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ABSTRACT

Aquatic vegetation provides ecosystem services of great value, including the damping of waves, which protects
shorelines and reduces resuspension. This study proposes a physically-based model to predict the wave decay
associated with a submerged meadow as a function of plant morphology, flexibility, and shoot density. In
particular, the study considers both the rigid (sheath) and flexible (blade) segments of the plant. Flexible plants
reconfigure in response to wave orbital velocity, which diminishes wave decay relative to a rigid plant of the
same morphology. The impact of reconfiguration on wave decay can be characterized using an effective blade
length, I, which represents the length of a rigid blade that generates the same drag as the flexible blade of
length I. The effective blade length depends on the Cauchy number, which defines the ratio of hydrodynamic
drag to blade stiffness, and the ratio of blade length to wave orbital excursion. This laboratory study considered
how the scaling laws determined for individual blades can be used to predict the wave decay over a meadow of
multiple plants, each consisting of multiple blades attached at a rigid stem (sheath). First, the drag force on and
motion of individual model blades (made of low-density polyethylene) was studied for a range of wave condi-
tions to provide empirical coefficients for the theoretically determined scaling laws for effective blade length, ..
Second, the effective blade length predicted for individual blades was incorporated into a meadow-scale model
to predict wave decay over a meadow. The meadow-scale model accounts for both the rigid and flexible parts of
individual plants. Finally, wave decay was measured over meadows of different plant density (shoots per bed
area), and the measured decay was used to validate the wave-decay model. Wave decay was shown to be similar
over meadows with regular and random arrangements of plants.

1. Introduction

Submerged aquatic vegetation (SAV) provides a variety of eco-
system services with an estimated annual value of more than four
trillion dollars (Costanza et al., 1997). It supports biodiversity by pro-
viding different habitats and shelter areas for many fisheries (Costanza
et al., 1997) and by supplying food for herbivorous animals such as the
dugong and green turtle (Waycott et al., 2005). Vegetation attenuates
incoming waves and protects shorelines from erosion due to wave im-
pact (e.g. Barbier et al., 2011; Arkema et al., 2017). As a carbon sink,
seagrasses sequester a larger amount of carbon per hectare per year
than rainforests (Fourqurean et al., 2012). In shallow marine and
freshwater environments, wave-driven resuspension is a key factor in
nutrient and light levels, controlling water quality and creating a po-
sitive feedback between vegetation and light-climate (e.g. Gacia and
Duarte, 2001; Moore et al., 2004; Gruber and Kemp, 2010; Wang et al.,
2015). Because aquatic vegetation plays such an important role through
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these processes, its protection and restoration have become a major
focus in coastal management (Greiner et al., 2013; Sutton-Grier et al.,
2015).

Many researchers have described the wave dissipation by sub-
merged vegetation using a fitted drag coefficient, Cp, to characterize the
drag force that the vegetation imposes on the flow (e.g. Mendez and
Losada, 2004; Startigaki et al., 2011; Houser et al., 2015). Previous
studies have expressed Cp as a function of the vegetation Reynolds
number (Re = U,b/v, with U,, the orbital wave velocity, b the plant
width, and v the kinematic viscosity) and/or the Keulegan-Carpenter
number (KC = U, T/b, with T the wave period) (e.g. Mendez and
Losada, 2004). These models have been developed from both labora-
tory (Houser et al., 2015; Stratigaki et al., 2011) and field studies
(Bradley and Houser, 2009). Models using the orbital wave velocity in a
quadratic drag law can work well for rigid vegetation, but flexible ve-
getation moves with the water so that the relative velocity between the
water and the vegetation is not the wave velocity. For example, the tip
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of a flexible seagrass blade can move passively with a wave whose wave
excursion is comparable to or less than the blade length (Luhar and
Nepf, 2016). Under these conditions, there is negligible relative velocity
and thus negligible drag at the blade tip. Because the relative motion is
diminished from the orbital wave velocity over part of the flexible blade
length, the blade experiences less drag than a geometrically similar but
rigid blade in the same wave conditions.

A number of studies have tried to account for relative motion in the
drag formulation. For example, in the theoretical analysis of Mendez
et al. (1999) the blade excursion was treated as a function linearly
proportional to the distance along the blade, and the drag was calcu-
lated using the relative velocity. In the field study by Bradley and
Houser (2009), blade tip excursion was recorded with a camera and
used to estimate blade motion along the blade length. In the numerical
study of Maza et al. (2013), the relative velocity was obtained by
considering a linear deformation of the plant. In Zeller et al. (2014), a
single blade was numerically modeled as a series of rigid elements
linked together, and the blade motion was incorporated into the cal-
culation of drag. Finally, in the laboratory study of Luhar and Nepf
(2016), the blade motion was digitally recorded, and the observed
blade velocity was used to calculate the relative velocity and drag.

The degree of plant flexibility plays an important role in de-
termining the relative velocity. A few studies have modeled vegetation
blades as flat plates (Mendez et al., 1999) or cantilever beams (e.g.
Bradley and Houser, 2009; Mullarney and Henderson, 2010). These
models work well for vegetation that undergoes mild deformation, e.g.
displacements that are much less than the plant length. However, more
flexible vegetation, such as seagrass, can experience significant de-
formation (Luhar and Nepf, 2016). The deformation in response to flow
is known as reconfiguration, and the degree of reconfiguration is de-
scribed by three dimensionless parameters, the wave Cauchy number
Ca,,, which is the ratio of the hydrodynamic drag to the restoring force
due to blade stiffness, the Buoyancy parameter B, which is the ratio
between the restoring forces due to buoyancy and stiffness (Luhar and
Nepf, 2011), and the blade length ratio L, which compares the blade
length to the wave excursion (Luhar and Nepf, 2016),
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Here, p is the density of water, b is the blade width, ! is the blade length,
t is the blade thickness, 4p is the difference in density between the

water and the blade, E is the Young's modulus, I = - is the second
moment of inertia, and A,, (= U,T/27) is the wave excursmn (wave
orbital radius). For common seagrass species, such as Thalassia testu-
dinum, Posidonia oceanica and Zostera marina, B is small because blades
are close to neutrally buoyant, in which case B does not provide an
important control on blade motion (Luhar and Nepf, 2016).

To describe the impact of reconfiguration on the drag of an in-
dividual blade, Luhar and Nepf (2011, 2016) proposed the effective
blade length, I,, defined as the length of a rigid, vertical blade that
generates the same drag as the flexible blade of length I. The ratio /1 is
a function of Ca,, and L. For a small wave excursion, L > 1 or 4,, < [,
the blade bending-angle (6) can be approximated as the ratio of blade
tip excursion to blade length. Further, the blade tip excursion scales on
the wave excursion, so that 6 ~ A,,/I. Balancing the drag force and the
elastic restoring force of the blade implies (A,, /1) ~ pbl, U2, from which

L
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Luhar and Nepf (2016) validated this scaling for individual blades with
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L as small as 1.5. The same scaling was also verified for individual
blades within a meadow (Luhar et al., 2017). The present study uses
this scaling law to construct a predictive model for wave decay over a
meadow.

1.1. Wave decay over a meadow of submerged plants

Dalrymple et al. (1984) described wave decay over a meadow of
submerged plants (see also Mendez and Losada, 2004; Bradley and
Houser, 2009). Assuming linear wave theory and that energy dissipa-
tion is caused only by the meadow, the steady wave energy balance is

ol
—h= ax( PEtw Cg) (5)

in which E, is the rate of wave energy dissipation due to the vegetation,
g is acceleration due to gravity, a,, is wave amplitude, and c, is wave
group velocity. Assuming rigid, vertical blades of length I and using a
quadratic drag law, the rate of energy dissipation by the vegetation can
be expressed as

T
f f —Cpa,|uglugu dz dt
=0 720 (6)

The parameter a, is the vegetation frontal area per unit meadow
volume, which is defined as a, = n,b, with blade width, b, and blades
per bed area, n,. uy is the relative velocity between the vegetation and
the water, and u is the absolute water velocity. The vertical coordinate,
Z, is zero at the bed and positive upward. Given the slender morphology
of a seagrass blade, the vertical drag force has been assumed to be
negligible compared to the horizontal drag force.

For rigid vegetation, the relative velocity between the vegetation
and the water is the absolute fluid velocity, ug = u. Assuming linear
waves, the horizontal velocity within the meadow is

cosh(kz)
inh (kh)
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T
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in which w = 27/T is the radian frequency, k = 27/A is the wave
number for wavelength A, and h is the water depth. Note that (7) in-
cludes the reduction in orbital velocity due to drag and inertial forces
exerted by the canopy elements, which is represented by factor a (=
ratio of in-canopy velocity to free-stream velocity), as defined in Lowe
et al. (2005). Assuming Cp and a,, are constant, equations (5)—-(7) can be
combined to yield

8 2 * (9 sinh(kl) + sinh(3kl
( —pga wcg) 2 oCpa, | —w® ( (D) ( ))
ox 3 sinh(kh) 12k (8)
which has a solution of the form
ay(x) _ 1
aw 1+ Kpaux (C)]

Here, a,, is the wave amplitude at the beginning of the meadow, x
= 0 cm, and K} is the wave decay coefficient, defined as

Kp= giCDavk ot3( 9 sinh(kl) + sinh(3kl) ]
s

sinh kh (sinh(2kh) + 2kh ) (10)

Equation (10) assumes rigid vegetation and adjustments are needed
for application to flexible vegetation. In particular, for Ca, > 1, the
blade moves in response to the wave, so that the assumption uz = u is
no longer reasonable. As noted above, several studies have incorporated
the impact of blade motion into a fitted drag coefficient (e.g. Mendez
and Losada, 2004; Stratigaki et al., 2011; Manca et al., 2012; Maza
et al., 2013; Houser et al., 2015). Losada et al. (2016) observed wave
damping by flexible vegetation in both pure waves and combined wave-
current flows, and they improved the description of wave damping by
replacing the blade length in eqn. (10) with the measured deflected
plant height. Similarly, Luhar et al. (2017) suggested the use of a
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constant drag coefficient, assigned based on the rigid plant geometry,
and incorporated the impact of blade motion through an effective
length, I,. Following this framework, eqn. (10) can be adjusted by re-
placing ! with l,. In Luhar et al. (2017), I, was inferred from observed
blade motion, and the resulting estimates of Kp agreed with measured
values to within 20% for most cases. The present study advances the
concept of effective blade length by considering whether a scaling law
for individual blades can be used to predict the blade effective length
used in the prediction of Kp, eliminating the need for blade motion
observations, as used in Losada et al. (2016) and Luhar et al. (2017).
First, the drag force on and motion of individual blades were studied for
a range of wave conditions to provide the empirical coefficient in the
blade scaling law (eqn. (4)). Second, a model was constructed to predict
wave decay over a meadow of plants consisting of multiple blades at-
tached at a rigid stem, representing the sheath. Third, the wave decay
was measured over meadows of different meadow density (stems per
bed area) and used to validate the model.

2. Materials and methods

The laboratory experiments were conducted in a 24-m long water
channel with a width of 38 cm. For experiments on individual blades, the
water depth was h = 40 cm. For experiments with a model meadow, the
water depth was varied between h = 18 cm and 45 cm. Monochromatic
waves were generated with a piston-type wave maker. Wave reflection was
reduced using a beach with a 1:5 slope that was covered with 9cm of
rubberized coconut fiber. Following the method from Goda and Suzuki
(1977), the wave reflection was measured using two simultaneous wave
gages. The assessment of reflection was made at mid-channel, where the
meadow was positioned, but without the meadow. Across multiple wave
conditions the measured wave reflection was 7 = 3%.

2.1. Model seagrass blades and meadow

Experiments were conducted using both individual blades and
meadows of different shoot density. Individual blades were constructed
from LDPE (low-density polyethylene) film, with a material density of
0.925 g/cm® and a Young's modulus of 0.3 GPa (Ghisalberti and Nepf,
2002). To cover a wide range of Ca,, and L, four different blade lengths
(3cm, 5¢cm, 10 cm and 15 cm) and two blade thicknesses (100 um and
250 pum) were considered. The meadow of model seagrass was con-
structed with individual plants consisting of six LDPE blades and a
cylindrical wooden stem. The stems were inserted into a plastic base-
board in a staggered array of holes (Fig. 1). Once inserted, the stem
extended 1cm above the bed. The blades were cut 14 cm long, b
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= 3mm wide, and t = 100 um thick. Six blades were attached to each
stem with 1-cm overlap using a 1-cm wide strip of waterproof tape that
covered the entire expose cylinder. The end of the blades attached to
the rigid stem mimicked the sheath of real seagrasses. The diameter of
the stem with attached blades (sheath) was measured with micrometer
to have a diameter of d = 0.69 * 0.02cm. Because the stem and
blades had 1-cm overlap, the fully erect plant was [, = 14 cm tall. The
model meadow extended over the full channel width and 3.5-7 m along
the channel. Plant densities 280, 600, 850, 1050, and 1370 plants/m>
were considered. The stem configuration for three of the meadow
densities is shown in Fig. 1(a) (b) (c).

For both the individual blades and the meadow, wave amplitude,
a,,, was varied between 0.8 and 5cm. Three wave periods were con-
sidered: T = 2.0, 1.4 and 1.0s. During individual blade drag mea-
surements, velocity was measured 6.5 cm above the bed using a Nortek
Vectrino at a sampling rate of 200 Hz for 3 min. During wave damping
measurements, velocity was measured at the top of the meadow at a
sampling rate of 200Hz for 3min. For most wave conditions
k x 1 < 0.32, for which linear wave theory indicates that the difference
in velocity over the height of the blade was less than 5%, indicating that
a velocity record at a single vertical position was sufficient. With 200
samples per second, the velocity record could be binned into
y = 200 X T phase bins per wave to find the phase-averaged velocity
Ty($). The phase-average velocity in the n phase bin (n =1 to y),
which has phase ¢ = 27n/y is

N-1
T(p(n)) = TW(ZTW) =LY it ym)

N

m=0 (1 1)
in which 7, denotes the phase-averaged velocity, N is the number of
wave periods in the record, and u,,(n + ym) is the (n + ym)th velocity
sample. The orbital wave velocity U, was calculated as <2 times the
rms of the phase-averaged velocity, and it varied from 4 cm/s to 20 cm/
s, such that the experimental conditions included Ca,, from 0.1 to 5000,
and L from 0.5 to 12.4 for individual blades. For the meadow cases, Ca,,
ranged from 90 to 3800, and L ranged from 2 to 26. These values of Ca,,
and L overlap with a wide range of field conditions with wind waves (T
=1 to 25s), as shown in Table 1.

The movement of individual blades in isolation and individual
blades within the meadow was recorded with a Canon 5D Mark III DSLR
camera (serial No. 358023001794). Video was recorded at 50 frames
per second for 1min, and the video was processed using the image
processing toolbox in MATLAB (version R2014b). Individual blades
were marked with four black dots at 4, 7, 10 and 13 cm along the blade,
which were tracked through digital processing.

Fig. 1. Section of baseboard showing staggered holes (cir-
cles) and stem pattern (filled circles) at stem density (a) 280,
(b) 600, and (c) 1370 plants/mz. Adjacent holes were
0.95 cm apart measured center to center. (d) Model seagrass
meadow with 600 plants/m? To help visualize an individual
plant within the meadow, one plant was colored black. Image
taken without waves, so blades are stationary. For digital
video processing, individual blades were marked with just
four dots at 4, 7, 10 and 13 cm along the blade.
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Table 1

Physical parameters of real seagrass blades.
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Physical parameters

Thalassia testudinum®

Zostera marina”

Posidonia oceanica*

Experiments w/single blade

Experiments w/meadow

Thickness, t(mm) 0.30 to 0.37 0.15 to 0.23 0.20 0.10, 0.25 0.10
Width, b(mm) 10 3to5 10 10 3
Length, I(cm) 10 to 25 15 to 60 15 to 50 3,5,10, 15 13
Density, p (kg/m?) 940 700 910 925 925
Modulus, E (GPa) 0.4 to 2.4 0.3 0.5 0.3 0.3
Ca,, (eqn. (1)) 0.16 to 640 16 to 80000 16 to 14000 0.1 to 5300 87 to 3800
L (eqn. (3)) 0.5 to 2.5 0.7 to 6.0 0.7 to 5.0 0.5 to 12.4 2.0 to 26.0
Wave velocity U, (m/s) 0.3t0 1.3 0.3t0 1.3 0.3t0 1.3 0.04 to 0.2 0.04 to 0.2
Frontal area/bed area, a,l 3to7 0.3t0 2 11 to 15 2to 8
2 Bradley and Houser, (2009), Weitzman et al., (2013).
b Fonseca et al., (2007), Abdelrhman (2007), Moore (2004), McKone (2009).
¢ Folkard (2005), Infantes et al., (2012).
2.2. Drag measurements on individual blades The time-varying force on a rigid blade can be described as
1
Drag measurements were made on individual blades without a F(t) = f 1 0Cp bl |y + o (l b2Cy + bd) du_wdz
meadow. A single blade was inserted into a 4-cm tall stainless steel post 0 2 4 ot (14)

(2mm diameter) attached to a submersible force transducer (Futek
LSB210). The accuracy of the force transducer was 10%, and the re-
solution was 0.001 N. The force transducer was mounted in a 12-cm
high acrylic ramp that spanned the channel width. The ramp was 1-m
long on the top and 2-m at the bed (Fig. 2). For each wave condition,
the drag force on the blade and post (F; (t)) was measured for 3 min at a
sampling rate of 2000 Hz. A separate experiment was conducted to
measure the force on the post alone (F, (1)), i.e. without blade, for the
same wave conditions. With 2000 samples per second, and for a wave
period of T [sec], there will be (2000 x T') samples per wave, which were
each assigned to a different phase bin, such that there are (y = 2000 x
T) phase bins within each wave. Because the force record was 3-min
long, which included ninety 2-s waves, each phase-bin has ninety
samples from which the phase average was calculated. The phase-
average force in the n™ phase bin (n =1 to y), which has phase
¢ = 27n/y was then determined as

B 1 N-1
F(¢(n)) =— F(n+ym

(#(n) NmZzo (n + ym) a2
in which N is the number of wave periods in the record, and F (n + ym)
is the (n + ym)™ force sample. The maximum force on the blade within
one wave cycle, Fj uq, Was estimated as the maximum phase-averaged
force on the blade and post together (F o) minus that maximum
phase-averaged force on the post alone (Fjmq). Specifically,
Foomax = Fomax — Fpmax-

The measured effective length ratio, I,/l, was defined as the ratio of

measured maximum force to the expected maximum force for a rigid
blade of the same geometry.

[ measured maximum force

F b,max
Frigid,max (1 3)

1 expected maximum force for rigid blade -

The first term inside the integral is the drag, and the second term is
the added mass and buoyancy. The drag (Cp) and added mass (Cy)
coefficients depend on the Keulegan-Carpenter number (KC), as de-
scribed in Sarpkaya and O'Keefe (1996). Eqn. (14) has been validated
using the measured time-dependent force on an individual blade, as
described in Luhar and Nepf (2016). Since the maximum force occurs at
the maximum velocity, at which time the added mass term is negligible,
the maximum force on a rigid blade is simply,

1
1 . .
Eigid,max = f EpCDbluw,maxluw,made
0 (15)
with @, q the measured, maximum, phase-averaged velocity. The drag
coefficient, Cp, was estimated from KC and Fig. 13 in Keulegan and
Carpenter (1958). The range of KC was 8 to 40, yielding Cp from 3.1 to 5.3.

2.3. Measured wave decay coefficient Kp

The decay of wave amplitude over a meadow was measured using
two wave gages (Fig. 3). A reference wave gage was permanently
mounted upstream of the meadow (x = —125cm). The variation in
wave amplitude at this gage over the duration of each experiment
(=80min) was less 3%, confirming stationary wave conditions. A
second wave gage was mounted on a trolley that moved along the flume
on precision rails. The moving gage collected data at 10 or 20 cm in-
tervals (depending on the wave length) starting 40 cm upstream of the
meadow and continuing along the entire length of the meadow. At each
X position, the instantaneous position of the water surface, 7(t), was
measured at 1kHz for 1 min (30 to 60 waves, depending on wave
period). The variation in the waveform was negligible (less than 2%)
over this time (1 min). The wave amplitude a,, was calculated from the

Wave paddle Vectrino
[ —
i 60 cm
/Model blade g
gPost ) Beach
Force transducer 72=0 slope 1:5
2m
24m

Fig. 2. Experimental setup for measuring force on a single blade. Mean water depth 4 = 40 cm. Figure is not to scale. The velocity measurement was taken without

the model blade with the Vectrino placed directly above the blade post.
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Vectrino
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« ’UW

-
\KV/ Meadow

60 cm

Beach
slope 1:5

z=10

|

|

1

)
—155mx=0

vy

24 m

Fig. 3. Experimental setup for wave damping measurements (not to scale). The Vectrino was placed at mid-meadow length and measured the velocity at the top of

the meadow.

1.2
190550992 o _ 6029, 500
\1 000 -Obao—oo - -a i 6°p
t
o038
3
&0
= 0.6
(U;
0.4
0.2
0
0 0.5 1 15 2
XIA

Fig. 4. Wave amplitude evolution, ";‘:—z) versus ;, for a wave with amplitude
Qo = 2.96 + 0.04 cm, period T =2 s, and wavelength A = 3.7m. The stem
density was 600 stems m ™2 The dashed line indicates the best fit of eqn. (9)
between point 1 and 2, which are located at nodes in the wave beat pattern. The
beat pattern results from the constructive interference of the wavemaker wave
train with its reflection off the beach.

[T
root-mean-square surface displacement, a,, = % f 1n?(t)dt. The wave

decay coefficient, Kp, was found by fitting eq. (9), aon example of which
is shown in Fig. 4. Due to wave reflection, the amplitude contained
beats at intervals of 2 A. A new fitting method was developed to
minimize the influence of these beats on the fit (see supplementary
material). In the example shown (Fig. 4), the fit was applied to all
measured data between the points marked 1 and 2. Point 1 was selected
as the closest to the first node of the beat pattern. Point 2 was 2.54 from
point 1, which satisfied the requirement to span a phase difference of
(n + %)7‘[, with integer n (see supplementary material). Uncertainty
was introduced from the choice of fit points, which was assessed by
considering different start and end points adjacent to the nodes. In the
case shown, a,,=296+0.04 cm and the fitted Kpaud =
0.061 + 0.004. Because wave energy can also be reduced by viscous
boundary layers on the sidewalls and flume bed, the experiment was
repeated without the meadow for each wave period. The viscous
damping does not depend on wave amplitude (Hunt, 1964). For the
bare channel Kpa, o4 = 0.010 + 0.001 across all wave periods. This
bare-channel decay was subtracted from each meadow condition to
isolate the wave damping due only to the meadow. The uncertainty in
the fitted Kpa,,o4 and fitted a,, was propagated to find the uncertainty
in fitted Kp. For the case shown in Fig. 4, Kp = (0.67 + 0.05)m™2.

3. Results
3.1. Individual blades and effective blade length

For individual blades in waves, the measured effective blade length

142

followed the scaling law I/l ~ (Ca,, L)~/ across several decades of
Ca,L (Fig. 5). The blade dimensions and wave conditions are sum-
marized in Table S1 in the supplementary material. The lower panel of
Fig. 5 shows images extracted from digital videos of individual blades
under 2-s waves. Each image represents a stack of 20 black and white
images with time step = 0.1s (5 frames). The same image processing
was performed at different times along the total video, from which the
variability in horizontal blade tip excursion was shown to by less than
20%.
For 1 < Ca, L < 10,000 the fitted line with 95% C.I. was

L

N = (0.94 + 0.06)(Ca,, L) 025%002

a7

For Ca,,L < 1, 1./l was equal to 1 within uncertainty, indicating that
the flexible model blade behaved like a rigid blade, I, = | (blade image
1 in Fig. 5). Note that when Ca,, is close to 1, measured [, can be
greater than /, indicating that the force was enhanced relative to a rigid
blade. As shown in previous studies, when Ca,, is close to 1, the vege-
tation motion is 90° out of phase with the water motion, and this phase
deference generates higher relative velocity between vegetation and
water than occurs for a completely rigid blade, which then yields a
greater measured force than for a completely rigid blade, i.e. [/l > 1
(Mullarney and Hendersen, 2010; Luhar et al., 2016). As Ca,L in-
creased there was a shift in blade motion from cantilever-like motion
(blade images 2 and 3) to higher modes of motion (blade images 4 and
5). A similar transition in plant motion with decreasing non-dimen-
sional stiffness (analogous to increasing Ca,,L) was noted in Mullarney
and Henderson (2010). Note that for cases 3 to 5 the horizontal ex-
cursion of the blade tip through the wave cycle was comparable to the
wave orbital diameter (2A,,, shown with horizontal blue line in Fig. 5).
In addition, for cases 4 and 5 the blade motion was asymmetric. This
asymmetry arose from the contribution of the vertical velocity com-
ponent. Specifically, the progression of linear wave orbital velocity
acting on the blade (i.e. forward velocity, downward velocity, backward
velocity, upward velocity) produces asymmetric blade motion (see
Fig. 5.6 in Dobkin, 2015; Gijon Mancheno, 2016). The effective length
describes the length of blade over which there is significant relative
motion between the blade and the water, and only this region of the
blade (z < I,) contributes significantly to drag. The upper part of the
blade (z > I,) moves nearly passively with the water, imparting very
little drag. This behavior is also noted in Mullarney and Henderson
(2010), who used an analytical model of flexible, single-stemmed ve-
getation to show that wave energy dissipation is concentrated in a near-
bed layer within which the motion of the plant reduces smoothly to
zero. This region is called the elastic boundary layer, because it defines
the length of stem over which elastic bending forces contributed sig-
nificantly to stem deformation. The height of the elastic boundary layer
scales with (Ca,,L)~'/4, consistent with eqn. (17).
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Fig. 5. Effective blade length, I, normalized by total blade length, I, as a function of wave Cauchy number, Ca,,, and non-dimensional wave excursion, L. The dashed
line indicates the fitted equation, /I = (0.94 + 0.06)(Ca,,L)~©25+%02) with 95%CI. Bold numbers correspond to images at the bottom of figure, which show blade
position through a wave cycle. Each image represents a stack of 20 black and white images, with time step = 0.1 s (5 frames). For all images the wave period was 2s.
The blue horizontal bars denote the wave orbital diameter (24,,). Image 1: Ca,, = 0.1, L = 2.5; image 2: Ca,, = 3.8, L = 8.3; image 3: Ca,, = 80, L = 5.0; image 4:
Ca,, = 1250, L = 5.0 ; image 5: Ca,, = 4800, L = 2.5. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

3.2. Prediction of wave decay coefficient (Kp) using blade reconfiguration
scaling-laws

Building on the scaling law for individual blades (section 3.1), a
prediction of the wave decay coefficient, Kp, for a meadow was de-
veloped. Specifically, an effective meadow length-scale, I, ,,, was de-
fined to account for plant morphology and blade reconfiguration. Re-
placing the total plant height (1) in eqn. (10) by the effective meadow
height (I, ), the wave decay coefficient, Kp, can be predicted as

K, = gi Coa, ka3(9 sinh(kl, ) + sinh(3 kle,m))
T

sinh kh (sinh(2kh) + 2kh) (18)

Losada et al. (2016) proposed a similar adaptation to eqn. (10), repla-
cing the full blade length, I, with the measured mean deflected height. The
current project advances this concept by providing a method to predict the
effective meadow height without requiring an a priori measurement of blade
posture. As shown in Figs. 1 and 6, individual model plants were con-
structed from six blades taped around a 1-cm tall rigid stem. This con-
struction was intended to mimic the sheath of a real seagrass. Digital ima-
ging revealed that blade motion was restricted near the sheath, due to the
bundling of the blades within the sheath. To account for this, a section of the
blade was assumed to be rigid. The length of the rigid segment, I, was
estimated from digital images. Specifically, for each black blade, the rigid
length was estimated as the distance above the bed within which that blade
remained within the vertical region defined by the stem width (marked with
grey shading in Fig. 6) through the wave cycle. This value was estimated for
each of the six black blades within each of four different meadow densities
(600, 830, 1050, 1370 stems m ™ 2), and for two wave conditions re-
presenting the high range of blade motion (I = 1.4 and 2s, a,, = 3.5 cm
and 3.9 cm, respectively). Using these 48 measurements, [,= 2.3 + 0.5 cm.
To illustrate the range of blade motion, Fig. 6 (b) and (d) show blades at
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their maximum forward excursion, and Fig. 6 (a) and (c) show blades at the
maximum backward excursion. Note that the rigid length differed between
the six blades, based on their position around the sheath.

Recognizing that the individual plants consist of both rigid and
freely moving (flexible) segments, the total shoot height (l;, 14 cm) was
broken into a rigid (I,) and flexible segment. The flexible segment was
assumed to behave like an isolated blade of length I, = I; — I,, and its
effective length (I, .) was determined from eqn. (17), using the flexible
blade length, I,, to define Ca, L, denoted as (Ca,L),. The effective
meadow height was then defined as the sum of the rigid segment and
the effective length of the flexible segment
le, m = 0-94(CawL)go'zslb + 1 (19)
effective length flexible segment rigid segment

The wave decay coefficient, Kp, was predicted by combining eqns.
(18) and (19). The predicted Kp were compared to measured K for
different meadow and wave conditions, which are summarized in Table
S2 in the supplementary information. Within eqn. (18), the drag coef-
ficient Cp was determined based on measurements on a rigid blade
under the same wave conditions, Cp, = max(10KC~'/3,1.95), as de-
scribed in Luhar and Nepf (2016), based on Keulegan and Carpenter
(1958). The reduction of in-canopy wave velocity relative to linear
theory, « in eqn. (18), was computed using the numerical model de-
scribed in Lowe et al. (2005). For the meadows considered here, a
ranged from 0.84 to 0.98 (see Table S2 in supporting information). As a
simpler alternative, eqn. (24) in Lowe et al. (2005) gives
ﬁ, with A, describing the solid volume fraction of the
meadow. This simplification is reasonable when the wave excursion is
comparable to or smaller than the stem spacing.

Fig. 7 compares the predicted and measured wave decay coefficients

a; =
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Fig. 6. Examples of the blade images used to define the section of blade near the sheath with restricted motion, I,. (a) (b) Stem density n = 850 /m?, wave period
T =14 s, and wave amplitude a,, = 3.5 cm, Ca,, = 6.0 X 103; (c) (d) Stem density n = 1370 /m?, wave period T =2 s and wave amplitude a,, = 3.9 cm,
Ca,, = 5.6 x 10%. In (b) and (d) blades are at their maximum forward excursion; in (a) and (c), blades are at their maximum backward excursion. The light grey
shading is the vertical projection of the rigid stem. The vertical extent over which the blades were restricted to this grey zone throughout the wave cycle defined [,,
the rigid blade length. For reference, 1-cm distance is marked with red dashed line. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

in linear and log scales. In the majority of cases, the predicted Kp
agreed with the measured K within uncertainty. For the six data points
on the upper right, K, was overpredicted by 44%. These cases corre-
sponded to the highest wave decay, and the over-prediction may be
attributed to the fact that the predicted Kp was based on Ca, L mea-
sured at mid-length along the meadow, which would underestimate
Cay,L at the start of the meadow (the reference point for decay) and
therefore overestimate Kp (because K increases with decreasing Ca,, L,
eqns. (18) and (19)). In the Discussion section, a method that accounts
for the spatial evolution of Ca,L is suggested. A linear-fit of
Kp(predicted) versus Kp(measured) had a slope of 1.40 + 0.08 (95% CI).

Note that, as a simplification the rigid segment, [,= 2.3 + 0.5 cm,
was assumed to represent both the circular stem and the constrained
portion of blades. This simplification did not consider that the drag

(a)

K, (predicted), /m?

o
»

5 10
KD(measured), m?

15

coefficient and frontal area of the circular stem was different from the
six attached blades, i.e. Cpa, in eqn. (18) is different for the circular
stem and the six blades. Specifically, the width, d = 6.9 mm, and drag
coefficient (Cpyem = 1.8 = 0.2, based Keulegan and Carpenter, 1958)
of the stem were different from the blades. To account for this, the stem
length was adjusted to represent an equivalent Cpa, for 6 blades. This
was called the effective stem-length, Iym,., defined by
Cpstemlstemd = Cp6blsiem,e, from which I, = 0.3 cm. Making this ad-
justment, [, was reduced to 1.6 + 0.5 cm. Using this in eqn. (19) im-
proves the agreement between predicted and measured Kp to
Kp(predicted) = (1.16 + 0.07)Kp(measured). Finally, it is important to
note that the rigid (I,) and effective blade lengths (I, ) made compar-
able contributions to effective meadow height, I, ,, = Iy, + I, with

I/, =1.01 = 0.13. If the rigid segment was neglected, I, =0,

(b) v
10" | £

E 5.
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5 10°]

© |
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107}
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Fig. 7. Wave decay coefficient predicted from eqns. (18) and (19), K, (predicted), versus the measured decay coefficient, K;, (measured). The dashed line denotes 1:1
agreement. Uncertainty in the measured K (horizontal bars) came from fitting the amplitude decay along the meadow (see Methods). The uncertainty in the

predicted Kj, (vertical bars) predominantly reflects the uncertainty in I,.
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Fig. 8. Comparison of blade motion for a single, isolated blade attached to a stem to the motion of a blade within a meadow. Red dots trace the blade motion at
different positions along the blade and over the wave cycle. The thin white line indicates the wave-cycle-average blade position. Wave period T = 2s. From left to
right across each row wave amplitude increased from 1.0 cm to 3.3 cm; wave orbital velocity increased from 6.5 cm/s to 13.5 cm/s; and Ca,, increased from 1100 to
4800. For blades within a meadow, some parts of the blade were not visible due to sheltering from surrounding blades. The camera and the marked blade were
located at mid-length of the meadow. The meadow covered the whole flume width, such that there was no open space near the sidewalls. Lateral current was not
observed next to the wall. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Kp (predicted) = (0.53 + 0.04)Kp(measured). This demonstrated that the
inclusion of the rigid segment of the plant was necessary for good
prediction.

3.3. Comparison of blade motion in isolation and within a meadow

At the smallest wave condition, the blade movement in the meadow
(8e) matched the blade movement of the isolated blade (8a). In con-
trast, at the largest wave condition, the blade in the meadow was nearly
horizontal (8h), significantly more pronated than the isolated blade at
the same wave condition (8d). Further, for the isolated blades, the
wave-cycle-average pronation (white line in Fig. 8 a, b, ¢, d) was similar
for all wave conditions. In contrast, the wave-cycle-average pronation
for the blades in a meadow (Fig. 8 e, f, g, h) increased as the wave
amplitude increased. Moreover, for the blade in the meadow, the range
of motion was reduced when the blade was significantly pronated.
Specifically, the range of motion at the blade tip shown in Fig. 8(d)
(isolated blade) was comparable to the blade length; however, the
range of motion at the blade tip shown in Fig. 8(h) (blade in meadow)
was only 25% of the blade length. The greater pronation of a blade
within a meadow may be due to the wave-induced time-mean current
generated in the meadow in the direction of wave propagation (Luhar
etal. 2010, 2013; Abdolahpour et al., 2017). The current caused a mean
blade pronation that did not exist for an isolated blade. The measured
wave-induced current within the meadow was U = 0.5, 1.0, 1.2 and
1.6 cm/s, for (8e) to (8h), respectively. The significant difference in
mean pronation might call into question the application of the scaling
laws developed for individual blades (eqn. (17)) for prediction in a
meadow. However, the good agreement between predicted and mea-
sured Kp suggested that the impact of mean pronation on the wave
decay was not significant. This can be explained by the fact that the
upper part of the blade, where most of the mean deflection was ob-
served, did not contribute significantly to the drag, both because the
upper part of the blade moves passively with the wave (as discussed

below eqn. (17), and in Luhar and Nepf 2016, and in Mullarney and
Henderson 2010), and because the skin friction associated with hor-
izontal component of the blade is negigible compared to the form drag
imparted by the vertical component of the blade (e.g. eqn. (15) in Luhar
and Nepf, 2011). Further, for the blades shown in Fig. 8(d) and h,
Ca,, L = 4840, for which eqn. (17) predicted ITe = 0.11. Therefore, for
these cases the effective blade length, which represents the near-bed
blade length providing the drag, was well below the region in which the
blade motion differed significantly between an isolated blade and a
blade within a meadow, explaining why the visually different blade
motion near the blade tip did not significantly impact the drag imparted
by the blade or the wave decay.

4. Discussion
4.1. Comparison of random and regular stem arrangements

The present study used a meadow with a staggered arrangement of
plants (Fig. 1). Luhar et al. (2017) made similar wave decay measure-
ments using a meadow with a random arrangement of plants. Fig. 9
compares the measured Kp for random and staggered arrays across the
same range of meadow density and at the same range of Ca,,L = 5100
to 6500. The wave decay for random and staggered configurations
agreed within uncertainty, indicating that plant configuration did not
play a significant role in wave damping. Therefore, the model here
should apply for any arrangement of shoots. The fact that the wave
decay was not sensitive to shoot arrangement was consistent with force
measurements made by Fonseca et al. (2007) on individual Zostera
marina shoots within a meadow. Fonseca et al. (2007) reported that the
difference in the mean force measured on individual shoots in a regular
row arrangement versus a random arrangement was less than 7%
(Table 10 in Fonseca et al., 2007). One might expect that aligned shoots
would reduce the drag force on aligned neighbors, as has been observed
in uni-directional current (e.g. Maza et al., 2017). The lack of
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Fig. 9. Comparison of wave decay coefficient, Kp, measured over meadows
with a regular staggered arrangement of shoots (black circles, present student)
and a random arrangement of shoots (white circles, cases D1, D2, D3, D4, D5
and D6 in Luhar et al., 2017). For all cases Ca,,L. = 5100 to 6500.
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Fig. 10. Wave decay coefficient calculated from eqns. (18) and (19) versus the
measured value reported in Fig. 5(b) in Manca et al. (2012), for which the error
bars were not included. Dotted line denotes the linear-fit (i.e.
Kp (predicted) = 1.2Kp (measured)).

arrangement dependence can be explained by the short wave conditions
considered (<2.6s in both the present study and in Fonseca et al.,
2007), for which there is little spatial variation in wave velocity. This
was demonstrated in Fig. 2 of Zhang et al. (2018), which shows lateral
and longitudinal transects measured in a similar model meadow. Spe-
cifically, the wave rms velocity varied by less than 5% along both
transects, i.e. had little dependence on proximity to a shoot. The lack of
spatial dependence in wave velocity was attributed to the small ratio of
wave excursion to stem spacing. Similar behavior would not be ex-
pected for longer waves, or specifically when the wave excursion be-
comes very large compared to stem spacing, because at this limit the
impact of the meadow on the flow approaches the behavior of an uni-
directional current (Lowe et al., 2005). In unidirectional flow, aligned
arrangements reduce the drag on downstream plants, because the ve-
locity is reduced within the wakes of plants. For example, Fig. 10 in
Maza et al. (2017) shows that drag force decreased with increasing
distance from the leading edge of a model mangrove forest with aligned
tree rows, because the downstream trees were located in the wakes of
upstream trees. Similarly, Fonseca et al. (2007) found that under uni-
directional flow, drag forces on individual plants within a meadow
were lower in meadows with a row arrangement, compared to random
arrangements.

Fig. 9 also confirmed that for the range of stem density considered
in this study sheltering between blades was not important. Equation
(18) indicates that Kp should increase linearly with frontal area,
a, = n,b. If sheltering between blades was significant, this linear de-
pendence would be not be observed in the measured Kp, because
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sheltering decreases the frontal area felt by the flow, relative to a,.
Fig. 9 shows that the measured K, increased linearly with stem density,
which, since there were a constant number of blades per stem, also
indicated that K, increased linearly with a, = n,b. This confirmed that
sheltering between blades was not important to wave decay for the
stem densities considered in this study.

4.2. Comparison with wave decay measured in a different study

Manca et al. (2012) studied wave decay over a full-scale model of
Posidonia oceanica. Each model plant consisted of four PVC blades in-
serted into a 10-cm rigid tube (Fig. 3 in Stratigaki et al., 2011). The
rigid tube was partially buried, with an exposed length of Iy, = 6cm
(based on Fig. 3(b) in Stratigaki, 2011). The PVC blades had width b
= 1.2 cm and thicknesst = 1 mm. The tube diameter was not reported,
so we assumed it was equal to the blade width, d = 1.2 cm. Each plant
included two 55 cm-long blades and two 35 cm-long blades. For sim-
plicity, we used the average length, I, = 45 cm. Wave properties were
given in Table 2 in Manca et al. (2012), including stem density, water
depth, wave period, wavenumber and wave height, Hy. Over the range
of KC (140-450), the drag coefficient for the blades was
Cp = max(10KC~1/3, 1.95) = 1.95. The drag coefficient of the tube stem

was Cp gem = 1.2 (Fig. 11 in Keulegan and Carpenter, 1958). Thus, the

. Cp.stemd
effective stem length Lyeme = Litem g;f;" = 0.9 cm. Because the blades

were not pinned within the tubes, we assume that the blade moved
freely above the tube, so that I, = lym. = 0.9 cm. The reduction of in-
canopy wave velocity relative to linear theory, a, ranged from 0.51 to
0.89. Finally, the measured decay coefficient was given as K;/H,, with
K; reported in Fig. 5(b) in Manca et al. (2012). Fig. 10 compares the
predicted Kp, (eqn. (18) and (19)) with the measured Kp. A linear-fit of
Kp(predicted) versus Kp (measured) yielded a slope of 1.2 + 0.6 (95% CI),
indicating a reasonable good agreement between the prediction and
measurement.

4.3. Comparison with wave decay measured in the field

Infantes et al. (2012) measured wave decay in the field over a Po-
sidonia oceanica meadow for waves with periods T = 4 — 10 s. Wave
height was measured at four moorings across a depth gradient of 6.5 m
to 16.5 m. The reported shoot length was [y = 0.8 + 0.1 m (mean * SE).
The surface area per shoot was reported as A, = 211 + 23 cm?
(mean *+ SE), and the shoot density was n; =615 + 34 m~2
(mean * SE). The frontal area per bed area was therefore Agng
=13 + 2, which translated toa, = A;ny/l =16 *+ 3m™ ! for an erect
plant (no reconfiguration), as used in eqn. (18). Posidonia blades have a
thickness between 0.2 and 0.5mm (Table 1 and Marba, 1996). We
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Fig. 11. Normalized root mean squared wave height, Hys/Hymso. White circles
denote the measured values, which represent the average wave height between
18:00h and 20:00h in Fig. 4 in Infantes et al. (2012). Black circles denote the
predicted value using eqn. (20), with error bars denoting the contribution from
uncertainty in the reported blade thickness, blade length, and frontal area.
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assumed an average thickness of 0.35 mm. The sheath length of Posi-
donia oceanica, reported in Pergent and Pergent-Martini (1991) and
Pergent et al. (1994), is 10% of the shoot length. Based on this we
assumed [, = 0.1 l;, and I, = 0.9 ;. From Fig. 3 in Infantes et al. (2012),
the rms wave velocity ranged from 0.02 to 0.18 m/s, so that L = 2 — 47.
Based on Folkard (2005), the blade modulus of elasticity was assumed
to be 0.47 GPa. The parameter (Ca,,L), was estimated using the near-
bottom, orbital velocity plotted in Fig. 3 in Infantes et al. (2012), from
which the effective meadow height, I, ., was estimated at each mooring
station using eqn. (19). For blade width b = 9 mm (suggested in Luhar
et al. (2013)), KC was 50 to 190, with an average KC = 120, yielding
Cp = 10KC~1/3 = 2.0. Infantes et al. (2012) concluded that the impact of
shoaling was negligible compared to the wave dissipation by the
meadow (see Fig. 4 in Infantes et al. (2012)), so that we assumed the
observed change in wave height could be attributed solely to vegetation
drag. To mimic the methodology that might be applied in the field or
within a numerical model, we predicted the decay of wave height along
the mooring trajectory using a step size of Ax = 1m. Starting from the
measured wave height at the first mooring (Hymso), the wave height at
each spatial step (Hyms;) was estimated as

HrmSHl — 1
Hrmsi 1+ KDiHrmsiAx

(20)

with Kp; the wave decay coefficient predicted at the ith spatial position.
We assumed the water depth and wave orbital velocity changed linearly
between the moorings. The measured wave heights were extracted from
Fig. 4 in Infantes et al. (2012), with uncertainty estimated by averaging
subplots from different times within the same storm event. The pre-
dicted wave height agreed with the measured wave heights within
uncertainty.

5. Summary

This paper described and validated a new model to predict the
dissipation of wave energy over a submerged meadow of flexible plants.
Because part of the plant moves passively with the wave, the vegetation
drag and thus wave decay are diminished relative to that for a fully
rigid blade of the same geometry. The impact of reconfiguration on
wave decay can be characterized using an effective blade length, [,,
which represents the length of a rigid blade that generates the same
drag as the flexible blade of length I. Measurements of drag on in-
dividual blades were used to validate a blade scaling law,
I/l = 0.94(Ca,,L)™°2%. Model seagrass shoots were constructed with six
blades attached to a cylindrical stem, representing the sheath of a real
seagrass shoot. To reflect that the individual shoots consisted of both
rigid and freely moving lengths, the total shoot height was broken into
rigid (I,) and freely moving (l,) segments. The freely moving segment
was assumed to behave like an isolated blade, and its effective length
(Ip.e) was determined from the blade scaling law. The wave decay over a
meadow of shoots was then be predicted using the effective meadow
height, I, , = Iy, + I,. The predicted wave decay agreed with the mea-
sured wave decay to within an average of 16%. The model also pro-
duced good predictions for a different laboratory study and a field
study. Finally, wave decay was similar over meadows with regular and
random arrangements of shoots, which was explained by the lack of
spatial variation in wave orbital velocity for conditions with orbital
excursions less than or comparable to the shoot spacing.
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