritus samples situated within a seagrass bed and on
an unvegetated bed and demonstrated that seagrasses reduce particle
resuspension compared to bare sandy beds. Lovelock et al. (2014) found
that, because of a higher sediment input in saltmarshes compared to
areas of mangroves, a greater accumulation of carbon occurred in the
saltmarshes. Howe et al. (2009) also found a higher carbon sequestra-
tion in undisturbed saltmarshes compared to disturbed saltmarshes,
with the increase in the carbon sequestration in undisturbed saltmarshes
being driven by greater rates of vertical accretion. Finally, Agawin and
Duarte (2002) studied the capture of particles by seagrass leaves in the
field and observed that some of the suspended particles were phag-
ocyted by the seagrass epiphytes found on the leaves of the plants
(Agawin and Duarte, 2002). However, in their study they did not explore
the role hydrodynamics play in capturing particles.

Despite the availability of all these studies concerning particle dy-
namics within a seagrass meadow, there are still no studies that address
and quantify the effect of the canopy density and the trapping
(capturing) of particles by seagrass leaves from allochthonous sources
under different hydrodynamic conditions. Therefore, and considering
that the fate of allochthonous particle sedimentation in seagrass can-
opies is not yet fully understood, or that most current findings have been
obtained from field observations, the aim of this study was to identify
and quantify the role seagrasses have in capturing sediments. To
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understand the ecological implications, laboratory experiments were
carried out to: i) study how sediment particles of different sizes are
trapped by plant leaves under different hydrodynamic conditions, ii)
examine the suspended sediment concentration within and above the
canopy and iii) determine the sedimentation on the seabed of different
sized particles. Special attention was paid to the behaviour of the par-
ticle sizes for both particle trapping by plant blades, and sedimentation
onto the seabed.

2. Methodology
2.1. The flume

The study was carried out in a methacrylate flume (600 x 50 x 50
cm; Fig. 1) with a mean water depth of h = 30 cm (Table 1). A vertical
flap-type wavemaker was driven by a variable-speed motor at two fre-
quencies (0.7, 1.2 Hz) and four strokes (12, 14, 16, and 18 cm). The
wave lengths (1) were calculated using the dispersion equation by Lowe
etal. (Le Méhauté, 1976),as 4 = 2.43 m for f = 0.7 Hzand A = 1.03 m for
f = 1.2 Hz. These wave conditions, 1/20 < h < 1/2, corresponded to
transitional water waves like those typically found in coastal regions
(Serra et al., 2018) with the presence of seagrasses. The waves produced
had amplitudes in the range A = 2-4 cm. Therefore, 2A/A = 0.08, which
is below the threshold of 0.14 and corresponds to breaking waves.
However, while these waves fell far from the linear Stokes waves, they
did correspond to third order Stokes waves, i.e., closer to the breaking
limit than linear waves (Le Méhauté, 1976). Third order Stokes waves
have been found to produce instabilities at the water surface (in the form
of spilling) for 2A/A = 0.10, thus producing turbulence that is trans-
ported downwards in the water column (lafrati, 2011). The waves used
here had 2A/A = 0.08; close to the threshold found by Ilafrati (2011).
Therefore, although spilling was not observed through visual inspection,
some TKE production at the surface could hold. The presence of sea-
grasses has been found from 1 m to nearly 18 m depths depending on the
light attenuation (Duarte, 1991). From these above-mentioned consid-
erations, the scaling of the vegetation in the flume could represent the
behaviour of seagrasses in coastal areas. The combination of frequencies
and strokes yielded eight wave amplitudes (A = 1.5, 2.0, 2.2, 3.0, 5.0,
5.6 cm). A plywood beach with a slope of 1:3 and covered with a 7 cm
thick layer of foam rubber was positioned at the end of the flume to
eliminate wave reflection (Pujol et al., 2013b; Pujol and Nepf, 2012).
The wavemaker was situated at x = 0 cm in the longitudinal direction,
the centre of the tank at y = 0 cm in the lateral direction, and the flume
bed at z = 0 cm in the vertical direction.

To mimic the injection of sediment particles from an allochthonous
source, a methacrylate pipe (Internal diameter, ID = 3 cm, length = 300
cm) with 43 evenly distributed injectors (ID = 0.5 cm, length = 8.6 cm,
7 cm apart) was used to inject sediment-laden water (see Section 2.3)
into the flume. The end of each injector was covered with a 1 mm mesh
to slow down injection rates. The injection pipe was situated outside the
water column so that the injectors protruded 5 cm into the water surface
as the injection was carried out.

Throughout this study, an allochthonous sediment source is consid-
ered as the sediment input from outside the meadow. In the discussion,
the results obtained will be compared to other studies carried out on the
resuspension of sediment already deposited on the seabed, i.e., not
coming from outside the meadow and therefore considered as autoch-
thonous sediment.

2.2. The canopy

Each plant in the canopy was made up of eight 0.075 mm-thick
polyethylene canopy leaf blades attached to PVC dowels that had been
randomly inserted into a perforated baseboard (L = 250 cm (Pujol et al.,
2013a),). The rigid dowel extended 1 cm above the bed (Zhang et al.,
2018) and the canopy leaf blades were geometrically and dynamically
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Fig. 1. A lateral view of the experimental setup. Experiments were conducted in a 600 x 50 x 50 cm long flume, with a mean water depth of 30 cm. The model
canopy was 250 cm long and canopy height was h, = 14 cm. Filled circles show where both hydrodynamics and sediment measurements were taken. The triangle at

the water-air interface represents the water level in the flume.

Table 1
Nomenclature table.
Variable  Units Definition Variable  Units Definition
A cm wave amplitude SPF % solid plant fraction
a cm? frontal area Sw pL suspended sediment within the canopy (z/h, = 1.4)
ad non- fractional volume occupied by plants t min time
dimensional
Apy m? injection area TKE em?s2 turbulent kinetic energy
Ay cm wave excursion length Ts min time of the steady state
Ay/Sp non- ratio of wave excursion to plant-to-plant distance between  u cms~! Eulerian velocity in the x direction
dimensional blades
B, m?s3 buoyancy flux u cmes ! turbulent velocity
c % particle concentration U, cm-s™! steady velocity associated with the current
co pL-L7t initial sediment concentration U; cm-s™! instantaneous velocity
[ pL-L ! concentration of sediment attached to blades Ui(¢) cm-s instantaneous velocity according to the phase
cs pL-L7t suspended sediment concentration at steady state Uy, cm-s™! wave velocity
[ pL-L7t suspended sediment concentration with time u,™ cm-s~! orbital velocity
d cm blade diameter v cm-s~! Eulerian velocity in the y direction
D m Injector ID Vin % total volume of particles injected into the flume
D50 pm representative particle diameter Vsp % volume of sediment settled to the bed
d, pm particle diameter Vsc % volume of suspended sediment inside the canopy (z/h,
=0.4)
f Hz wave frequency Vsp % volume of sediment captured by the plants
g m-s 2 gravitational acceleration Vsw % volume of suspended sediment above the canopy (z/h,
=1.4)
h cm water height w cm-s™! Eulerian velocity in the z direction
h, cm canopy height Wo cm-s injection velocity
D cm inner diameter x cm longitudinal direction
L cm canopy length x=0 cm position of the wave paddle
Ly cm length scale Xo cm initial position of the canopy
M, m*s2 volume flux y cm lateral direction
n stems-m 2 canopy density 4 cm vertical direction
ny blades number of blades z/h, non- measurement position
dimensional
Tinj injectors number of injectors Ay non- ratio of U,
dimensional
Pc % partition coefficient of Vsp and V¢ Pw non- ratio of TKE
dimensional
Q m3s~! injection flow Ab, m-s 2 buoyancy of the resting plume fluid
Qo m*s3 momentum flux A m wave length
Sp cm blade-to-blade distance Ps kg-m 3 water density
SB pL sediment settled to the bed Pw kg-m~> sediment density
SC pL suspended sediment within the canopy (z/h, = 0.4) ¢ radians wave phase
sp pL sediment attached to plants ® radians-s ! angular frequency
k radians- spatial frequency
cm™!

similar to those of Posidonia oceanica (Pujol et al., 2013a; Ghisalberti and
Nepf, 2002; Folkard, 2005). The canopy height was h, = 14 cm, how-
ever, the effective height when the leaf blades were bent by the waves

was hy, = 13 £+ 1 cm. The initial position of the vegetation (xp) was sit-
uated 100 cm from the wavemaker (Fig. 1). The canopy density was
quantified using the solid plant fraction (SPF) defined as:
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where n is the number of stems per unit area and d is the stem diameter
(1 cm). Five SPFs were used (0%, 1%, 2.5%, 5% and 7.5%), which
corresponded to canopy densities n = 0, 127, 318, 637 and 955
stems-m 2 (Fig. 2) which fall within the range 78-1000 stems-m 2
found in the field (Hendriks et al., 2008; Ghisalberti and Nepf, 2002;
Folkard, 2005; Zhang and Nepf, 2008; Goring and Nikora, 2002). SPF =
0% corresponded to unvegetated beds. Two frequencies and eight wave
amplitudes varied across the five SPFs resulted in a total of 40 experi-
ments (Table 2), each 90 min in duration.

The fractional volume occupied by the plants (ad) for each canopy
density was calculated as the frontal area of the plant per unit volume, a,
multiplied by the stem diameter, d (Zhang and Nepf, 2008). Greyscale
photographs taken from the top of the canopy were analysed to calculate
canopy cover in the absence of wave motion (Serra et al., 2018). The five
canopy densities corresponded to a canopy cover of 0, 37.4, 52.1, 70.6
and 80.9% (Fig. 2) and the photographs determining the cover were
taken in the absence of wave motion. Canopy cover followed a
non-linear trend with the fractional volume (Fig. 2e) cover = 207*ad0'4,
indicating that full cover (100%) occurred at ad = 0.16, corresponding

to an SPF of 12.5% and a canopy density of 1592 stems-m 2.

2.3. Measuring velocities

The Eulerian velocity field was defined as (u, v, w) in the (x, y, 2)
directions, respectively. The three components of velocity were recor-
ded (at a frequency of 50 Hz over 10 min) with a downwards-looking
Acoustic Doppler Velocimeter (16-MHz MicroADV, Sontek). The ADV
measures at a distance of 5 cm from the probe tip, and with a sampling
volume of 0.09 cm®. Beam correlations less than 80% were discarded
and spikes were removed (Pujol et al., 2013a; Goring and Nikora, 2002).
The number of spikes increased slightly with the presence of the plants
and the canopy density compared with the unvegetated case. The per-
centage of spikes was from 0.33% for the unvegetated case to 0.77% for
the most densely vegetated case.

To eliminate the lower order spatially periodic variation in wave and
velocity amplitude associated with wave reflection (Pujol et al., 2013a;
Luhar et al., 2010), the longitudinal velocity was measured at an anti-
node. The model canopy was then shifted longitudinally along the flume
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to ensure measurements were taken 150 cm from the canopy edge. For
the densest canopy experiments, some plants were removed and
re-inserted into nearby holes to avoid blocking the ADV beams (Zhang
et al., 2018; Zhang and Nepf, 2019; Pujol et al., 2010, 2013b; Colomer
et al., 2017).

2.4. Velocity and turbulent kinetic energy analysis

For oscillatory flows, the instantaneous velocity, Uj(t), can be
decomposed as:

U(t)=U.+ U, + u. 2

where U, is the steady velocity associated with the current, Uy, is the
unsteady wave motion which represents spatial variations in the phase-
averaged velocity field, and u’ is the turbulent velocity, that is, the
instantaneous velocity fluctuation in the x-direction. U, is the phase-
averaged velocity:

2n

1
= o [ v ®
0

U.

where U;(¢) is the instantaneous velocity according to the phase (Luhar
et al., 2010; Lowe et al., 2005). Wave velocity, U,, was obtained by
using a phase averaging technique. The Hilbert transform was used to
average oscillatory flow velocities with a common phase (Ros et al.,
2014; Pujol et al., 2013b). The root mean square (rms) of U;(¢) was
considered as the characteristic value of the orbital velocity U, ™ (U,,
hereafter) at each depth, and was calculated according to:

2r
S R DA
v = |5 [ i) - vyas @

0

For cases WP5 and SFV37, vertical profiles of the velocity were taken
from which the wave velocity and turbulent kinetic energy profiles were
calculated (Fig. 3). The wave velocity decreased from the layer above
the canopy to the bed. From the vertical profile of the wave velocity, two
vertical regions were differentiated: the above-canopy layer and the
within-canopy layer (Fig. 3a). In the above-canopy layer, the wave ve-
locity was the highest with similar results compared to the without-
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Fig. 2. Plant distribution for the different SPFs a) 1%, b) 2.5%, c¢) 5%, and d) 7.5% on the PVC bases (left panels) and black and white digitized photography (right
panels). e) is the relationship between the canopy cover (%) and the volume plant fraction (ad).
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Table 2
Summary of the wave and vegetation parameters for each experiment.
Run Canopy model SPF (%) n (stems-m~2) Coverage (%) ad Sp (cm) F (Hz) A (m) A (cm) A, (cm)
WP1 Without vegetation 0 0 0 0 0.7 2.43 2.0 0.91
WP2 2.2 1.43
WP3 2.0 2.02
WP4 1.5 2.16
WP5 1.2 1.03 3.0 1.82
WP6 3.2 1.63
WP7 5.0 1.96
WP8 5.6 2.55
SFV9 Submerged flexible vegetation model 1 127 37 0.013 3.14 0.7 2.43 2.0 0.98
SFV10 2.2 0.65
SFV11 2.0 2.70
SFV12 1.5 2.18
SFV13 1.2 1.03 3.0 2.70
SFV14 3.2 1.24
SFV15 5.0 1.21
SFV16 5.6 1.11
SFV17 2.5 318 52 0.032 1.98 0.7 2.43 2.0 1.43
SFV18 2.2 0.80
SFV19 2.0 2.82
SFV20 1.5 2.83
SFV21 1.2 1.03 3.0 1.52
SFV22 3.2 1.39
SFV23 5.0 1.66
SFV24 5.6 1.77
SFV25 5 637 71 0.064 1.40 0.7 2.43 2.0 0.45
SFV26 2.2 1.18
SFV27 2.0 1.54
SFV28 1.5 1.51
SFV29 1.2 1.03 3.0 1.39
SFV30 3.2 1.61
SFV31 5.0 1.55
SFV32 5.6 1.96
SFV33 7.5 955 81 0.096 1.14 0.7 2.43 2.0 1.09
SFV34 2.2 0.61
SFV35 2.0 0.75
SFV36 1.5 1.56
SFV37 1.2 1.03 3.0 1.67
SFV38 3.2 1.82
SFV39 5.0 1.69
SFV40 5.6 1.72

plants case. In the within-canopy layer, the velocity decreased gradually
with depth until z = 5 cm (2/h, = 0.4) where the wave velocity remained
nearly constant down to the bottom. In this layer, the velocity in the
presence of plants was lower than that in the without-plants case.

The turbulent velocity was obtained by:

W =U-— U — U, (6)
where U, and U,, were calculated by Egs. (3) and (4). The same meth-
odology was used to calculate the other two turbulent velocity compo-
nents (v’ and w’).

The turbulent kinetic energy (TKE) was calculated following Ros
et al. (2014) as:
TKE =

(u'2+ Vo W,Z) )

N —

where < > denotes the time average.

Like Uy, the TKE decreased with depth (Fig. 3b) and the same two
vertical layers (above-canopy and within-canopy) can be distinguished.
The above-canopy layer presented similar TKE for both the with and
without-plants experiments. Within the canopy, the TKE decreased
compared to the without-plants experiments. From the results of the
vertical profiles of both U, and TKE, the depth of 2 = 5 cm was
considered representative of the hydrodynamics of the within-canopy
layer, and the depth of z = 20 cm representative of the hydrody-
namics of the above-canopy layer. Therefore, for the rest of the experi-
ments carried out, the current velocity was measured at these two
vertical positions: z = 20 cm (z/h, = 1.4, above the canopy) and z =5 cm

(2/hy, = 0.4, within the canopy). Within the canopy layer (at z/h, = 0.4),
the mean flow velocity was U, = —0.04 cm s~ and -0.10 cm s~ ! for non-
vegetated experiments and for the wave frequencies of f = 0.7 Hz and f
= 1.2 Hz, respectively. For experiments with vegetation, and at the same
depth, the mean flow velocity among all the experiments as U, = —0.22
cm s~! for f= 0.7 Hz and —0.25 cm s ™! for wave frequencies f = 1.2 Hz.
These flow velocities were negative in all the cases, indicating that they
were directed towards the wave maker. They have lower values than
those found in the experiments of (Luhar et al., 2010), where they used a
paddle type wave maker with frequencies of 0.5 Hz and U at this depth
was directed towards the beach. In this present study, a flap-type wave
maker was used, and higher wave frequencies were considered. This
study gives similar results and directions for U, as those found by (Pujol
et al., 2013b) for the same type of wave maker and frequencies of 1 Hz
and 1.4 Hz.

2.5. Sediment-laden injection

A synthetic dust powder (ISO 12103-1. A4 Coarse, Powder Tech-
nology Inc. Burnsville) was used as the sediment in the experiments. The
volumetric concentrations of suspended sediment (in pL~L’1) were
analysed using the LISST-100X (Laser In-Situ Scattering and Trans-
missometry, Sequoia Scientific, Inc, Bellevue, WA) particle size analyser.
The LISST-100X consists of a laser beam and an array of detector rings of
progressive diameters which allow the light received at the scattering
angles of the beam to be analysed. The device measures particle volume
concentrations for 32 size-classes, (logarithmically distributed in the
size range of 2.5-500.0 pm), using a procedure based on the diffraction
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Fig. 3. Vertical profiles of both the wave velocity U,/(w/k), where » = 2xf and k = 2n/\(a) and the turbulent kinetic energy TKE/(w/ k)? (b) for SPF = 0% (unfilled
circles), SPF = 7.5% (filled circles) and the linear wave theory (solid line). The dashed line shows the top of the plant blades and the dotted lines show the level where
the measurements were taken. The vertical axis represents the non-dimensional depth z/h,.

theory of light. The LISST-100X has been found to perform well when
determining particle size distribution and concentration for both organic
(Serra et al., 2001) and inorganic particles (Serra et al., 2002a, 2002b)
suspended in water. This instrument can be used in situ in the field,
where it can be submerged in the water, or it can be employed in the
laboratory to measure small samples by using a measuring chamber. For
laboratory use, the water sample has to have a volume between a min-
imum of 80 ml (to ensure the detector is completely covered) and a
maximum of 100 ml (the maximum volume of the measuring chamber).
The particle size distribution of the sediment used was bimodal, with
fine particles, 2.5-6.0 pm in diameter, corresponding to strongly cohe-
sive clay and very fine silts with a median D50 = 3.78 pm and making up
30% of the sediment, and coarse particles, 6.0-122 pm in diameter,
corresponding to weakly cohesive fine to coarse silts and small sand

coarse particles

fine particles largest particles

¢ (%)

0.0 1

1000
dp (um)

Fig. 4. Sediment particle distribution in %. Three different particle sizes are
shown: fine particles below 6 pum, coarse particles between 6 and 122 pm, and
the largest size particles over 122.0 pm.

particles with a median of D50 = 27.6 pm making up 70% of the sedi-
ment (Fig. 4). The concentration of the particles in each size-class was
calculated by the sum of the volume concentrations of the particles
ranging between 2.5 and 6.0 pm for the fine particles and between 6.0
and 122.0 pm for coarse particles (Fig. 4). The particle concentration
will be expressed in volume concentrations in the whole manuscript to
mitigate for the quantity of fine particles in every sediment mixture
being higher than the coarse particles.

Before the injection, the wavemaker was started and left to run for
60 min to allow the system to reach equilibrium. After this time had
elapsed, the particle-laden flow to be used in the injection was prepared
with an initial volume (2 L) of sediment suspension (with a concentra-
tion of 40 g L™1) introduced into one end of the sediment-injection pipe.
The injection pipe was situated at y = 0 along the axis of the flume
(Fig. 1). While introducing the sediment into the pipe, the injectors faced
upwards to avoid any uncontrolled spillage. Once the pipes had been
filled with the sediment suspension, they were closed and then turned to
face downwards with their ends protruding 5 cm below the water sur-
face, thus producing an even release of suspended sediment along the
flume. After 18 s, individual injector plumes started to merge. The in-
jection of sediment lasted less than 1.5 min. The sediment mass from the
injection produced a total suspended sediment concentration (c;) in the
flume within the range 5-14 pL L1, which coincides with the typical
sediment concentration discharges, 4-400 pL L), of river plumes in
coastal waters (Mulder and Syvitski, 1995). A river plume in the Bay of
Bengal was found to discharge concentrations in the range of 0.4 pL L™}
to 20.7 pL Lt (Sridhar et al., 2014), also in a range similar to that in the
present study.

The length scale, Lys (Colomer et al., 1999), was used to calculate the
‘plume’ or ‘jet’ nature of the injection. Ly indicates the distance up to
where the injected fluid behaves as a jet and was calculated as:

MY

Ly = 12
0

©)

where M, was the volume flux and Q, was the momentum flux. Mo was
calculated as:
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nD*w?

My = 7 10)

where D is the inner diameter of the injectors and w, is the injection
velocity, calculated as:

0

Rinj Am/

1D

W, =

where Q is the injection flow, nj,; is the number of injectors and Aj;; is the
injector area.
Q, was calculated as:

xD*B,
R died} 12
o 7 12)
where Bo is the buoyancy flux per unit area, calculated as:
B, =4b,w, 13)

where Ab, is the buoyancy of the resulting plume fluid, calculated as:

ab, =P =P8 14

P

where p; = 2500 kg m ™2 is the sediment density, p,, = 1000 kg m~ is the
water density and g = 9.8 m s~2 is the gravitational acceleration.

Merging equations (9)-(14) resulted in Ly = 0.025 cm. Therefore,
the injection behaved like a jet for distances up to 0.025 cm from the
injector and then plume-like once it got further away than that. As the
water depth was 30 cm and the plants extended up 14 cm, the possibility
the injectors being a source of turbulence within the canopy was dis-
carded and the plume character of the injector was demonstrated. In
addition, a test for the effect the injection has on the TKE measurements
was carried out. That is, the TKE was measured with and without the
injection. The TKE with the injection increased by 5.5%, which is within
the standard deviation measured for the TKE. In addition, the injection
time was less than 1.5 min, representing 1.2% of the total running period
of the sediment study. Therefore, any effect the injection might have had
on the measuring point was disregarded.

2.6. Sediment measurements

In the first test, two transversal points (situated 25 cm apart) and two
longitudinal (1 m apart) were considered for the particle concentration
measurements and confirmed that, after 1.5 min of injection, the sus-
pended sediment was not only homogeneously mixed in both the lon-
gitudinal and transversal directions of the flume with maximum
differences of 0.06 pL L™! but was also below the standard deviation
obtained for the measurements of the concentration at one single point
(of 0.20 pL L™1). Therefore, the samples of sediment were taken at y =
0 and at the same x-position where the hydrodynamics were measured
(x = 150 cm from the edge of the canopy). The concentration of sus-
pended sediment c; (pL~L_1), was measured at the same water depths (z/
h, = 0.4 and at z/h, = 1.4) considered representative for the hydrody-
namics in both the above-canopy and the within-canopy layers (Fig. 3a
and b). Water samples, 20 mL in volume, were collected with a pipette
from these two depths at different time steps t = 1, 5, 15, 30, 45, 60 and
90 min, and analysed for suspended sediment concentration. As the
samples were not returned to the flume, this represented a total volume
decrease of 280 mL (a 0.03% decrease in the total volume of the water
volume) during the running time of the experiment. This change in the
water volume produced a negligible change in the water height (<0.05
cm). The time evolution for the sediment concentration, c;, decreased
and reached the steady state (c;) at t = 60 min (T, Fig. 5). At the end of
the experiment (t = 90 min), ten model plants were gently removed from
different evenly separated positions within the meadow and introduced
into a beaker with a volume of 80 mL of water. The plants were then
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Fig. 5. Decline in suspended sediment concentration, c,;, with time, comparing
experiments with canopy (SPF 5%) and at the equivalent heights in experiments
without canopy (SPF 0%). Sediment concentrations were measured above the
canopy (z/h, = 1.4) and inside the canopy (z/h, = 0.4). The vertical dashed line
indicates the time (Ts) to reach steady state conditions, while the horizontal
dashed lines indicate steady state sediment concentrations (cy).

stirred in the fluid to remove the sediment trapped by the surface of the
blades, after which particle concentration (c,) was analysed with the
particle size analyser (LISST-100X).

2.7. Sediment mass balance

A conceptual model was developed for the canopy system with four
sediment compartments based on the hydrodynamics (Fig. 3): sediment
suspended within the canopy (SC), sediment suspended in the water
above the canopy (SW), sediment attached to the leaf blades (SP), and
sediment settled at the bottom of the tank (SB). For suspended sedi-
ments, the concentrations measured within each compartment were
mutiplied by the volume of the compartment to estimate the volume (in
pL) of the suspended sediments in that compartment. To determine the
total volume of sediment attached to the plant blades (uL), measured
particle concentrations were normalised per plant and then multiplied
by the total number of plants in the canopy (which varied with SPF). The
volume of particles settled to the bottom was not directly measured,
instead it was calculated as the difference between the total volume
injected and the sum of the suspended particle volume and the volume
attached to plants.

Vi is the total volume injected, distributed in the region occupied by
the canopy, calculated by multiplying the injected sediment mass by the
volume of the canopy and divided by the total volume of the flume.
Finally, the injected mass was converted to volume units using the
sediment density (2500 kg m~>). The injected volume was fractionated
into fine and coarse particles using the previously-determined particle
size distribution.

A volume balance was then determined as:

ng = VSFC + ng + VSFP + VSFB (15)

where Vi, is the volume of fine particles injected above the canopy, V&,
is the volume of suspended fine sediment inside the canopy, determined
at z/h, = 0.4, the volume inside the canopy corresponded to the water
volume, which is inside the area and height of the vegetation, VL, is the
volume of suspended fine sediment in the water above the canopy,
determined at z/h, = 1.4, VL, is the volume of sediment captured by the
plants, and VE; is the volume of fine sediment settled to the bottom. An
equivalent volume balance was made for coarse sediments:

V=V + Ve + Ve + Vg (16)
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3. Results

Differences in the turbulent kinetic energies were found between the
bare substrate and sparse and dense canopies. The results of the turbu-
lent kinetic energy averaged over all the experiments carried out with
different wave amplitudes and the same frequency and SPF are referred
to as the mean turbulent kinetic energy (<TKE>). The <TKE>
decreased gradually with the canopy cover for both wave frequencies.
Considering the error margin, no differences in the TKE were obtained
between the two frequencies studied (0.7 and 1.2 Hz) (Fig. 6). The
reduction in the <TKE> for sparse canopies and dense canopies ranged
from 14% to 35% to that of the <TKE> of the bare substrate.

The suspended sediment concentrations at steady state, c;, for both
fine and coarse particles, were linearly dependent on TKE (Fig. 7a).
Since the TKE depended on the cover, the average of the steady state
concentrations (<cs>) over the same cover experiments for both fine
and coarse particles decreased as canopy cover increased (Fig. 7b). The
sediment trapped by the surface of the blades of each plant, c,, was also
analysed, (as described in Methods), and quantified as the concentration
of sediment in the wash-off liquid. The coarse particles captured by each
plant showed similar linear relationships with TKE as those observed for
the steady state suspended sediment concentrations (Fig. 7c) In contrast,
the concentration of fine particles trapped by the blades of the plants
was independent of the TKE (Fig. 7c). The average of the particle con-
centration trapped by the plants in the whole canopy (<c,>) was
calculated for each canopy cover and increased as the canopy cover
increased (Fig. 7d).

For all the experiments, the volume of fine and coarse sediment
particles was calculated as outlined in the methodology. For example,
the volume of particles suspended within the canopy was calculated by
multiplying the concentration of suspended particles at z = 0.4 h, by the
volume of the region occupied by the canopy. For the non-vegetated
case, the volumes of the fine Vi (Fig. 8a), and coarse, V§, (Fig. 8b)
particles that remained in suspension in the bottom portion of the water
where the canopy was present for the vegetated cases, were greater than
those of the vegetated cases. Also, in both cases the volumes of the
fine VE, (Fig. 8a) and coarse V§, (Fig. 8b) particles trapped by plant
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Fig. 6. TKE values within the canopy averaged over the experiments, <TKE>
with the same canopy density (SPF) versus the canopy cover for both the high
frequency (1.2 Hz, unfilled circles) and the low frequency (0.7 Hz, filled circles)
experiments.

Coastal Engineering 169 (2021) 103972

blades increased as the cover increased. The increase in the particles
trapped by plant blades in the whole canopy, Vgp, coincided with a
decrease in Vgc. The volume of suspended sediment above the canopy
for both the fine and coarse particles (V£,, and V§,) decreased with the
increase in canopy cover. Finally, the sedimentation (Vgp) to the bottom
increased as the canopy density increased and ranged from 75% to 80%
for fine particles over the total volume of fine particles and from 57% to
60% for coarse particles over the total volume of coarse particles
(following equations (15) and (16)). For the non-vegetated cases, the
sedimentation to the bottom was lower than that for vegetated cases,
around 70% for fine particles and around 46% for coarse particles
(Fig. 8a and b). In each case, the percentage is given over the total
amount per each particle range.

The partition coefficient (P¢) between the sediment trapped by the
plant blades and the suspended sediment inside the canopy (Vsc) was
calculated as:

Pc = &*IOO a7
Vsc

Pc decreased linearly with <TKE> for both fine and coarse particles
(Fig. 9a). For <TKE> above 0.36 em?s2, corresponding to cover per-
centages <52%, the P¢ for fine and coarse particles did not present any
differences. For high canopy covers, the partition coefficient was greater
for fine particles (Fig. 9b) than for coarse particles. For the highest cover,
P¢ was 50% for fine particles, i.e., V£, = 0.5VE., which indicates that the
volume of particles captured by the leaf blades is half that remaining in
suspension inside the canopy. P¢c was 30% for coarse particles, i.e., V5, =
0.3V, (Fig. 9b).

4. Discussion

Experiments performed in the laboratory flume showed that
allochthonous sediment encountering seagrass canopies can undergo
different fates, namely be: i) maintained in suspension above the can-
opy, ii) maintained in suspension within the canopy, iii) captured by
plant blades or iv) settle to the seabed. However, results show that
submerged seagrass canopies under oscillatory conditions affect the
hydrodynamics and the distribution and transport of sediments mainly
by reducing the wave velocity and the turbulent kinetic energy that
depends on both canopy density and wave frequency.

4.1. Submerged model vegetation hydrodynamics by oscillatory flow

Submerged canopies were found to attenuate both wave velocity and
TKE within the canopy, in agreement with (Pujol et al., 2013b) in their
laboratory study and the results observed by Gacia et al. (1999) and by
Hendriks et al. (2008) in their field studies. The TKE attenuation of
between 14 and 35% found in this laboratory study, agrees with the 25%
reduction in turbulence between bare substrate and P. oceanica bed
found by Granata et al. (2001) in their field study. The fact that the TKE
decreased with the canopy cover indicates that dense canopies shelter
the seabed. This reduction in the TKE produces different distributions of
sediment depending on the density of the cover. The decrease in the TKE
with depth was also found by Zhang et al. (2018), but in their case, the
TKE in the upper without-plant water layer was lower than in the pre-
sent study. In laboratory conditions the plant height was h, = 14 cm,
wave amplitudes were A = 1.5 cm and 5.6 cm and the periods were T =
1.43 s and 0.83 s. Considering the flume height H = 30 cm and shallow
field depth cases with H = 100 cm a scale factor of 3.3 would apply by
using Froude scaling (Islam et al., 2016). Using the Froude scaling, the
laboratory studied conditions would represent field waves with ampli-
tudes of A = 4.95 and 18.48 cm and periods of T = 2.59 s and 1.51 s.
Such field conditions might be found in river or lake environments and
closed basin estuaries in marine systems (Pascolo et al., 2019; Smith
et al., 2001), where particle laden river plumes may have a significant
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Fig. 7. a) Steady state suspended sediment concentration, c;, versus TKE, with variable SPF. Circles correspond to fine particles (FP) and squares to coarse particles
(CP). Fine and coarse particles follow a linear trend with the expressions: ¢; = 17.69*TKE+0.84 (with a R? = 0.681 and 99% of confidence) and ¢, = 6.69*TKE-0.74
(with a R? = 0.742 and 99% of confidence), respectively; b) Steady state suspended sediment concentration averaged over the experiments with the same canopy
cover versus canopy cover for fine particles (filled circles) and coarse particles (unfilled circles). The linear trends for fine and coarse particles are: <c,> =
-0.01*Cover+2.41 (with a R? = 0.919 and 95% of confidence) and <cs> = -0.02*Cover+7.91 (with a R? = 0.988 and 99% of confidence), respectively; c¢) Sediment
captured by each plant c,, for fine and coarse particles versus TKE. Coarse particles follow the linear trend expression: ¢, = 1.23*TKE-0.13 (with R? = 0.673 and 99%
of confidence); d) Mean sediment concentration captured by all the plants in the canopy averaged over all the experiments with the same canopy cover versus canopy
cover for fine and coarse particles. The potential trend expression followed by coarse particles is: <c,> = 7*10~>*Cover>!! (with R? = 0.994 and 99% of confidence)
and fine particles follow the expression: <c,> = 2#10~%*Cover®®® (with R% = 0.994 and 99% of confidence). Vertical error bars represent the standard deviation in
the concentration obtained by different measurements of the concentration for the same experiments. In Fig. 7a, only some error bars have been shown to provide a
clear plot of the data.

impact (Oey and L Mellor, 1993; Howley et al., 2018). Spanish Mediterranean (Grabowski et al., 2011; Gacia et al., 1999).
4.2. Effect of the canopy on the suspended sediment from the 4.3. Allochthonous sediment trapped by the blades of an individual plant
allochthonous plume
This study demonstrated that plant blades trap sediment particles.

The concentration of suspended sediment in the water column fol- Sediment trapped by blades in sparse canopies was quantified and
lows a linear relationship with the TKE. High TKE corresponds to the compared to that in dense canopies. The sediment concentration trapped
sparsest canopies, whereas low TKE corresponds to the densest. There- by the blades of each plant, (c,), was higher for coarse particles than it
fore, the decrease in the suspended sediment concentration corre- was for fine ones. The concentration of fine particles trapped on the leaf
sponded to the densest canopies. This result is in agreement with the blades of each plant remained constant with the TKE and with the
reduction of turbidity found by Short and Short (Short et al., 1984) for a canopy density, which may be due to the leaves of the plants easily
vegetated bed. Consequently, the presence of a seagrass canopy protects trapping fine particles until the surfaces become saturated. In contrast,
seagrass meadows in coastal regions by enhancing the sedimentation. the concentration of coarse particles trapped on the leaf blades of each
This result has been observed in the field, where a greater sediment plant increased with the TKE, i.e., decreased with cover. Therefore, for
deposition was found on the seabeds sheltered by P. oceanica in the NE coarse particles the greatest concentration of particles trapped by plant
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leaves corresponded to the lowest canopy density. Two possible reasons
could explain this result. A first hypothesis is that in sparse canopies
there is a reduction in the interaction between leaf blades, whereas in
dense canopies the contact between blades can wash off the sediment
deposited on the blades of neighbouring plants, thus resulting in cleaner
blades. As reported by Gacia et al. (1999) and Hendricks et al. (Hendriks
et al., 2008), an increase in the canopy density generates an increase in
plant blade friction. The second hypothesis is that sparser canopies have
higher TKE, thus favouring the contact between particles and blades and
resulting in a greater amount of sediment being trapped on the surface of
the plant blades. Short and Short (Short et al., 1984) also observed that
seabeds covered by plants with blades of leaves with large surface areas
produced a greater reduction in the turbidity of the water column
compared to seabeds covered by plants with blades that have a small
surface area.

4.4. Allochthonous sediment trapped by the overall canopy

Therefore, the decrease in the within-canopy suspended sediment
could be attributed to two factors: the capture of suspended particles by
plant blades or the particles settling onto the bed. This is consistent with

50

10

T A e0-04cover g2 — 0,987 for fine and coarse

60 70 80 20 particles, respectively). Error bars represent
Cover (%) the standard deviation between the different
experiments carried out at the same <TKE>

(Fig. 9a) and for the same cover (Fig. 9b).

the fact that the presence of plants increases the available surface where
particles can settle and so an increase in plant density implies an in-
crease in the available surface.

Agawin and Duarte (2002) observed that particles with diameters
around 15 pm were trapped faster by canopy blades than those particles
around 1-3 pm. The trapping rates were 0.24 d ! and 0.50 d~! for 15 um
and 3 pm, respectively. At first glance, it would seem that their results do
not agree with the results obtained in this study, where a greater sedi-
ment volume was found for the coarse particles, however, in converting
the volume of particles to the number of particles for a canopy cover of
80.9%, the volume trapped by plants corresponds to a number of par-
ticles of 9.44 x 10° and 8.13 x 10° for fine and coarse particles,
respectively. Therefore, a larger number of fine particles (as opposed to
coarse particles) are trapped by the leaf blades, which is consistent with
Agawin and Duarte (2002). This may be caused by the greater cohe-
siveness of fine particles compared to coarse particles (Grabowski et al.,
2011).

In terms of mass balance, the total volume of particles settled to the
bed in 1 h ranged from 5000 plL to 6000 plL, i.e., a mass of sediment
from 12.5 g to 15 g, when considering a sediment density of 2500 g L ™"
This mass settled in the area under study equalling 2.5 m of in length per
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0.5 m in width. This results in a range in the sedimentation rate of
240-288 g m~2.day!. This sedimentation rate within seagrass beds is
greater than that found by some authors (Granata et al., 2001; Serra
et al., 2020). However, sedimentation rates in seagrass beds varies
through the year in the range of 1.5-500 g m~2-day ! (Gacia and Duarte,
2001). These sedimentation rate values align with those in the present
study. However, note that high sedimentation rates might cause plant
burial that can negatively affect the growth of plants, thus compro-
mising their survival (Cabaco et al., 2008; Manzanera et al., 1998).
Manzanera et al. (1998) found that an increase in sediment deposition
producing a 15 cm change in sediment height produced total mortality
of the seagrass after 200-300 days. In the present study, considering a
volume of 5000 pL of sediment deposited after 1 h, it would require
37500 h (i.e., 10.4 days) to reach such a change (i.e.15 cm) in the height
of the sediment.

Particle sedimentation onto the seabed was affected by the presence
of canopies and had a greater impact on coarse, rather than fine, par-
ticles, between 5.7 - 10.9% and 11.0-14.4% higher in the presence of
vegetation, respectively. The annual cycle of the seagrasses could imply
different regimes of sedimentation due to the continuous loss and
renewal of leaves. Posidonia oceanica leaves grow progressively from
winter to summer, when they obtain their maximum extension (Gruber
and Kemp, 2010). In contrast, from late summer to autumn they shed
their leaves, causing an accumulation of leaf litter on the seabed until
the energy flow is able to transport them away (Paladini de Mendoza
et al., 2018). This indicates that, at the end of the plant cycle, a portion
of the dead leaves is likely to ultimately be transported to the bottom.
Therefore, this study states that the presence of the canopy enhances the
flux of allochthonous particles down to the bed in two different ways: it
increases the direct sedimentation to the bed (through a reduction in the
TKE) and it captures particles on its blades that may eventually end up
on the seabed when the blades die.

This study demonstrated that under oscillatory flow for both fine and
coarse sediment particles, shoot density also increased the sediment
deposited to the seabed and reduced the suspended sediment particles.
This aligns with the results found by Wilkie et al. (2012), who claimed
that under a unidirectional flow, sediment deposition increased with
seagrass density.

4.5. Sediment balance between sediment trapped by plant blades and by
the canopy

A partition coefficient higher than 18.5% for fine particles and 25.0%
for coarse particles was found for low values of TKE, and which corre-
spond to the highest canopy cover. This result indicates that a larger
volume of suspended sediment was trapped on the surface of the plant
leaves compared to the volume of suspended sediment that remained in
suspension inside the canopy in denser canopies. This demonstrates the
fact that, while denser canopies have fewer particles per blade, the
higher density of the canopies balances this result, producing the greater
overall particle trapping observed on blades in the denser canopies.
These results show that, as has been pointed out by other authors
(Hendriks et al., 2008; Short et al., 1984; Ackerman, 2002), a significant
portion of the suspended particles transported inside the seagrass can-
opies collides with the leaves. For canopy covers over 52.1%, the trap-
ping of fine particles on plant blades was greater than that for coarse
particles, while with lower covers, the blades had the same ability to
trap both fine and coarse particles. So, a threshold of TKE = 0.36 cm? s 2
indicates that for TKE below this value, leaf blades are able to trap the
different sized suspended sediment particles. In addition to canopy
density, plant height might also impact the canopy cover because longer
leaves can bend more and produce a greater cover under certain hy-
drodynamic conditions. This increase in the cover by larger plants can
have an impact on the TKE. An increase in plant height has been found to
increase wave attenuation (Pujol et al., 2013a; Koftis et al., 2011).
Furthermore, during the leaf growth, leaves might shift from a more
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rigid to a more flexible structure which can also impact the canopy
cover. Rigid canopy structures can reduce the energy of the flow by three
times that of flexible canopies (Bouma et al., 2005). Therefore, more
work should be done to assess the effect both plant height and flexibility
have on the hydrodynamics and the ability to capture particles on the
leaves.

4.6. Ecological implications

Through the flume laboratory experiments carried out in this study,
results contribute to confirming those obtained in field surveys where
the importance of preserving seagrass meadows has been clearly
demonstrated. The laboratory results allow us to demonstrate that the
presence of seagrass in coastal areas does in fact have direct ecological
implications on marine ecosystems since it favours the preservation of
marine coastal seabeds and, therefore, the accumulation of sediments
that contribute to storing and preserving carbon from autochthonous
and allochthonous sources within the context of climate change.

Seagrass canopies play a crucial role in determining the character-
istics of the seabed. Van Katwijk et al. (van Katwijk et al., 2010) found,
on the one hand, muddification (an increase in fine sediment on the
seabed), in high density canopies and, on the other hand, sandification
in sparse canopies which tended to have a greater concentration of large
sized particles. These results agree with the increase in the ratio between

the mass of fine to coarse particles attached to blades from sparse (with

V%" = 0.5% for SPF = 1%) to dense canopies (ng" = 0.8% for SPF = 7.5%).
SP

SP
A high level of attachment of fine particles to blades results from the

increase in the available surface where particles can be deposited.

Brodersen et al. (2017a) found that the silt/clay sediment attached to
leaves of Zostera muelleri Irmisch ex Ascherson, has negative effects on
the activity and efficiency of photosynthesis and on the night-time O,
exchange between the leaf tissue and the surrounding water. According
to our study, seagrass meadows with high canopy cover values will
reduce the sediment trapped by each plant, thus favouring photosyn-
thetic activity and O, exchange, while the sediment trapped by the
whole canopy will be greater, thus reducing turbidity. Therefore, the
overall effect of dense canopies will be twofold, less suspended sediment
and cleaner leaves, which result in water of a better quality with greater
clarity that can fulfil the photosynthetic requirements of the vegetation.
This result may explain the existence of a potential threshold for the
status of the water quality due to the effect canopies have. From
Lopez-y-Royo et al. (Lopez-y-Royo et al., 2011), the threshold for
moderate to good status water quality in seagrasses was for a shoot
density of 210 shoots m~2. From the present study, such a shoot density
corresponds to a canopy cover of 46.3%; which coincides with the
threshold where the Pc became differential for fine and coarse particles,
i.e., to the greater cover of 50%. Therefore, the fact that plant blades trap
a smaller portion of coarse than fine particles, may be related to water
quality. Since fine particles trapped by each plant remain constant, the
effect on plant fitness is as a result of the coarse particles trapped by
plants. We hypothesize that those lower values of coarse particles
attached to the leaf blades of the plants will result in a thinner layer of
sediment on the blades, thus allowing for a better gas exchange. Hence,
photosynthetic activity is improved and so too the meadow’s fitness. In
addition, the reduction of suspended sediment within the canopy in the
case of dense canopies, will improve the water quality of the ecosystem,
producing positive feedback to the canopy.

Another important aspect of sediment deposition on seagrass
meadows is the storage and preservation of carbon in the seabed which,
by managing these ecosystems, would be a potential mechanism for
mitigating CO2 emissions. Ricart et al. (2015b) found a higher content of
organic carbon inside the seagrass canopies than at the edges of the
canopy. The results presented here substantiate the argument for the
seagrass restoration programmes conducted world-wide since the
mid-20th century to mitigate climate change (Paling et al., 2009), help
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rebuild the lost carbon sink and conserve the remaining stores due to the
ability of seagrass canopies to capture particles in an oscillatory flow.

5. Conclusions

Seagrasses impacted by allochthonous sediment sources decreased
the amount of suspended sediment compared to unvegetated beds
through two processes: the capture of sediment particles by plant blades,
and the enhancement of particle sedimentation onto the seabed. The
plant blades captured suspended particles settling through the water
column. The denser the canopy was, the lower the percentage of parti-
cles trapped by the blades individually, but the greater the percentage
trapped by the whole canopy. As a result, estimates of particle sedi-
mentation onto the seabed increased with canopy cover, coinciding with
a decrease in the TKE. Therefore, this study reports that an increase in
canopy cover increases sedimentation and particle capture by the leaves
of the plants and, therefore, impacts on the suspended sediment
remaining in the water column inside the canopy in such a way that
water clarity in dense seagrass canopies improves.

This study also reports that the sediment concentration obtained for
coarse particles, either in suspension or trapped by the canopy, is greater
than that for fine particles. The concentration of fine particles trapped by
individual leaf blades, however, does not vary with canopy cover or with
the TKE. In contrast, the concentration of coarse particles trapped by
individual blades decreased as the canopy cover increased, i.e., as the
TKE decreased. This means that for all the TKE ratios studied, plants
were equally able to capture fine particles in suspension but not the
coarse particle fractions, where a threshold for the TKE was observed.
For canopy covers over 52%, the trapping of fine particles on the blades
is greater than that for coarse particles. This canopy cover value repre-
sents a threshold for the maximum volume of particles blades in sparse
canopies can capture, which might impact on their fitness.

To conclude, the presence of vegetation in seagrass beds increased
the available surface on which particles can be deposited. In addition,
the reduction of turbulence and flow velocities was enhanced by the
presence of vegetation and increased with canopy density. Therefore,
the overall trapping of particles by seagrasses, either through settling on
the bed or being trapped by their leaves, produced a decrease in the
suspended sediment concentration, enhancing the water quality and
resulting in positive feedback for the seagrass itself.
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