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1. Introduction

Salt marshes are widely distributed in the upper intertidal zone around the world. They provide food and refuge for
fish and invertebrates (Boesch and Turner, 1984), produce and store blue carbon (Mcleod et al., 2011), and protect the
coasts and coastal communities from erosion, storm surge, and small tsunami waves (Gedan et al., 2011). Because salt
marshes provide these important ecosystem services, the protection and restoration of this green infrastructure (also
known as nature-based solutions) have become a focal point in coastal management (e.g. Sutton-Grier et al., 2015). In
particular, nature-based solutions involve the engineering and management of vegetated habitats as a first line of defense
against coastal flooding. A key component of this defense is the attenuation of waves. The motivation for this study is
to provide a predictive model for the drag on realistic marsh plants, which can be the foundation for predicting wave
attenuation. While many field observations have documented the ability of particular marshes to mitigate storm waves
and surges (e.g. Moeller et al., 1996; Yang et al., 2012; Ysebaert et al., 2011), the prediction of storm mitigation by marshes
is currently limited by the inability to predict the hydrodynamic drag provided by marsh plants, which have a complex
and flexible morphology. This study examined the impact of both morphology (leaves and stem) and flexibility on the
hydrodynamic drag imparted by marsh plants, which provides the basis for predicting wave attenuation.

Salt marsh plants, such as Phragmites australis (Common Reed), Scirpus maritimus (also called Bolboschoenus maritimus),
Spartina alterniflora (smooth cordgrass), Spartina cynosuroides (Big Cordgrass), and Spartina Patens (Salt Hay Grass), are
composed of multiple long flexible leaves attached to a comparatively more rigid stem. Because the leaves reconfigure
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(bend) more easily in waves, their fractional contribution to the total plant drag is expected to decrease with increasing
wave intensity. A similar shift in leaf contribution has been observed in other plants under unidirectional flow. For
example, Jalonen and Jarveld (2013) showed that leaves contributed up to 80% of the total drag when sample trees were
towed in a water tank at low velocity (0.1 m/s), but only 40% when velocity exceeded 0.8 m/s.

Currently, there is no theoretical model that describes the dynamic reconfiguration of and drag on a marsh plant.
Previous studies have empirically quantified drag and wave attenuation using laboratory experiments with model plants
(e.g. Anderson and Smith, 2014; Koftis et al., 2013) and live plants (e.g. Wang et al,, 2016) and through field surveys
(e.g. Cooper, 2005; Knutson et al., 1982; Moeller et al., 1996; Rupprecht, 2015; Wayne, 1976; Yang et al., 2012). While
many of these studies recognize the role of morphology and reconfiguration on plant drag and wave attenuation, these
attributes have not been explicitly modeled. Instead, previous studies have used the stem length and diameter to represent
the whole plant and then fit an empirical drag coefficient. These fitted drag coefficients cannot be applied with confidence
to other sites, because the drag coefficient depends on plant properties. Consequently, detailed studies considering plant
dynamics and the roles of both the leaves and the stem are needed to build a predictive wave-drag model for marsh
plants.

A few studies have modeled the dynamics of individual flexible blades (representing seagrass and reeds) as flat plates
(Méndez et al., 1999) and cantilever beams (Bradley and Houser, 2009; Mullarney and Henderson, 2010). Luhar and Nepf
(2016) considered both the flexibility and buoyancy of flat blades. In their model, the dynamic reconfiguration of a blade
is characterized by three dimensionless parameters (Luhar and Nepf, 2016): the Buoyancy number B, which is the ratio of
the restoring forces due to buoyancy and stiffness; the wave Cauchy number Ca, which is the ratio of the hydrodynamic
drag to the restoring force due to blade stiffness, and the blade length ratio L, which is the ratio of blade length to the
wave excursion,
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Here, Ap = p — p, is the density difference between water (p) and plant (pp). g is the gravitational acceleration. b,
d, and [ are the width, thickness, and length of the blade, respectively. U, is the wave orbital velocity. E is the elastic
modulus and I = bd3/12 is the second momentum of inertia. A, = U, /w is the wave excursion (wave orbital radius),
and w is the wave angular frequency.

To describe the effect of blade reconfiguration on blade drag, Luhar and Nepf (2011) proposed an effective blade length,
lo, defined as the length of a rigid vertical blade that generates the same drag as a flexible blade of length I. When the
plant density is comparable to the density of water, plant buoyancy does not impact the blade posture significantly, and
B can be neglected. Then, for L > 1, [/l is a function of Ca and L (Luhar and Nepf, 2016),

ITE ~ (CaL)™'/* (4)

This scaling law has been verified for individual blades (Luhar and Nepf, 2016) and individual blades within a meadow
(Luhar et al., 2017). Applying this scaling law, Lei and Nepf (2019) were able to predict the wave decay over a meadow
of model seagrass by modifying the classic theoretical prediction for wave damping due to an array of rigid cylinders
of height [ (Dalrymple et al., 1984). Specifically, Lei and Nepf (2019) adapted this prediction by replacing the rigid plant
height with the effective meadow height. These studies showed that models describing drag force on an individual plant
can be successfully scaled up to predict the wave damping by a meadow of plants. Seagrass can be represented by an
array of individual blades, but marsh plants have a more complex morphology. Each plant has a relatively more rigid
stem with multiple flexible leaves distributed along the stem length. This study constructed a model that predicts the
reconfiguration of and drag on a marsh plant and tested the prediction against a real specimen of Spartina alterniflora.

2. Theoretical model

This section develops a model to describe the reconfiguration of and drag on a marsh plant comprised of a single stem
with evenly distributed leaves (Fig. 1a), such as Spartina alterniflora, Spartina Patens, Spartina cynosuroides, Phragmites
australis, and Scirpus maritimus. The following assumptions have been made. (1) The plant is assumed to have N; leaves
distributed both along the stem and around the stem circumference with a constant angle o between each leaf and stem.
(2) The density of the plant material is uniform and constant (o). (3) Each leaf has the same size (length I;, width b, and
thickness d) and elastic modulus E;. (4) The stem diameter D and elastic modulus E; are constant. (5) The drag force on the
leaves is transmitted to the stem and can be treated as uniformly distributed force on the stem. (6) The force contribution
from N; leaves can be represented by the drag on a representative flat leaf with vertical orientation. Experiments described
in Section 3 support these assumptions.
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Fig. 1. Schematic showing the coordinate system and forces on the leaf and the stem of a marsh plant, such as Phragmites australis, Scirpus maritimus,
Spartina alterniflora, Spartina cynosuroides, and Spartina Patens. Subscript | and s indicate parameters associated with a leaf or a stem, respectively.

We first describe the dynamic reconfiguration of an individual flexible leaf with an initially vertical posture, i.e. the
representative leaf, shown in Fig. 1b. Assuming that the leaf is inextensible and moves in a two-dimensional plane (Luhar
and Nepf, 2016), i.e. no lateral deflection and only moves in the xz plane, where x and z indicate the wave propagation
direction and the vertical direction. The coordinate along the leaf is s;, with s; = 0 at the base and s; = [, at the top of
leaf, and [; is the height of the leaf when fully erect. 6, is the local angle between the leaf and vertical. Throughout the
text the subscript | denotes variables associated with the leaf, and the subscript s denotes variables associated with the
stem. The force balance on a single leaf is the same as that for a single blade, as described in Luhar and Nepf (2016), i.e.,
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in whichx =x+iz (= fOS‘ ie7ds’, s’ is a dummy variable) is the position along the leaf and t is time. V; = asl (El, gf{’)
is the restoring force due to leaf rigidity and acts in the leaf-normal direction, I; = bd>/12 is the second moment of area
for the leaf. T; is the tension in the leaf and acts in the leaf-parallel direction. The external forces and inertia force per
unit length in the leaf include: (1) the buoyancy force fz; = Apgbd, which acts in the vertical direction; (2) the drag
force fp; = 3pCpb |9%(ﬂRei91)| R(iige®), which acts in the leaf-normal direction, Cp is the drag coefficient, 9i(iige®) is the
leaf normal component of the relative velocity (iiz) between the fluid (i) and the leaf (9x/dt), and %() denotes the real
component; (3) the skin friction fr; = 3pCrb |3(iige™)| 3(iige™), which acts in the leaf-parallel direction, (s is the skin
friction coefficient, J(iize®) is the leaf—parallel component of relative velocity, and J() denotes the imaginary component;
(4) the force due to added mass fay,; = pk’”b R(FE Dilg e, which depends on the relative acceleration between the fluid and
the leaf and acts in the leaf-normal directlon I<( CM —1,) is the added mass coefficient (Keulegan and Carpenter, 1958),
Cy is the inertial coefficient and r, = bd/(d?/4) = 4b/md is the ratio between the cross-sectional area and the circular

area defined by the dimension of the leaf; (5) the Froude-Krylov (or virtual buoyancy) force fyg; = pbd ‘;’;‘ which acts in

the direction of flow acceleration; and finally (6) the leaf inertia p,bd ‘;[;‘, which acts in the direction of leaf acceleration.
Eq. (5) can be written in terms of nondimensional variables (denoted with a carat hat), using the following relations:
s=15t= t/a), n=uU,,T = T(EIII/I,Z), and X = I, see details in (Luhar and Nepf, 2016).
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The Buoyancy number B;, Cauchy number Ca;, and length ratio L; for the leaf were defined in Egs. (1), (2), and (3),
respectively. KC; is the Keulegan-Carpenter number (Keulegan and Carpenter, 1958) for the leaves (KC; = U, T, /b, T, is
the wave period).
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2
The forces on the leaves are transmitted as a normal (Vjg = —E,Il(%k:())) and parallel (T = Tj|;—¢) force to the stem
at their point of attachment (s; = 0, i.e. § = 0). The plant is assumed to have N, leaves distributed both along the stem and
around the stem circumference with a constant angle between leaf and stem «. Experiments discussed below verify that
the drag on leaves with an angle to stem can be inferred from the drag on an isolated vertical leaf. With leaves uniformly
distributed along the stem, the total force from all leaves can be represented by a distributed force, i.e. a leaf force per
unit stem length,
GN; (=Vip — iTip)
fi= Sl— (7)
S
in which 0 < C; < 1 represents the impact of sheltering and interaction between the leaves and the stem, C; = 1 indicates
no sheltering. The value of C; is determined from experimental measurements reported in the results.
The force balance on the stem at location s, is similar in form to Eq. (5) (Fig. 1c), but also contains the distributed force,
fi, transmitted from the leaves to the stem,
Gl o ) . _i8 ,3%%
875 (Vs + lTs) e + lfB,s + (fD,s + lfF,s + lfAM,s) e +fVB,5 +fl = ppr[(D/Z) ﬁ
S
Here, the variables have the same physical meaning as Eq. (5) except the subscript s denotes variables associated with
stem. With non-dimensional parameters (denoted with hat notation) s; = Sk, t = t/w, it = 0U,, Ty = T(ESIS/If), and
% = %, Eq. (8) can be written in dimensionless form, i.e.,
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in which B, Cas, and L are the Buoyancy number, Cauchy number, and length ratio for the stem. KC; = U, T,,/D is the
Keulegan-Carpenter number for the stem (Keulegan and Carpenter, 1958).

3. Laboratory experiments

Laboratory experiments were used to confirm the assumptions behind the theoretical model and to validate the model
with measurements of drag and motion for both model and live plants. A 1:5 scaled model of the marsh plant Spartina
alterniflora was constructed based on plant parameters collected at Hangzhou Bay (Zhang et al., 2020) (shown in Fig. 2c).
The model plant had one stem and ten leaves. The stem diameter and length were 2 mm and 19 cm, respectively. The
leaves were 10-cm long, 3-mm wide, and 0.12-mm thick. The full plant was 29 cm tall (the height above the post, see
Fig. 2c). The materials used in the model plant were chosen to mimic the dynamic behavior of live Spartina alterniflora
leaves and stem (Table 1). The plant material rigidity, EI, was tested on an Instron 5965 unit from INSTRON (Norwood,
MA) applying the three-point bending test.

All experiments were conducted in a 24-m-long by 38-cm-wide wave flume (Fig. 3). Monochromatic waves with 2-s
period were generated with a piston-type wave maker. A beach with a 1:5 slope was placed at the downstream end of
the flume. The beach was covered with a 10-cm thick layer of coconut fiber which limited the wave reflection to 7% 4 3%
for the tested wave conditions. Four types of experiments were conducted to explore the dynamic reconfiguration of and
drag on an individual leaf and stem, and on full model and live plants in waves (Fig. 2). In each experiment, a single live
or model plant was attached to a short stainless steel post with 2 mm diameter, which was attached to a submersible
force sensor (Futek LSB210 100g) (see Fig. 3). The force sensor was calibrated by National Instrument (NI-USB 9237) and
the force measurements were logged to a computer through Labview. Based on calibration, the force measurements had
an accuracy of 10% and a resolution of 0.0001 N. The force sensor was mounted beneath an acrylic ramp (1-m top length,
2-m bottom length, 13-cm height, and spanning the flume width) to avoid interaction between wave fluid motion and
the sensor.

In experiment 1, the drag and motion of a single plastic leaf were measured under a range of waves (Table 2). The leaf
was tested with different angles to the vertical, «, and rotated around the vertical to verify assumption 6, i.e. the force
contribution from N; leaves distributed both along and around the stem with angle o with respect to the vertical direction
can be represented by the drag on a representative vertical leaf (« = 0°). The base of each test leaf was attached to a
small iron plate, which was fixed at @ = 0° or 15° to vertical. This maintained a fixed angle at the base of the leaf, even
as the upper part of the leaf reconfigured under wave motion. For « = 0°, three initial postures were considered, with
the leaf width oriented perpendicular, parallel, and at 45° to the wave propagation direction. Fig. 2a shows an example
of an individual leaf with « = 0° and the leaf width parallel to wave propagation direction. In two additional postures,
a leaf oriented with its width perpendicular to wave propagation direction was tilted 15° upstream and downstream. All
five postures are included in Fig. 4 in the Results section.
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Fig. 2. (a) an individual vertical leaf with leaf width oriented parallel to incoming wave, (b) a plastic circular stem, (c) a model plant consisting of
10 leaves and a circular stem, and (d), a live Spartina alterniflora shoot.
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Fig. 3. Schematic of the experiment setup, not drawn to scale. The wave paddle is shown to the left and the beach to the right. The beach had
a 1:5 slope and was covered with a layer of 10-cm thick coconut fiber. The model plant was attached to a submersible force sensor which was
housed in an acrylic ramp. A wave gage recorded the free surface displacement at the same longitudinal position as the plant but with 9-cm lateral
distance. A Nortek Vectrino+ was used to measure velocity profiles 10-cm upstream of the plant’s position, but with the plant removed.

In experiment 2 (Fig. 2b), the motion of and the drag on the stem alone were measured under several wave conditions
(Table 2). The material properties are listed in Table 1. Note that the stem length was the length of the stem above the
post. Measurements from experiment 1 and experiment 2 were used to validate the dynamic model Eqgs. (6) and (9) for
an individual leaf and an individual stem (N; = 0), respectively.

In experiment 3, the drag force on the full model plant was measured under several water depths, h = 14, 23, 27, and
32 cm above the ramp (see Fig. 3). Because the post lifted the model plant up by 2 cm, the corresponding submerged plant
heights h, s were 12, 21, 25, and 29 cm, respectively. For h = 32 cm, the plant was fully submerged. The contribution
from the leaves and the stem to the plant scale drag was analyzed by comparing the drag measured on the leaf alone
(experiment 1) and on the stem alone (experiment 2) to the full plant drag (experiment 3). These comparisons were also
used to estimate the sheltering coefficient, Cs, in Eq. (9).

Finally, in experiment 4, measurements made on a live Spartina alterniflora plant (Fig. 2d) were used to validate the
predictive model (Egs. (6) and (9)). Individual plants were carefully dug out with roots and soil intact from Rumney Marsh
Reservation in Massachusetts Bay, USA. Experiment 4 was conducted within 2 days after collection from the field. The
roots were removed just before placement in the wave channel. After cutting, the plant was dry for only a few minutes

5
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Table 1

Material properties of the live and model plants. The model plant used in experiment
3 was made of 10 leaves and one stem with the same properties as the individual leaf
(experiment 1) and the individual stem (experiment 2), respectively. The live plant in
experiment 4 has 5 leaves. I}, b, d are the mean values with the standard deviations of
leaf length, width, and thickness, respectively. The material rigidity, EI, was tested on an
Instron 5965 using the three-point bending test. E was obtained by dividing EI by I.

Model leaf Model stem
pp = 1.35+0.06 g/cm? pp = 1.06 £0.01 g/em?
[ =10+0.2 cm Is=19+£0.2 cm
b=3+0.2 mm D=2+0.01 mm
d=0.124+0.01 mm
I =43x107'" m* I, =79x10""3 m*
E,=4.8+0.4 GPa E; =1.72+0.03 GPa
El; =2.07 x 107 N m? EJ; = 1.35 x 10> N m?
Live plant leaf Live plant stem
pp = 0.84 gjcm? pp = 0.9 g/em?
[ =17+6 cm Iy =16£0.2 cm
b=6.4+1mm D=25+0.8 mm
d =0.48 £ 0.08 mm
I =59x 107" m* I,=19x10""? m*
E,=3+2GPa E,=0.74+0.3 GPa
ElL =18 x 107* N m? Ed; = 1.3 x 1073 N m?
Table 2
Wave conditions used in the experiments including water depth, h, wave amplitude, a,,, wave velocity,
U,, and wave excursion A, = U,T,/(27), wave period was T, = 2.00 £+ 0.02 s for all tests. The

correspond nondimensional parameters B, Ca, and L are also summarized in the table. Experiments 1, 2,
3, and 4 correspond to experiments on an individual leaf, an individual stem, a full model plant, and a
live plant, respectively.

a, +0.1 cm 1.1 17 24 33 42
h=32cm U, £ 1 cm/s 5 7 10 15 20
Ay, £0.1 cm 16 22 3.2 48 6.4
. Cq 3.0 7.7 17 33 57
Expl to 3 B =-06 L 6.9 43 29 2.1 16
P B — —9x 103 Ca, 0.02 0.05 0.1 0.2 0.4
s =YX L 13 8.1 55 39 3
a, +£0.1 cm 1.1 1.7 24 34
h =27 cm U, £ 1 cm/s 6 8 14 19
A, 0.1 cm 1.9 2.6 45 6.1
_ Cq 46 9.4 28 57
Exp3 B =-06 L 5.6 3.9 22 16
P B — —9x 103 Ca, 0.03 0.07 0.20 0.40
s = L 11 7.3 43 3.0
a, +0.1 cm 1 16 2.5 3.1
h =23 cm U, £ 1 cm/s 6 11 16 20
Ay, £0.1 cm 19 35 5.1 6.4
L Cq 45 16.3 39 58
Exp3 B =-06 L 5.6 29 1.9 16
P B~ 0 x10-3 Cas 0.03 0.1 0.3 0.4
5= L 11 5.6 36 3.0
a, +£0.1 cm 13 2 25
h =14 cm U, £1 cm/s 3 14 19
A, £0.1 cm 26 45 6.1
_ Cq 9.3 31 52
Exp3 B =-06 L 39 2.1 16
P B— 2x103 @ 002 01 0.1
s = L 74 4.1 3.1
a, +£0.1 cm 1 16 2.1 2.9 3.9
h =32 cm U, =1 cm/s 4 7 10 14 18
A, £0.1 cm 14 2.3 3.2 44 5.8
B — 01 Cq 0.36 0.95 2.1 4.1 7.1
Expd = L 12 7.3 49 35 27
P B — 4% 107 Ca, 0.02 0.04 0.09 0.2 03
5= L 11 6.8 46 33 25
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Fig. 4. Drag force measured on a single leaf. (a) The tested postures of the leaf and (b) the maximum drag force plotted against the wave velocity
squared. For postures 1, 2, and 3, « = 0° and the leaf width is aligned perpendicular, parallel, and at 45° to the wave direction, respectively. Posture
1 tilted 15° to upstream (or downstream) produced posture 4 (or posture 5). Note that the force measurements for postures 4 (squares) and 5
(diamonds) overlap.

before being submerged in the flume. The tests were finished within 8 h after the plant was cut. The live plant parameters
and the tested wave conditions are listed in Tables 1 and 2, respectively.

For each experiment under each flow condition, drag force and wave height were measured simultaneously with a
sampling rate of 2000 Hz and for a duration of 3 min. For each wave condition, a separate force measurement was made
on the post alone (without plant), and the force on the post was subtracted from the force measured with the plant and
post together. During each force measurement, a smart cellphone (MIX 2S) camera was used to record a 10-s UHD 4k
video at 30 fps which covered 5 wave periods. The camera was fixed to a tripod through a self-stick holder. 100 photos
with 0.1 s intervals were extracted from the videos to obtain plant dynamic posture. For each plant, a photo with a ruler
beside the plant (Fig. 2) was taken and used to calculate the scale (pixels/cm) of the photo using MATLAB.

For the force measurements, the FFT (fast Fourier transform) method in MATLAB was used to filter out high-frequency
noise. The angular frequency w = 27 /T, was determined using the 4th-order Fourier fitting in MATLAB. For sampling
frequency fomp, there were y = 27 /wfsamp samples and thus y phase bins in each wave period (Lei and Nepf, 2019). Each
3-min record contained M = 180/T,, wave periods. The phase averaged force in the nth phase bin (n = 1 to y), which

7
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corresponded to phase ¢ = 27w n/y, was defined as,

. 1 M-1
F@m) =) Fntym) (10)
m=0

The same phase average method was applied to the wave gage records to obtain the phase averaged water surface
displacement, 7 (¢ (n)). The wave amplitude a,, was calculated from the root-mean-square surface displacement, a,, =
NEDSETICIONS

After the force measurements were completed, the plant and force sensor were removed, and an acoustic Doppler
velocimeter (Nortek Vectrino+) was used to measure velocity profiles at 10 cm upstream of the position where the
plant had been to avoid the influence of the hole through which the plant attached to the force sensor. The vertical
resolution of the velocity profiles was 1 cm. At each measurement point, the Vectrino recorded a 2-min record at
200 Hz sampling frequency. The velocity measurement was quality checked and despiked within each phase bin with
the methods described in Nikora and Goring (2000) and Goring and Nikora (2002). The phase averaged velocity 1 (¢ (n))

was calculated by similar method as Eq. (10). The wave velocity U,, was represented by the root-mean-square velocity,

ie.U, = /237 12
4 y n=1
The decrease in drag force associated with plant reconfiguration was characterized by an effective length. The effective
length of each element (leaf or stem) normalized by its full length, l./I, was calculated from the measured drag force and

the drag force estimated for the rigid element (Lei and Nepf, 2019), i.e.,

I _ Famax the measured maximum force (11)
1 Fr max " the expected maximum force on a rigid counter part
in which Fg jax and Fr e were defined as,
[ max( (@))] + [min(F (¢))
Fd,max = (12)
2
1
Frmax = E)OCDA(UW)2 (13)

in which Cp for the stem and leaf were estimated from previous experiments on cylinders and plates, respectively, in
waves. The drag coefficient depends on KC (KC; = U, T, /D for the stem and KC; = U, T, /b for the leaf) (Keulegan and
Carpenter, 1958; Luhar and Nepf, 2016; Sarpkaya and O’Keefe, 1996). Specifically, Cp = max(1, 2.9KC;%?) for the stem,
and Cp = max(1.95, 10KC,_1/3) for the leaves. Note that the same Cp values were used in the predictive model. A = DI
and A = bl; are the frontal area for the stem and the leaf, respectively. The absolute value in Eq. (12) is needed because the
force changes sign over the wave period. F; mq had an estimated uncertainty of 15% based on a 10% estimated uncertainty
of Cp and a 8% variation in U, over the water depth.

The drag predicted by the marsh plant dynamic model (Egs. (6) and (9)) was validated using the experimental
measurements. For the model prediction of the full plant, Eq. (6) was applied first to calculate the force on a single
vertical leaf. The leaf force was then put into Eq. (9) to calculate the drag on the full plant. The sheltering coefficient
G in Eq. (9) was determined based on drag force measured on an individual leaf, an individual stem, and on the full
plant. A constant skin friction (;f = 0.1 was used in all model predictions following Luhar and Nepf (2016). Similar to
Cp, the inertial coefficient Cy for the stem and the leaves were also estimated from experimental measurements for a
cylinder and a plate based on the KC number (Keulegan and Carpenter, 1958; Sarpkaya and O’Keefe, 1996). Specifically,
Cu = 0.2KC2>° for the stem and Cy = 0.48KC*# for the leaf were inferred from the literature specifically for KC > 25,
consistent with the conditions in the current study. When the plant was emergent, i.e. water depth less than the full
plant height (Experiment 3), the submerged plant length h, s varied with the wave surface displacement through the
wave cycle. To account for this in modeling, the submerged height of the plant and the number of leaves contributing to
the plant drag was estimated at each step according to wave phase. After validation, the predictive model (Egs. (6) and
(9)) was first used to explore a range of conditions that align with field conditions, and then applied to explore the drag
on different marsh species and their wave damping potential.

4. Results
4.1. Influence of leaf posture on leaf drag

The drag force measured on individual leaves was influenced by the posture of the leaf (Fig. 4, posture 1 to 5). The
leaf drag was maximum when the leaf was tilted toward the upstream (posture 4) or downstream (posture 5) relative to
the incoming wave (Fig. 4b). As expected, due to the symmetry in the wave velocity, postures 4 and 5 produced the same
maximum drag. The higher drag on tilted blades was associated with a reduced range of motion. For example, Fig. 5 shows
the range of postures over one wave cycle for a leaf with posture 1 (vertical) and posture 5 (tilted 15° downstream at the
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Fig. 5. Comparison of leaf motion over one wave cycle with (a) leaf posture 1 and (b) leaf posture 5 under 32-cm water depth, 2-s wave period,
and 4.2-cm wave amplitude. In each subfigure, curves show the limit of the leaf motion and the circles show the tips of the leaf over one wave
cycle with 0.1-s time interval.

leaf base). The average height over one wave cycle was about the same for a leaf with posture 1 and posture 5. However,
the tip excursion of posture 5 was 14% smaller than that of posture 1. The smaller leaf motion was associated with a
higher relative motion between the fluid and the leaf, and thus higher drag (Fig. 4b). The minimum drag was measured
for posture 2, a vertical leaf with the leaf width oriented parallel to the wave direction. In the wave conditions tested
here, this leaf remained parallel to the wave direction, but this would be less likely for more flexible or longer leaves
or when the hydraulic force is more intense such that the leaf would be twisted over (Gosselin, 2019; Vogel, 2007). For
these reasons, posture 2 was less representative of real leaves. Considering the other postures, the drag measured on the
vertical blade orientated perpendicular to the wave (posture 1) was a representative average amongst the other postures
(Fig. 4). Given this, we proposed that it would be reasonable to represent the average force of multiple leaves distributed
along a stem with different juncture angles by the force predicted for a leaf oriented in posture 1, i.e. vertical at the base
and width perpendicular to the wave. Hereafter, the leaf alone experiment (exp 1) will refer to a leaf with posture 1.

4.2. Reconfiguration of and drag on individual plant elements

The wave-induced drag on an individual leaf (experiment 1) and on the stem alone (experiment 2) both followed the
scaling law developed in previous studies (Lei and Nepf, 2019; Luhar and Nepf, 2016), specifically, I/l = (CaL)~'/4 (Fig. 6a).
The motion of a stem and a leaf over one wave period and for increasing wave amplitude (1.1 to 4.2 cm) is shown in
Fig. 6b and c, respectively. The circles in Fig. 6b and c indicate the tips of the stem and leaf extracted from the videos. The
gray curves show the stem (Fig. 6b) and leaf (Fig. 6¢) postures predicted by the model Egs. (6) and (9), respectively, with
N; = 0 in Eq. (9), that is no leaves. For the tested wave conditions, the individual stem exhibited limited motion which
was far less than the wave orbital diameter (shown with horizontal lines in Fig. 6b). In particular, for a,, = 4.2 cm, the
wave orbital diameter was 12.8 cm (67% stem length), the corresponding stem tip excursion diameter was 5% the stem
length. In contrast, the tip of the leaf moved over a distance comparable to the wave orbital diameter, indicating nearly
passive motion, which reduced the drag, relative to a rigid leaf (Fig. 6¢). The excursion of the leaf tip became greater
when the wave amplitude increased. In fact, the horizontal excursion of the leaf tip was greater than the horizontal wave
orbital diameter (Fig. 6¢). This can be explained by the contribution of the vertical wave velocity. The horizontal orbital
diameter defines translation associated only with the horizontal wave velocity. However, the vertical component of wave
velocity can also impact the translation of the leaf tip. Specifically, after the passage of a wave crest, as the horizontal
wave velocity approaches zero, the vertical wave velocity is downward, which depresses the leaf downward, a movement
that is associated with some additional forward motion of the leaf tip (see Figure 52 in Manchefio, 2016).

An interesting observation is that the stem experienced elevated drag relative to a stationary cylinder for Cal < 1
(Fig. 6a). Specifically, the drag on the flexible stem was 68% higher than a rigid stem for CalL = 0.3 (a,, = 1.1 cm). For this
case, the stem force spectrum exhibited a peak at the wave frequency (0.5 Hz), as expected, but also at 2 Hz, which was
close to the stem'’s first-mode natural frequency (1.8 Hz, based on Table 8.1 in Blevins, 1979). A vibration higher than the
wave frequency, but of smaller amplitude than that of direct wave induced motion, was also observed in the stem. These
observations were consistent with vortex-induced vibration, which has been previously documented to enhance drag on
cylindrical structures (e.g., Gabbai and Benaroya, 2005; Gopalkrishnan, 1993; So et al., 2000) and on plants (e.g., de Langre,
2006; Paidoussis et al., 2010; Py et al., 2006)
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Fig. 6. (a) Ratio of effective length (l.) to full length, which is equivalent to the ratio of drag force on a flexible element to that on a rigid element
of length [, plotted against Cal for the stem alone (open circles, experiment 2) and the individual leaf (closed circles, experiment 1 posture 1). The
error bars represent the standard deviation of measured drag over 90 wave periods and a 15% estimated uncertainty for the rigid drag force, F; jnax.
The dash line indicates the scaling law I,/ = (CaL)~'/4 (Lei and Nepf, 2019; Luhar and Nepf, 2016). (b) Motion of the stem and (c) motion of the
leaf, both for increasing wave amplitude: left to right a,, = 1.1, 1.7, 2.4, 3.3, and 4.2 cm. The circles in (b) and (c) indicate the observed positions
of the stem and leaf tip, and the gray curves are the model predicted stem postures and leaf postures over one wave cycle. The solid black lines
are wave orbital diameter in horizontal (—) and vertical (|) direction.

4.3. Motion of and drag on flexible model plant with leaves

Experiment 3 examined the motion of and drag on the full model plant. The plant motion through one wave period
is shown in Fig. 7. First, because the drag on the leaves was transmitted to the stem, the drag on and motion of the
stem increased, relative to the stem alone (Fig. 6b). Specifically, for the same wave (4.2-cm amplitude), the tip excursion
diameter increased from 5% of the stem length without leaves (Fig. 6b) to 20% with leaves (Fig. 7). Second, interaction
between individual leaves and between leaves and stem diminished the motion of the leaves. Specifically, compared to
the excursion of a single leaf (Fig. 6¢), the excursion of leaves attached to the stem was much smaller, and, the motion
of each leaf was limited to the side of its attachment point. For example, the leaves attached to the upstream side of
the stem easily deflected toward the upstream under the wave trough, but exhibited limited or no deflection toward the
downstream under the crest. In contrast, the stem deflected similarly in the upstream (trough) and downstream (crest)
directions.

The maximum drag on the model plant, individual stem, and individual leaf are shown in Fig. 8a. The model predictions
of the force on the leaf (dashed line, Eq. (6)) and stem (dotted line, Eq. (9)) are also included and show good agreement with
the measured drag with no calibration. The leaf component of plant-scale drag was estimated as the difference between
the drag on the full plant and the drag on the stem. The leaves contributed 72% + 1% of the plant-scale drag across all
wave amplitudes considered, a,, = 1.1 to 4.2 cm. However, since the leaves reconfigure more significantly than the stem,
the leaf contribution may decrease at higher wave velocity. For example, this has been observed for trees exposed to
uni-directional current. Specifically, because the leaves reconfigure to a greater degree than the stems and branches, the
fractional contribution of leaf drag decreases with increasing current speed (e.g. Jalonen and Jdrveld, 2013; Vastild and
Jarveld, 2014; Whittaker et al., 2013; Wilson et al., 2008, 2010; Xavier et al., 2010). In this study, leaves contributed the
majority of the drag which highlighted the importance of correctly capturing the leaf reconfiguration and its impact on
plant scale drag. The full plant had ten leaves. However, the drag force on the plant, Fg pjan;, was smaller than the sum
of stem drag, Fy sem, and 10 times the drag on an individual leaf, Fy jeqr. This was likely due to sheltering and interaction
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Fig. 7. The motion of a model plant over one wave cycle. The water depth was 32 cm, wave period was 2 s and the wave amplitude was 4.2 cm.
From left to right, the wave went from crest to trough and to crest with 0.2-sec time interval. The dashed oval illustrates the full wave orbital, with
individual arrows showing the wave velocity vector for each image.
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Fig. 8. (a) The drag force measured on the full plant (crosses), the stem (circles), and an individual leaf (diamonds). Curves show the predicted
drag for an individual leaf (dashed curve, Eq. (6)) and the stem alone (dotted curve, Eq. (9) with N; = 0). (b) Drag predicted by Eqs. (6) and (9)
with C; = 0.6 plotted against measured plant drag. The measured drag uncertainty is represented by the standard deviation of F4nqc among the
measured wave periods. The prediction of the full plant drag had an estimated uncertainty of 20% based on 10% estimated uncertainty in Cp, 8% in
wave orbital velocity, 20% in C;, and the standard deviations of the model plant geometrical and mechanic properties (see Table 1).

among the stem and leaves. The degree of leaf sheltering, i.e. the value of C;, was estimated by fitting the measured drag:
Fy plant = Fa,stem + (0.6 == 0.1)NFq joqr. Consistent with this, choosing the sheltering coefficient C; = 0.6 in Eq. (9) produced
a prediction of the full plant drag force that agreed with the measured value within uncertainty (Fig. 8b).

4.4, Motion of and drag on live salt marsh plant

The live Spartina alterniflora exhibited similar wave-induced motion as the model plant (Fig. 9). Specifically, with the
leaves attached, the stem moved with the waves, but the stem had negligible wave-induced motion when the leaves
were cut. However, the live plant leaves stayed closer together than the model plant leaves (Fig. 7) suggesting that the
sheltering might be greater (smaller C;). Consistent with this, the drag on the live plant was over-predicted by the model
using C; = 0.6 (Fig. 10a). The prediction was improved by using Cs = 0.4 (Fig. 10b). This is a bit counter-intuitive, as one
might expect that the live plant with fewer leaves (5) would experience less sheltering (larger Cs) than the model plant
with more leaves (10). However, the leaves of the live plant were more rigid (Table 1), which kept them more closely
aligned to the vertical, enhancing the leaf-to-leaf sheltering.

4.5. Simplified prediction for the drag force on a marsh plant

The good agreement shown in Sections 4.3 and 4.4 supported the model assumptions made in Section 2, specifically,
the leaves wrap and distribute around the stem can be represented by a vertical flat leaf and C; adequately quantified the
drag reduction due to the sheltering and interaction among the leaves and the stem. The model Egs. (6) and (9) provide an
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Fig. 9. (a) The motion of a live Spartina alterniflora shoot over one wave cycle for h =32 cm, T,, = 2 s, and a,, = 3.9 cm. From left to right, the

wave went from crest to trough and to crest with 0.2-sec time interval. The dashed oval illustrates the full wave orbital, with individual arrows
showing the wave velocity vector for each image. (b) The motion of the model plant over the wave cycle which is the same as Fig. 7.
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Fig. 10. The maximum drag predicted by Eqs. (6) and (9) versus the maximum measured drag force Fymqx for the live Spartina alterniflora with (a)
Cs = 0.6 and (b) C; = 0.4. The solid lines indicate 1:1 ratio. The error in measured drag was estimated from the standard deviations of Fy mex among
90 measured wave periods. The predictions had an estimated uncertainty of 45% based on a 20% uncertainty in C;, 10% estimated uncertainty in the
drag coefficient Cp, 8% in wave velocity, and the standard deviations of the model plant geometrical and mechanic properties (see Table 1).

accurate, but cumbersome, prediction of the drag on a marsh plant. In this section, a simplified prediction, more useful for
application in the field, is developed and validated. Recall that the drag on an individual leaf and individual stem followed
the previously derived scaling law, F./F, = (CaL)~'/4 (Lei and Nepf, 2019; Luhar and Nepf, 2016). For marsh plants with a
central stem and multiple leaves, such as Spartina alterniflora, we propose that the maximum, wave-induced plant-scale
drag can be estimated from a sum of the leaf and stem drag, accounting for the leaf sheltering. Specifically,

Fy piane = GNiFg jeqs + Fy stem = CleFr,max,l(calLl)_1/4 + Fr,max,s(casLs)_l/4 (14)

leaf drag stem drag

in which Fr g and Fy e s are the maximum wave-induced drag force for a rigid leaf and stem, respectively, which
can be estimated by Eq. (13). Based on the original scaling (Luhar and Nepf, 2016), Eq. (14) represents conditions with
Cal > 1. Specifically, Ca > 1 (the element bends) and L > 1 (the wave excursion is less than the element length).
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Fig. 11. The maximum drag predicted by the simplified drag law described in Eq. (14) versus the measured drag force for (a) the model plant using
C; = 0.6 and (b) the live Spartina alterniflora using Cs = 0.4. The error bars in measured force reflects the standard deviations over 90 wave periods
and the error bars in the predicted force reflects uncertainty in Cs, Cp, Uy, and the plant parameters.

However, experiments conducted here suggested it can also represent conditions with CasLs as small as 0.3 (Fig. 6). Note
that the plant buoyancy was neglected in Eq. (14). This is reasonable because the Buoyancy number was much smaller
than 1 based on Eq. (1) and a typical range of marsh plant morphology (I, = 10 to 50 cm, I; = 30 to 200 cm, d = 0.1 to
0.7 mm, and D = 2 to 10 mm), material density (|Ap| < 200 kg/m?), and elastic modulus (0.1~10 GPa). For example,
the Buoyancy number for the live plant specimen (experiment 4) was B; = 0.1 and B; = 4 x 107 (Table 1). Eq. (14)
was validated by comparing the predicted drag to the measured drag on the model plant (Fig. 11a) and also on the live
plant (Fig. 11b). In both cases, the prediction agreed with the measurement within uncertainty. Over the range of wave
conditions considered, the simplified prediction (Eq. (14)) was comparable to the full prediction by Egs. (6) and (9), which
is shown by comparing Figs. 8b and 10b to 11a and b, respectively.

4.6. Drag force variation with the plant submergence

In experiment 3, the drag force per submerged plant length was examined for plants submerged 41%, 72%, 86%, and
100% of the total plant height. The measured drag per submerged plant length was not a function of submerged water
depth as long as the wave orbital velocity was the same. Specifically, the drag per submerged length measured for four
different depths was the same within uncertainty at each wave condition (diamonds in Fig. 12a). The predicted drag (Eqs.
(6) and (9)) captured this feature (circles in Fig. 12a), because it assumed a uniformly distributed leaf drag acting on the
stem. The lack of depth dependence in the drag per plant length was consistent with the uniform distribution of plant
leaves along the stem (Figs. 1 and 7).

The plant drag increased with velocity more slowly than quadratic (Fig. 12a). Specifically, for U, < 0.2 m/s (Fig. 12a),
the measurements suggested Fy max/hp.s ~ Uy, 2203, Further, over this range of wave orbital velocity, the simplified model
and the full model predictions (solid line and cross symbol, respectively, in Fig. 12a) has the same trend.

Recall that the single leaf and stem followed the dependence Fy max/Fr.max ~ (CaL)V/* (see Fig. 6a), which is equivalent to
Fa.max ~ CpU,, 7. The weaker dependence on U, of the measured and predicted drag on the full plant was due to the fact
that the drag coefficient Cp for the leaves and the stem decreased with increasing U,,, and this dependence was excluded
from Ca, because Cp does not appear in Ca. Recall that, Cp = max(1, 2.9KC;°‘2) for the stem, and Cp = max(1.95, 10KC,_1/3)
for the leaves (based on Keulegan and Carpenter, 1958), which has the embedded velocity dependence of Cp ~ U, %2
and Cp ~ U, ~'/3, respectively. However, Cp reached its minimum value (1 or 1.95 for the stem and leaf, respectively) at
U, > 0.2 m/s and for this range of velocity the simplified model (Eq. (14)) predicted Fj e ~ U, '7, as expected based
on the scaling Fy max/Fr.max ~ (Cal)~'/* (see solid line for U, > 0.2 m/s in Fig. 12b). The full model (Eqs. (6) and (9)) also
predicted Fy max ~ U, 7> over the range U,, = 0.2 m/s to 0.3 (cross symbol in Fig. 12), however at higher wave velocity
(Uy > 0.3 m/s), the full model predicted Fy mex/hps ~ U, %202, deviating from the simplified model. The deviation of
the simplified model (Eq. (14)) from the full model (Egs. (6) and (9)) was attributed to the feedback from leaf drag to
stem motion, which was not reflected in the simplified model.
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Fig. 12. Measured and predicted drag force per submerged plant length versus wave velocity squared. (a) is a close up of the boxed area in (b). Drag
was measured for the full plant for h, = 12, 21, 25, and 29 cm (diamonds). The full plant height was 29 cm. Model (Egs. (6) and (9)) predictions
(circles) were made for the same plant submergence and wave velocities. In addition, predictions were made for h = 100 cm with a,, = 0.5 to
20 cm, using the full model (Egs. (6) and (9)) and the simplified model (Eq. (14)), shown by the crosses and solid curve, respectively. C; = 0.6 was
applied for all predictions. The error in the measured data represent the standard deviations of F4 nqx Over 90 wave periods, and 20% uncertainty in
the prediction reflects uncertainty in Cs, Cp, Uy, and plant parameters. The dash curves are 20% uncertainty in the scaling law (Eq. (14)) prediction.
For comparison, a quadratic drag relation is shown with thin gray curve.

Finally, while the full model captures the impact of leaf drag on stem reconfiguration, it did not explicitly model the
impact of stem reconfiguration on leaf drag. The possible decrease in leaf drag associated with the pronation of the stem is
represented within the sheltering coefficient, C;. For this reason, the sheltering coefficient determined for the conditions
in this study, with a small degree of stem reconfiguration (stem tip excursion diameter of 20% stem length), may lead to
over-prediction in drag for conditions with larger stem reconfiguration. Up to wave velocity U,, = 0.4 m/s, the deviation
between the simplified model and the full model was less than 15%. Given that both models had 20% uncertainty, the
simplified model is considered to be accurate enough to explore variation in wave forces amongst different morphology,
as we do in the discussion section.

5. Discussion
5.1. Wave induced drag force on different marsh plant species

Plant morphology and mechanical properties vary greatly among marsh plant species (Table 3). For example, Scirpus
maritimus (also called Bolboschoenus maritimus) and Scirpus tabernaemontani (also called Schoenoplectus tabernaemontani
as reported in Smith and Yatskievych, 1996) are two pioneer species that have very different morphology. The first one
has a triangular stem cross-section and multiple leaves, while the later has an elliptical stem cross-section with no leaves
(Heuner et al., 2015). In marsh plants with leaves, the leaf thickness spans from 0.1 mm to 0.7 mm (Maricle et al., 2009).
The stem diameter of marsh plants varies from 2 mm (e.g. Scirpus mariqueter reported by Wang et al., 2016) to 15 mm (e.g.
Phragmites australis reported by Nada et al., 2015), and the corresponding second moment of area ranges from 8 x 10~13
to 1 x 1072 m*. The plant leaf and stem dimensions also vary within a species at different sites and during different
seasons (Ritterbusch, 2007). The elastic modulus of most marsh grass stems span 0.1 to 32 GPa (Evans et al., 2007) (see
Table 3). To explore the role of plant morphology on wave drag, typical plant parameters of five common marsh species
(Table 3) were chosen to compare their wave damping potential. Due to a lack of reports on the stiffness of salt marsh
leaves, the measured elastic modulus for Spartina alterniflora (Table 1), E; = 3 GPa, was used for leaves of all species. In
addition, a leaf thickness of d = 0.3 mm, which is the mean of the leaf thickness of 7 marsh species (Maricle et al., 2009),
was used for all species.

The simplified model (Eq. (14)) was used to compare the plant scale drag on the species listed in Table 3 for a range
of water depth (0.2 to 3 m). G = 0.6 was used because the mature marsh plants have similar morphology as the
geometrically- and dynamically-scaled model plant (see photos of plants in Lovstedt and Larson (2010), Rupprecht (2015),
Schoutens et al. (2020) and Fig. 2¢), so that it is reasonable to assume the same sheltering. The wave amplitude varied with
water depth. Specifically, based on many field conditions, the wave amplitude was set to be 0.2 times the water depth
(Vuik et al., 2016). Wave period was set to be 4 s, within the range of wave period often reported for coastal regions,
i.e. 2-5 s (Chen et al., 2005; Jadhav and Chen, 2013; Moeller et al., 1996; Paquier et al., 2019). The wave velocity U,, was
calculated by the linear wave theory.
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Table 3

Plant parameters for five marsh species at mature growth. The full names are Phragmites australis, Scirpus maritimus, Scirpus tabernaemontani, Spartina
alterniflora, and Spartina anglica, respectively.

Species I D Ns I b d N, E El Ell

cm mm m—2 cm mm mm leaves GPa N m? N m?
P. australis'~% 150 8 200 30 20 0.3 15 5 1 1.4 x 107
S. maritimus’ 1 120 8 400 40 8 0.3 8 0.97 0.072 5.4 x 107
S. tabernaemontani’-!! 120 9 700 - - - 0 0.13 0.042 -
S. alterniflora2-19 100 8 200 40 14 03 10 1.4 028 4.4 %1074
S. anglica®=1013.19-20 70 5 300 30 8 03 8 05 0015 54 %107

Parameters were chosen based on data sources marked upright to the species name, where the corresponding references are Ostendorp and Moller
(1991)!, Boar et al. (1999)%, Nada et al. (2015)3, Cho et al. (2017)4, Xi et al. (2017)°, Schaefer (2019)%, Heuner et al. (2015)7, Silinski et al. (2015)%,
Vuik et al. (2016)°, Vuik et al. (2018)'%, Schoutens et al. (2020)"!, Knutson et al. (1982)'2, Zhi et al. (2007)'3, Feagin et al. (2011)", Ysebaert et al.
(2011)®, Yang et al. (2012)'6, Jadhav and Chen (2013)', Wu et al. (2016)'8, Rupprecht (2015)'®, Maricle et al. (2009)*°. Note that the leaf width
was the width at leaf base. S. maritimus has a triangular cross section shape and the diameter listed in the table is the length of each side.
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Fig. 13. (a) The simplified model (Eq. (14)) predicted drag force on a single plant for five marsh species for h = 0.2 to 3 m, wave period of 4 s,
and wave amplitude a,, = 0.2 h. (b) Drag force generated by unit area marsh meadow with the density of plants N listed in Table 3. Open symbols
correspond to emergent plant conditions, and filled symbols correspond to submerged plant conditions.

As expected, the drag on an individual plant (Fig. 13a) depends on the plant morphology. Phragmites australis (circles),
with many big leaves, greatest rigidity, and greatest plant height, experienced the highest drag force. In contrast, the
short, flexible Scirpus tabernaemontani (diamonds) with no leaves, experienced much smaller drag, just 10% to 50% the
drag on Phragmites australis. The Spartina alterniflora (upward-pointing triangles) fell in between these two extremes.

Water depth had a significant influence on the plant drag (Fig. 13a). Drag increased rapidly with depth when the plant
was emergent (open symbols) and increased more slowly once the plant was submerged (filled symbols). The continued
increase in drag once the plant was submerged was due to the assumption that wave amplitude was linked to water
depth, which is consistent with field observations. Under small water depths (h < 0.4 m), only a few leaves on the
leaved species contributed to the plant drag, such that Fy e differed by only 5% between the leaved Scirpus maritimus
(downward-pointing triangles) and the Scirpus tabernaemontani (diamonds) with no leaves. However, for h > 1.4 m both
species were submerged and the contribution of leaves significantly increased the drag on Scirpus maritimus, relative to
the Scirpus tabernaemontani without leaves. Specifically, drag on Scirpus maritimus was 167% greater than that of Scirpus
tabernaemontani for h > 1.4 m.

Plant shoot density is also important when calculating the total force generated per bed area within a marsh and
hence the wave damping potential (Fig. 13b). When the shoot density was considered, the order of species in terms of
plant drag per bed area (Fig. 13b) was shifted relative to the ordering of species in terms of drag on an individual plant
(Fig. 13a). For example, Fy gy for an individual Scirpus maritimus (downward triangle) was 1/2 of that for an individual
Spartina alterniflora (upward triangle), but the drag per unit bed area in Scirpus marsh was 6% greater than that of Spartina
alterniflora marsh. This highlights the importance of marsh plant density, in addition to plant morphology.

The model can also be used to explore the previous suggestion that biomass and plant surface area can provide a
prediction of wave damping (Friedland and Denny, 1995; Paul et al., 2012, 2016; Rupprecht, 2015). To explore this point,
the biomass and the total surface area of each species were estimated for h = 2 m with a constant plant material density
pp = 1000 kg/m? for all species. The biomass was calculated as plant volume times material density. The surface area was
calculated as the sum of stem frontal area and one-sided leaf area. The plant surface area had a strong positive correlation
to the predicted plant drag per unit bed area (Fig. 14), R? = 0.95, but the biomass did not have a significant correlation
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Fig. 14. Plant drag per unit area versus (a) plant biomass and (b) plant surface area per unit bed area for h = 2 m and all species were submerged.
The correlation between the drag per unit area to biomass and to surface area per unit area are 0.001 and 0.95, respectively.

to the drag per unit bed. For example, at h = 2 m, Scirpus tabernaemontani (diamond) had 8 times the biomass of Spartina
anglica (square) but only a 10% difference in drag per unit bed. However, if one only makes comparison among plants
with the same morphology, biomass understandably showed a significant correlation with drag per unit area. Specifically,
R? = 0.94 between biomass and drag per unit bed area if only Phragmites australis (circle), Spartina alterniflora (upward-
pointing triangle), and Spartina anglica (square) are considered, because these species have similar morphology (multiple
leaves and one circular stem).

Recent studies have suggested that plants with different morphology grow within different ecological niches within a
marsh because of the difference in their exposure to wave drag. For example, Scirpus tabernaemontani grows directly
adjacent to the shore-ward edge of the marsh, while Scirpus maritimus grows more land-ward (Heuner et al.,, 2015;
Schoutens et al,, 2020). Schoutens et al. (2020) revealed that the greater flexibility and absence of leaves in Scirpus
tabernaemontani gives it an advantage in the region of stronger waves at the edge of the marsh, because its morphological
traits result in less drag on individual plants. This was confirmed by our model predictions, which showed that for the
same wave conditions, the drag on an individual Scirpus tabernaemontani was less than Scirpus maritimus (Fig. 14a).
Schoutens et al. (2020) suggested that following cooperative feedback between plants. The band of Scirpus tabernaemontani
at the marsh edge reduces the wave condition inland, creating conditions where a plant with greater frontal area, such
as Scirpus maritimus, can survive.

6. Conclusion

Nature-based solutions for coastal resilience involve the engineering and management of coastal marshes as a first line
of defense against coastal flooding. A key component of this defense is the attenuation of waves. This study developed
a theoretic model to describe the motion of and drag on marsh plants with leaves distributed along a central stem.
Experiments with live and plastic mimics supported the leaf and stem components of the model, as well as the full
plant model. For the tested conditions, the leaves contribute more than 70% of the plant drag. Because the leaves are
distributed uniformly along the stem, the drag force per plant length was not a function of submergence depth. The
model and experiments together confirmed that the plant geometric and mechanical properties, including the number of
leaves, leaf length, width, and thickness, stem length and diameter, and the elastic modulus of the leaf and stem, are all
factors that affect the wave induced motion of and drag on a marsh plant. To make precise prediction on wave attenuation,
these plant properties have to be considered. Finally, a simplified prediction of marsh plant drag based on previous scaling
laws for individual element reconfiguration was developed and validated. The simplified model provides a useful tool for
assessing wave dissipation in the field, but which also reflects the reconfiguration and morphology of the plant.
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Appendix. The symbols used in this paper

Frontal area

Wave excursion (wave orbital radius)
Wave amplitude

Buoyancy number

Width of the blade or leaf

Wave Cauchy number

Drag coefficient

Skin friction coefficient

Inertial coefficient

Added mass coefficient

Sheltering coefficient

Thickness of the blade or leaf

Stem diameter

Natural logarithm constant

Young's modulus

Force on plant

The added mass force per unit length
The buoyancy force per unit length
Drag force on plant

The drag force per unit length

The skin friction per unit length
Force per stem length due to leaf
Sampling frequency

The virtual buoyancy per unit length
Gravitational acceleration

Water depth

Submerged plant height

Second moment of area
Keulegan-Carpenter number

Blade length

Ratio of blade length to wave excursion
Effective plant length

Number of leaves per stem
Number of stems per unit bed area
Curved coordinate along plant
Time

Tension

Leaf exerted force on the stem-parallel direction

Wave period
Fluid velocity
Orbital wave velocity
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1% The restoring force due to plant stiffness

Vi Leaf exerted force on the stem-normal direction
X Coordinates in Cartesian coordinate system

o Angle between leaf and stem

0 Angle between plant and vertical

n Water free surface displacement

1) Wave angular frequency

b4 Constant 3.1415926

0 Density of water

Op Density of the plant

Ap The difference in density between water and plant
y Number of phase bins in one wave period

¢ Phase

Subscript

l Parameter associated with leaf

S Parameter associated with stem

R Relative parameter between flow and the plant
r Parameter associated with rigid plant

max Maximum value of the parameter

Other

0 Tilde denotes complex variable in x and z direction
(3 Hat denotes dimensionless parameter

(V) Check denotes phase averaged variable

R() Denotes the real component

30) Denotes the imaginary component

0] Absolute value
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