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Abstract 

This study considered how the presence of current impacted wave dissipation within a meadow of 

flexible marsh plants. A wave damping model was developed from a prediction of current- and 

wave-induced force on individual plants. The model was validated with laboratory experiments. 

Wave decay was measured over a meadow of flexible model plants geometrically similar to 

Spartina alterniflora with and without a following current. Consisted with previous observations, 

the wave energy dissipation depended on the ratio of current velocity (𝑈𝑐) to wave velocity (𝑈𝑤). 

Compared to the same pure wave condition, wave energy dissipation was enhanced by large 

𝑈𝑐/𝑈𝑤 but can be decreased for small 𝑈𝑐/𝑈𝑤. Once validated, the wave damping model was used 

to explore a wider range of wave, current, and meadow conditions in order to illustrate the 

influence of reconfiguration on wave forces; the impact of current on wave group velocity; and the 

modification of in-canopy time-mean and wave orbital velocity associated with canopy drag.  
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1 Introduction 1 

Salt marshes are efficient in dissipating wave energy [1–3], reducing current [4,5], and decreasing 2 

flood magnitude [6]. For example, coastal marshes reduced flood damage associated with 3 

Hurricane Sandy by 625 million [7]. The dissipation of hydrodynamic energy can reduce 4 

erosion [8] and promote sedimentation inside marshes [9], which is a feedback needed to maintain 5 

marshes through sea-level rise. The combined effects of vegetation-flow-sediment interaction 6 

make salt marsh a natural defense against stronger and more frequent coastal storm events brought 7 

by climate change [10–13]. Coastal managers are advocating for the restoration and management 8 

of marshes as natural infrastructure [10–13]. However, accurate methods for estimating the value 9 

of marsh coastal defense are needed to facilitate shifts in policy and management [14]. The goal 10 

of this work was to improve the prediction of wave dissipation by coastal marsh, which is an 11 

important element of the coastal defense function.  12 

Many previous studies have quantified wave dissipation without current by representing 13 

vegetation as rigid cylinders and fitting empirical drag coefficients [15–17]. However, these fitted 14 

drag coefficients cannot be confidently applied to other sites because their dependence on real 15 

plant morphology, mechanical properties, meadow density, and wave conditions is not clearly 16 

understood. Marsh plants are flexible and thus can bend in response to current and move 17 

continuously with waves, both of which are called reconfiguration, which reduces the frontal area 18 

and decreases the relative velocity between the plant and the fluid, both of which reduce the force 19 

on the flexible plant compared to a rigid plant of the same morphology [18,19]. The reduction in 20 

drag on individual plants decreases the wave dissipation by a meadow of plants [20,21]. The wave-21 

induced force on a flexible plant element, 𝐹𝑑 , can be described by two dimensionless 22 

parameters [19], 23 

 
𝐹𝑑

𝐹𝑟
~(Ca𝐿)−1/4 (1) 24 

in which, 𝐹𝑟 is the force on a rigid plant with the same morphology. The Cauchy number Ca is the 25 

ratio of hydrodynamic force to restoring force due to plant rigidity. L is the ratio of plant length, 𝑙, 26 

to wave orbital excursion, 𝐴𝑤  (= 𝑈𝑤/𝜔 , with 𝑈𝑤  the wave orbital velocity and 𝜔  the wave 27 

angular frequency).  28 
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 Ca =
𝜌𝐴𝑈𝑚𝑎𝑥

2

𝐸𝐼/𝑙2
 (2) 29 

 𝐿 =
𝑙

𝐴𝑤
 (3) 30 

Here, 𝜌 is the water density, 𝐴 is the frontal area. 𝐸 is the elastic modulus. 𝐼 is the second moment 31 

of area. 𝑈𝑚𝑎𝑥  is the maximum horizontal velocity. Note that [19] defined the Cauchy number 32 

using the wave velocity, 𝑈𝑤, but in this study Eq. 2 was adapted for conditions with combined 33 

waves and current using 𝑈𝑚𝑎𝑥 = 𝑈𝑤 + 𝑈𝑐, with current 𝑈𝑐. The scaling Eq. 1 is theoretically 34 

valid for CaL > 1 and L >> 1 [19,22,23] and experimentally shown to work for Ca > 1 and L > 35 

0.5 [21,24]. Based on this, Eq. 1 was used for L > 1 and CaL > 1 in this study, but for CaL < 1 the 36 

plant drag reduction is negligible, i.e., 𝐹𝑑 = 𝐹𝑟. For marsh plants, buoyancy does not significantly 37 

impact plant posture [25] and will not be considered in this study.   38 

Unlike most previous studies, we consider the real morphology of marsh plants, which are 39 

composed of flexible leaves and a comparatively more rigid stem, both of which have been noted 40 

to contribute to wave damping [26,27]. The geometry and flexibility of marsh plants vary between 41 

species and can depend on the hydrodynamic environment [28]. The leaves often contribute most 42 

of the wave drag due to their greater frontal area compared to the stem [25]. The impact of 43 

reconfiguration on both the leaf and stem drag can be captured by the scale law shown in Eq. 1, 44 

through which the impact of reconfiguration on the full plant drag has been predicted [25].   45 

In many situations, waves are accompanied by current, but a handful of studies have 46 

considered wave damping by plants under the influence of current (Table 1). Studies using rigid 47 

cylinders [29–31] suggest that when current is present, wave dissipation can be increased or 48 

decreased compared to pure waves, depending on the current direction and ratio of current to wave 49 

velocity, 𝑈𝑐/𝑈𝑤. Specifically, with following currents (propagating in the same direction as the 50 

wave), wave dissipation increased when 𝑈𝑐/𝑈𝑤 was larger than a transition value, but decreased 51 

when 𝑈𝑐/𝑈𝑤  was smaller than the transition value [29,31]. Opposing currents was reported to 52 

increase the wave damping [31]. An increase in wave damping under opposing currents was also 53 

observed in experiments with live marsh plants [32–34]. However, a following current decreased 54 

wave damping by flexible mimics of seagrass for 𝑈𝑐/𝑈𝑤 < 0.5 [35] and by live marsh plants for 55 

𝑈𝑐/𝑈𝑤 = 0.5 to 1.5 [32–34]. Based on field measurements, [36] showed that wave damping at 56 
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comparable water depths during ebb tide (opposing current) was smaller than under flood tide 57 

(following current), which contradicted the previous observations that an opposing current 58 

enhanced wave dissipation [31,33]. While these studies bring attention to the effect of current on 59 

wave damping, they did not consider in detail the role of plant flexibility or leaf structure. The goal 60 

of this study was to consider all three factors: flexibility, leaves, and current; and to develop a 61 

predictive model that reflects all three, which has not, to the authors knowledge, been done before.   62 

Table 1. Previous studies of wave dissipation by vegetation under the influence of current. Subscripts l and 63 
s denote leaf and stem, respectively. 𝐷 is stem diameter, 𝑏 is leaf width. 𝐸 is elastic modulus. 𝑁𝑠 and 𝑁𝑙 64 
are plants/m2 and number of leaves per plant, respectively. 65 

Publication Vegetation properties 𝑈𝑐/𝑈𝑤 Current  Wave  Main results 

Li and Yan [30] 
Flume, semirigid rubber rods 

𝑁𝑠=1111, 𝑙𝑠=15 cm, 𝐷=6, 8 mm 
1.5-3.5 following  regular 

following current increased wave 

dissipation 

Paul et al. [35] 

Flume, flexible and stiff mimics 

𝑁𝑠=500 to 80002, 𝑙𝑙=10, 15, 30 

cm, 𝑏=1.8, 2.2 mm 

< 0.5 following  regular 
following current reduced wave 

dissipation 

Hu et al. [29] 

Flume, rigid cylinders 

𝑁𝑠=62, 139, and 556, 𝑙𝑠=36 cm, 

𝐷=1 cm 

0-5.4 following  regular 

following current increased wave 

dissipation for 𝑈𝑐/𝑈𝑤 > 0.65 to 

1.25, otherwise decreased 

Lara et al. [32] 

Losada et 

al. [33] 

Maza et al. [34] 

Flume, live Puccinellia maritima 

𝑁𝑠=2436, 1389, and 877, 𝑙𝑠=47 

cm, Es=13 MPa, 𝑙𝑙=23 cm, 𝑏=0.3 

cm, 𝑁𝑙=5.5, 𝐸𝑙=7.8 MPa 

Flume, live Spartina anglica  

𝑁𝑠=729 and 430, 𝑙𝑠=28 cm, 

𝐸𝑠=164 MPa, 𝑙𝑙=18 cm, 𝑏=0.6 

cm, 𝑁𝑙=5, 𝐸𝑙=78 MPa 

0.5-1.4 

following 

and 

opposing  

regular 

and 

irregular 

opposing current increased and 

following current decreased 

wave dissipation 

Garzon et 

al. [36] 

Field, Spartina  

𝑁𝑠=344, 𝑙𝑠=71 cm, 𝐷=5 mm 
0.4-3.3 

alongshore 

and tidal  
irregular 

following current, associated 

with higher incoming wave 

height, exhibited greater wave 

dissipation than opposing current  

Yin et al. [31] 
Flume, rigid cylinders  

𝑁𝑠=399, 𝑙𝑠=70 cm, 𝐷=2 cm. 
0-2.7 

following 

and 

opposing  

regular 

following current decreased 

wave dissipation for 𝑈𝑐/𝑈𝑤 < 

0.37 to 1.54, otherwise increased, 

opposing current increased wave 

dissipation to greater extent 

Zhao et al. [37] 
Flume, rigid cylinders 

𝑁𝑠=278, 𝑙𝑠=60 cm, 𝐷=5 mm 
0.2-1.2 

following 

and 

opposing  

solitary 

following current increased wave 

dissipation, opposing current 

increased (decreased) wave 

dissipation for large (small) 

𝑈𝑐/𝑈𝑤 
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2 Prediction of wave dissipation in presence on current 66 

2.1 Force on a marsh plant 67 

Marsh plants consist of 𝑁𝑙 flexible leaves distributed around and along a flexible stem. For 68 

pure wave conditions, wave-induced force on a marsh plant, 𝐹𝑑, can be represented by the sum of 69 

forces on leaves and stem, each of which obey Eq. 1 [25].  70 

 
𝐹𝑑(𝑡) = 𝐹𝑟,𝑙(𝑡){𝐶𝑠𝑁𝑙𝐾𝑙(Ca𝑙𝐿𝑙)

−1/4}⏟                
𝐹𝑙(𝑡) leaf force

+ 𝐹𝑟,𝑠(𝑡){𝐾𝑠(Ca𝑠𝐿𝑠)
−1/4}⏟              

𝐹𝑠(𝑡) 𝑠tem force
 (4) 71 

in which 𝐹𝑟,𝑙 and 𝐹𝑟,𝑠 are the time-varying forces on a rigid leaf and stem, respectively. Subscript l 72 

and s denote variables for leaf and stem, respectively. The Cauchy number and length ratio are 73 

defined for a flat leaf (Ca𝑙 , 𝐿𝑙) and cylindrical stem (Ca𝑠 , 𝐿𝑠) as in Eqs. 2 and 3, using their 74 

respective dimensions. The sheltering coefficient 𝐶𝑠 quantifies the reduction in leaf force due to 75 

sheltering from other leaves and the stem. 𝐶𝑠  = 0.6 was determined experimentally [25]. 𝐾𝑙  = 76 

1 [21] and 𝐾𝑠 = 1.2 [38] are constants related to structure geometry. The force on a rigid vertical 77 

circular stem 𝐹𝑟,𝑠 and a rigid vertical flat leaf 𝐹𝑟,𝑙 are, respectively.  78 

 𝐹𝑟,𝑠(𝑡)  =
1

2
𝜌𝐶𝐷,𝑠𝐷𝑙𝑠|𝑈(𝑡)|𝑈(𝑡) + 𝜌𝐶𝑀,𝑠

𝜋𝐷2

4
𝑙𝑠
𝜕𝑈(𝑡)

𝜕𝑡
 (5a) 79 

 𝐹𝑟,𝑙(𝑡)  =
1

2
𝜌𝐶𝐷,𝑙𝑏𝑙𝑙|𝑈(𝑡)|𝑈(𝑡) + 𝜌𝐶𝑀,𝑙𝑏𝑑𝑙𝑙

𝜕𝑈(𝑡)

𝜕𝑡
 (5b) 80 

in which 𝐶𝐷 and 𝐶𝑀 are the drag and inertial coefficients, respectively. 𝐷 is stem diameter, 𝑏 is 81 

leaf width, and d is leaf thickness. 𝑈 is the depth-averaged, time-varying horizontal fluid velocity 82 

within the canopy. The force predicted by Eqs. 4 and 5 was validated with measured force in pure 83 

waves [25]. 84 

An adaptation of Eqs. 4 and 5 was considered here for marsh plants exposed to combined 85 

waves and current such that velocity defining the plant force is  86 

 𝑈(𝑡) = 𝛼𝑐𝑈𝑐 + 𝛼𝑤𝑈𝑤cos (𝜔𝑡) (6) 87 

in which 𝛼𝑐 and 𝛼𝑤 are coefficients represent the impact of meadow on the in-canopy time-mean 88 

current (𝛼𝑐𝑈𝑐) and the in-canopy wave orbital velocity (𝛼𝑤𝑈𝑤), in comparison to the depth average 89 

current 𝑈𝑐 (defined over h) and wave velocity 𝑈𝑤 (defined over ℎ𝑝 = min(ℎ, 𝑙𝑠 + 𝑙𝑙)) unaffected 90 

by the plants, respectively (Fig. 1). Based on linear-wave theory 91 

 𝑈𝑤  =
1

ℎ𝑝
 ∫ 𝑎𝑤𝜔

cosh𝑘𝑧

sinh𝑘ℎ
𝑑𝑧

ℎ𝑝

0  (7) 92 
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in which 𝑘 is the wave number.  93 

 94 

 95 

Fig. 1. Light and dark green plants represent positions at trough and crest, respectively.  Due to canopy 96 
resistance, in-canopy time-mean current (𝛼𝑐𝑈𝑐) and wave orbital velocity (𝛼𝑤𝑈𝑤) are reduced compared 97 
to imposed current (𝑈𝑐, defined over h) and wave orbital velocity (𝑈𝑤, defined over the erect plant height 98 
ℎ𝑝, Eq. 7). The reduction in canopy height (ℎ𝑑) due to reconfiguration feeds back to 𝛼𝑐𝑈𝑐 and 𝛼𝑤𝑈𝑤 by 99 
changing the in-canopy solid volume fraction and plant force per unit volume of in-canopy fluid. 100 
 101 

Within a submerged canopy, the time-mean current [39,40] and wave orbital velocity [41,42] 102 

can be reduced by canopy drag, i.e., 𝛼𝑐 < 1 and 𝛼𝑤 < 1, respectively (Fig. 1). Experimental 103 

measurements suggest that 𝛼𝑐  and 𝛼𝑤  are not co-dependent [41], so that 𝛼𝑐  and 𝛼𝑤  can be 104 

predicted separately. Specifically, 𝛼𝑐 can be predicted by solving Eqs. 18 to 20 in [39] with the 105 

plant force predicted by Eq. 4. 𝛼𝑤 can be predicted by solving the 2-box momentum model (Eq. 106 

1.3 in  [42]). Due to reconfiguration, the canopy height represented by the time-mean plant height, 107 

ℎ𝑑 , is a function of in-canopy current 𝛼𝑐𝑈𝑐 , which in turn modifies 𝛼𝑐  and 𝛼𝑤  (Fig. 1). 108 

Consequently, ℎ𝑑  and 𝛼𝑐  must be predicted iteratively with ℎ𝑑  estimated using Eq. 4 in [43], 109 

which was used to predict 𝛼𝑤. The details of in-canopy velocity prediction are described in the 110 

Supplemental Material [44].  111 

Finally, the maximum fluid velocity in the canopy, 112 

 𝑈𝑚𝑎𝑥 = 𝛼𝑐|𝑈𝑐| + 𝛼𝑤𝑈𝑤 (8) 113 

was used to define 𝐶𝑎𝑙 and 𝐶𝑎𝑠 in Eq. 4, and to define the drag and inertial coefficients in Eq. 5 114 

from their measured dependence on Keulegan and Carpenter number (KC) [45], following Fig. 1 115 
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in [46], but with KC defined using 𝑈𝑚𝑎𝑥 (KC𝑙 = 𝑈𝑚𝑎𝑥𝑇𝑤/𝑏 for a flat leaf and KC𝑠 = 𝑈𝑚𝑎𝑥𝑇𝑤/𝐷 116 

for a circular stem, with 𝑇𝑤 the wave period). Supporting this, a previous study showed that drag 117 

coefficients for combined waves and current followed the same dependence as pure waves, with 118 

KC defined by the maximum horizontal velocity [47]. The modified version of Eqs. 4 and 5 for 119 

combined waves and current was validated using force measurements on a single plant [48]. An 120 

example is included in the Supplemental Material [44].  121 

 122 

2.2 Wave Dissipation 123 

Assuming no interaction between plants, the force on an individual plant (Eqs. 4 to 8) can be used 124 

to estimate the energy dissipation within a meadow of 𝑁𝑠 plants per bed area. If energy dissipation 125 

is due only to the work done by the force on the plant, 𝐹𝑑, the rate of energy dissipation is [49],  126 

 𝐸𝐷 = 𝐸𝑝𝑙𝑎𝑛𝑡 =
1

𝑇𝑤
∫ 𝑁𝑠𝐹𝑑𝑈𝑑𝑡
𝑇𝑤

𝑡=0
  (9) 127 

The total dissipation rate 𝐸𝐷 can be divided into wave energy dissipation, 𝐸𝐷,𝑤, and current 128 

dissipation, 𝐸𝐷,𝑐. Following [29] and [30], the current energy dissipation can be estimated from 129 

the in-canopy, time-mean velocity 𝑈𝑚 (= 𝛼𝑐𝑈𝑐)  and current-induced force, 130 

 𝐸𝐷,𝑐 = 𝑁𝑠𝐹𝑐𝑈𝑚 (10) 131 

The current-induced force within the canopy, 𝐹𝑐, was estimated assuming that the time-average 132 

drag coefficient for a flexible meadow could be inferred from the predicted maximum force and 133 

maximum velocity, |𝐹𝑑|𝑚𝑎𝑥/𝑈𝑚𝑎𝑥
2, 134 

 |𝐹𝑐| =
|𝐹𝑑|𝑚𝑎𝑥

𝑈𝑚𝑎𝑥
2 𝑈𝑚

2
 (11) 135 

The wave energy dissipation is then, 136 

 𝐸𝐷,𝑤 = 𝐸𝐷 − 𝐸𝐷,𝑐 = −𝐶𝑔
𝜕(
1

2
𝜌𝑔𝑎𝑤

2)

𝜕𝑥
  (12) 137 

in which 𝐶𝑔 is the wave group velocity, which can be modified by the current due to the Doppler 138 

effect [33], 139 

 𝐶𝑔 = 𝐶𝑔,𝑐𝑤 = 𝑈𝑐 + 𝐶𝑔,𝑝𝑤 = 𝑈𝑐 +
1

2
(1 +

2𝑘ℎ

sinh(2𝑘ℎ)
)(
𝑔

𝑘
tanh (kh))1/2  (13) 140 

The subscripts 𝑐𝑤 and 𝑝𝑤 indicate combined current-wave conditions and pure wave conditions, 141 

respectively. Note that Eqs. 10 to 12 assume that nonlinear terms arising between the wave and 142 
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current contribute to wave dissipation. Using Eq. 12, the decay of wave amplitude along the 143 

meadow can be estimated progressively using step length 𝑑𝑥,  144 

 𝑎𝑤,𝑛𝑑𝑥 = √𝑎𝑤,(𝑛−1)𝑑𝑥
2 −

𝐸𝐷,𝑤𝑑𝑥

1/2𝜌𝑔𝐶𝑔
  (14) 145 

in which 𝑎𝑤,𝑛𝑑𝑥 is the wave amplitude at 𝑥 = 𝑛𝑑𝑥 from the meadow edge in the direction of wave 146 

propagation. Starting from the wave amplitude 𝑎𝑤,0 at the marsh edge (𝑥 = 0), the wave amplitude 147 

(𝑎𝑤,𝑥) at each location 𝑥 = 𝑛𝑑𝑥, 𝑛 = 1:𝑁, was estimated by marching through the following 148 

steps. Eq. 4 predicted 𝐹𝑑(t), which was used in Eqs. 9 to 12 to obtain the wave energy dissipation 149 

rate, 𝐸𝐷,𝑤, which was used in Eq. 14 to predict the wave amplitude at the next position in the 150 

meadow, 𝑎𝑤,𝑛𝑑𝑥. The step size 𝑑𝑥 was decreased until its value had no impact on the solution, 151 

which was satisfied by 𝑑𝑥 = 0.1 m (<< 1/5 wavelength).  152 

To facilitate comparison amongst many cases, the amplitude decay was converted to a 153 

coefficient of spatial wave decay, 𝐾𝐷, as defined in [50],  154 

 
𝑎𝑤,𝑥

𝑎𝑤,0
=

1

1+𝐾𝐷𝑎𝑤,0𝑥
  (15) 155 

Specifically,  156 

 𝐾𝐷 =
1

𝑁𝑑𝑥
(1/𝑎𝑤,𝑁𝑑𝑥 − 1/𝑎𝑤,0)   (16) 157 

with 𝑎𝑤,0  and 𝑎𝑤,𝑥  the wave amplitude measured at the leading edge of the meadow and at 158 

distance 𝑥 from the leading edge, respectively.  159 

The predicted wave dissipation was validated against measurements in a meadow of model 160 

plants, see section 4.2.  After validation, the model was used to explore a wider range of conditions, 161 

including both following and opposing current with 𝑈𝑐/𝑈𝑤 =  -5 to 5 and for varying plant 162 

flexibility and plant morphology, see section 5. Predicted 𝐾𝐷 shown in section 5 were evaluated 163 

over a distance of one wave length for meadow density 𝑁𝑠 = 280 plants/m2, with an erect height 164 

of 0.6 m in water depth ℎ = 1 m. The wave amplitude 𝑎𝑤,0 = 0.1 m, and wave period 𝑇𝑤 = 2 s, 165 

which correspond to 𝑈𝑤 = 22.5 cm/s and wavelength = 5.2 m were kept constants.  166 

 167 

3 Experimental Measurements 168 

Model plants were constructed with 10 leaves (10 cm long, 3 mm wide, and 0.12 mm thick) and a 169 

central stem (20 cm long and 2 mm diameter, Fig. 2a). The model plants are geometrically (1:5) 170 
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and dynamically similar to Spartina alterniflora [17]. The material density and the elastic modulus 171 

were 1.35 g/cm3 and 4.8 GPa for the leaf, and 1.06 g/cm3 and 1.72 GPa for the stem, 172 

respectively [25]. The plants were arranged in a staggered pattern (Fig. 2b) to construct a 3.8 m 173 

long meadow with shoot density of 𝑁𝑠 = 280 plants/m2 and a fully-erect height of 30 cm. 174 

 175 

 176 

Fig. 2. a) Model Spartina alterniflora. b) Arrangement of plants (filled circles) within the staggered 177 
baseboard holes (open circles). Red plus signs are the locations of velocity profiles inside the meadow. 178 

 179 

The meadow was installed in a recirculating flume that is 24-m long and 38-cm wide (Fig. 3). 180 

A beach with 1:5 slope and covered with 10-cm thick coconut fiber mats reduced wave reflection 181 

to 7% ± 3%. To allow the current to pass, two wooden bricks elevated the toe of the beach 9 cm 182 

above the bed. Three water depths (18, 27, and 40 cm) produced emergent and submerged 183 

conditions. Four wave amplitudes and two current velocities were tested (Table 2). The current 184 

and wave conditions were chosen to cover a range of Cauchy number Ca and Length ratio L 185 

observed in the field. Dynamic similarity was achieved by matching Ca (ratio of hydrodynamic 186 

force to plant restoring force due to rigidity). Similarly, the kinematic similarity was achieved by 187 

matching L (ratio of plant element length to wave orbital excursion). The wave decay over the 188 

meadow was measured for both pure waves (8 cases) and waves with current (16 cases). 189 

Parameters for each case are summarized in Table S1 in the Supplemental Material [44]. 190 
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 191 

Fig. 3. Schematic of experiment setup, not to scale. The wave paddle and current inlet are located at the left 192 
and the beach to the right. Free surface displacement was simultaneously measured at a fixed position (wave 193 
gage 1) and multiple positions along the meadow (wave gage 2). A Nortek Vectrino+ measured velocity 194 
profiles 2-m upstream of the meadow (P1) and one wave length into meadow (P2). 195 
 196 
Table 2. Experimental conditions: current (𝑈𝑐), wave amplitude (𝑎𝑤), water depth (ℎ), and wave orbital 197 
velocity, 𝑈𝑤. The wave frequency was 0.7 Hz. Pure wave and pure current cases given with notation Wi 198 
(ith wave condition) and Cj (jth current condition), respectively. Combined cases given with notation WiCj 199 
through the paper.  200 

Current case 𝑈𝑐 ± 0.4 cm/s Wave case ℎ (cm) 𝑎𝑤 ±0.1 cm/s 𝑈𝑤 ±1 cm/s 

C1 4.7 W1 18 1.0 6 

C2 7.8 W2 18 2.2 15 

  W3 27 1.0 5.5 

  W4 27 2.2 11 

  W5 27 3.2 15 

  W6 40 2.2 9 

  W7 40 3.2 13 

  W8 40 4.0 16 

 201 

Two wave gages were synchronized to measure the free surface displacement at a reference 202 

position 4-m upstream of the meadow (wave gage 1) and at a mobile position along the meadow 203 

(wave gage 2). During each experiment (about 90 min), the wave amplitude at wave gage 1 varied 204 

by less than 3%, confirming stationary wave conditions. The wave amplitude measured by wave 205 

gage 1 is listed in Table 2. Wave gage 2 collected data at 10 cm intervals along the meadow. At 206 

each position, free surface displacement, 𝜂(𝑡), was recorded at 2000 Hz for 1 min. Additional 207 
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measurements of wave amplitude were made without plants to assess wave decay associated with 208 

the channel wall and baseboard alone. The phase-averaged surface displacement, �̂� , was 209 

determined following the method in [25]. The wave amplitude 𝑎𝑤 was calculated from the root-210 

mean-square of phase-averaged surface displacement, 𝑎𝑤 = √2  �̂�𝑟𝑚𝑠 211 

The spatial evolution of wave amplitude reflected the sum of the incoming wave and the 212 

beach-reflected wave, resulting in an amplitude modulation at an interval of λ/2 (with wavelength 213 

λ, e.g., Fig. 4). Solving Eq. 15 for 𝑎𝑤,𝑥 and accounting for the wave modulation, the wave decay 214 

coefficient 𝐾𝐷 was estimated by fitting the measured amplitude to the following [21], 215 

 
1

𝑎𝑤,𝑥
= 𝐾𝐷𝑥 + 𝐶1 cos(2𝑘𝑥 + 𝜖) + 𝐶2 (17) 216 

in which 𝑘 = 2𝜋/𝜆 is the wavenumber, and 𝜖, 𝐶1, and 𝐶2 are fitting parameters. Examples are 217 

shown in Fig. 4. Wave amplitude along the meadow were summarized in Table S3 in Supplemental 218 

Material [44]. Wave decay attributed to plants (𝐾𝐷, Table S1 in Supplemental Material [44]) was 219 

obtained by subtracting the decay coefficient obtained in the flume without plants.  220 

  221 

Fig. 4. Measured wave amplitude (symbols) starting from meadow leading edge (x = 0) and Eq. 17 (curves) 222 
for W6 (pure wave), W6C1 (wave 6 + current 1), and W6C2 (wave 6 + current 2). Based on fitted Eq. 17, 223 
𝐾𝐷 = 1.24 ± 0.05, 1.51 ± 0.08, and 1.52 ± 0.11 m-2 with 95% CI, respectively. 224 

Nortek Vectrino+ were used to measure vertical profiles of velocity with 1 to 2 cm vertical 225 

resolution at 2-m in front of and one wave length inside the meadow (Fig. 3). In front of the 226 

meadow velocity was measured at the flume centerline. Inside the meadow velocity was measured 227 

at five lateral locations to capture plant-scale heterogeneity (red pluses in Fig. 2b). At each 228 

measurement point, the Vectrino+ recorded a 1-min record at 200 Hz. Each velocity record was 229 
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separated into phase bins, de-spiked within each phase bin using the methods described in [51,52], 230 

and quality checked by the signal to noise ratio. The velocity within each phase-bin was averaged 231 

to produce the phase-averaged velocity �̌�(𝜙), which contained both wave and current components. 232 

The time mean velocity 𝑢𝑚 was defined as the average of �̌�(𝜙),  233 

 𝑢𝑚 =
1

2𝜋
∫ �̌�(𝜙)𝑑𝜙
2𝜋

0
 (18) 234 

The phase averaged wave velocity �̌�𝑤(𝜙) = �̌�(𝜙) − 𝑢𝑚 , from which the magnitude of wave 235 

orbital velocity was estimated as 236 

 𝑢𝑤 = √2
1

2𝜋
∫ (�̌�𝑤(𝜙))2𝑑𝜙
2𝜋

0
 (19) 237 

The vertical average within the canopy of the time-mean and wave orbital velocity were 238 

denoted by 𝑈𝑚 and 𝑈𝑤, respectively. For submerged conditions, velocity was measured over the 239 

entire plant height, and 𝑈𝑚  was the depth-averaged time-mean velocity over ℎ𝑝  at P2. For 240 

emergent conditions, the Vectrino could not measure the uppermost 5-cm of canopy. Since the 241 

canopy solid volume fraction was small, 𝑈𝑚 at P1 and P2 were essentially the same for emergent 242 

cases, such that 𝑈𝑚 was estimated at P1, which had a more uniform velocity profile (compared to 243 

P2). Finally, for comparison, the velocity was also measured under pure current, for which 𝑢𝑚 was 244 

defined with time average only. For pure current, the time-mean, depth-averaged velocity over the 245 

water depth at P1 (2-m upstream of the canopy) defined the imposed current, 𝑈𝑐. When waves 246 

were present, 𝑈𝑚 was smaller than 𝑈𝑐 (Table 2) by an amount that equals the Stokes drift [53]. 247 

4 Experimental Results and Model Validation 248 

4.1 Flow structure  249 

Because wave dissipation will depend on the velocity within the canopy, we must first understand 250 

how the canopy drag influences the current and wave velocity structure. Comparing to the profiles 251 

measured in the bare channel upstream of the meadow (black symbols in Fig. 5), the meadow 252 

modified the time-mean velocity, but had little influence on the wave orbital velocity (red symbols 253 

Fig. 5). First, under pure current (top row in Fig. 5), the velocity in the meadow was increased near 254 

the bed 𝑧 < 12 cm, where the frontal area was smaller. An inverse relation between velocity and 255 

frontal area has also been reported in previous studies [54–56]. When the plants were submerged, 256 

the in-canopy velocity (red circles) was reduced, compared to the bare channel (black circles), 257 
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because flow was diverted above the meadow (Fig. 5a3). This shape of velocity profile has also 258 

been observed in many previous papers, including submerged live Eurasian watermilfoil by 259 

Lopez [57] (see Fig. 1.1 in their paper).  260 

 261 

Fig. 5. The measured velocity for a) pure current (C2, 𝑈𝑐 = 7.8 cm/s), b) pure wave (𝑎𝑤 = 2.2 cm), and c) 262 
combined current and waves (𝑈𝑐 = 7.8 cm/s, 𝑎𝑤 = 2.2 cm), with each column a different water depth, ℎ =263 
18, 27, and 40 cm from left to right. The corresponding case names were shown on the top right of each 264 
subplot. Black symbols denote profile P1 (2-m in front of the meadow) and red symbols denote the average 265 
of five measurements at P2 (Fig. 2b), with horizontal bar indicating standard deviation of the five values. 266 
Circles are time-mean velocity. Squares and diamonds denote maximum and minimum velocity over the 267 
wave period, when waves were present. The horizontal solid and dashed lines indicate erect stem height 268 

and full plant height, ℎ𝑝. For the cases considered, the deflected canopy height ℎ𝑑 ≈ ℎ𝑝.  269 
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Second, for pure waves the in-canopy velocity (red symbols) was similar to that measured in 270 

front of the meadow (black symbols), and both were consistent with linear wave theory (Fig. 5b). 271 

Wave dissipation by the meadow resulted in slightly smaller wave velocity at P2 compared to P1.  272 

Third, for combined waves and current, the shape of the time-mean profile was similar to that 273 

observed for pure current (circles in Fig. 5a and c). Specifically, the near bed velocity was higher 274 

than the mean in-canopy velocity, and, for the submerged canopy, a shear-layer was formed 275 

starting at the top of the stem height (solid horizontal line). When the time-mean velocity was 276 

subtracted, the remaining velocity was consistent with the pure wave profile (linear wave profile), 277 

illustrating that the canopy modified the vertical distribution of time-mean current velocity, but 278 

had little impact on the wave orbital velocity. This was consistent with Lowe et al. [41], who 279 

described how plants are more efficient at attenuating current than waves with short wave orbital 280 

excursion. This observation also supports the assumption that waves did not significantly alter the 281 

momentum balance of the time-mean current, consistent with Eqs. 11 and 12. A summary of 282 

velocity measurements at P1 and P2 for all cases are listed in Table S2 in the Supplemental 283 

Material [44].  284 

 285 

4.2 Wave decay by marsh plants and model validation 286 

As a general trend, and specifically for 𝑈𝑐/𝑈𝑤 > 0.6, the measured wave decay increased as 287 

𝑈𝑐/𝑈𝑤 increased. However, for some small currents, the wave decay coefficient for combined 288 

current and waves, 𝐾𝐷 , was decreased compared to that for pure waves 𝐾𝐷,𝑝𝑤  (Fig. 6a). One 289 

example was shown in Fig. 5c, in which 𝑈𝑐/𝑈𝑤 increased from 0.6 to 0.9, and the associated wave 290 

decay increased from 𝐾𝐷/𝐾𝐷,𝑝𝑤 = 0.9 to 1.7. The decrease in wave dissipation was most apparent 291 

for the weaker current (squares in Fig. 6). A similar transition was observed for rigid canopies [29–292 

31]. Specifically, 𝐾𝐷/𝐾𝐷,𝑝𝑤 < 1 for 𝑈𝑐/𝑈𝑤 smaller than a transition value of 0.65 to 1.25 [29] and 293 

0.37 to 1.54 [31], but increased above pure wave ( 𝐾𝐷/𝐾𝐷,𝑝𝑤 > 1)  for higher following 294 

currents [29–31].  295 

The decay coefficient was predicted using Eqs. 10 to16, as described in Section 2 and using 296 

the measured 𝑈𝑚 and linear wave orbital velocity within the canopy, i.e., 𝛼𝑤 = 1. The predicted 297 

wave decay coefficients agreed with the measured values to within 17% ± 12% (± SD), with 298 
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𝐾𝐷(𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑) = (1.06 ± 0.08)𝐾𝐷(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)  (Fig. 6b). The measured wave decay 299 

coefficients are summarized in Table S1 in the Supplemental Material [44]. The model worked 300 

well for the emergent and near emergent cases, but underpredicted the submerged cases (to the left 301 

of the vertical line in Fig. 6b). This can be explained by a difference in the degree of vertical flow 302 

adjustment due to the canopy. For emergent cases there is little vertical flow adjustment (Fig 5a1 303 

and Fig 5c1), so that the in-canopy velocity profile can be established close to the leading edge 304 

and the vertically-averaged 𝑈𝑚 is representative of the current over the entire canopy height and 305 

length. However, for submerged cases, there is significant flow adjustment (Fig. 5a3 and Fig 5c3) 306 

as the in-canopy velocity decreases and above-canopy velocity increases over an adjustment 307 

length-scale proportional to the canopy height [39]. Consequently, for the submerged meadow, the 308 

measured 𝑈𝑚 at 𝑥 = 2.4 m (one wave length) underestimates the velocity near the leading edge. In 309 

addition, because of the shear-layer at the top of the submerged meadow (Fig 5a3 and 5c3), 𝑈𝑚 310 

underestimates the velocity in the upper canopy. The underestimation of in-canopy velocity could 311 

explain the underprediction of 𝐾𝐷. 312 

 313 

 314 

Fig. 6. a) The ratio of wave decay coefficient in combined currents and waves, 𝐾𝐷, to that in pure waves, 315 
𝐾𝐷,𝑝𝑤 plotted against 𝑈𝑐/𝑈𝑤. b) The predicted versus the measured wave decay coefficient 𝐾𝐷. Measured 316 
error indicates 95% CI for fitting method (Eq. 17). Predictions were estimated to have 20% uncertainty. 317 
The vertical line separates the submerged (left) to near emergent and emergent conditions (right). 318 
 319 
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5 Model exploration to illustrate mechanisms impacting wave dissipation by vegetation 320 

5.1 Impact of current  321 

To illustrate the different mechanisms impacting wave dissipation by vegetation, we first consider 322 

a meadow of rigid cylindrical stems with diameter 𝐷 = 5 mm. For pure waves, the predicted 𝐾𝐷 = 323 

0.13 m-2, which is included as a grey horizontal reference line in Fig. 7. First, consider the impact 324 

of a vertically-uniform current of magnitude 𝑈𝑐 (denoted “Uniform current”, dashed curve in Fig. 325 

7). For this case 𝐶𝑔 = 𝐶𝑔,𝑝𝑤, 𝛼𝑤 = 1, and 𝛼𝑐 = 1. With the uniform current, the wave dissipation 326 

increased symmetrically with increasing current magnitude |𝑈𝑐| for both opposing and following 327 

current. This makes sense, because adding current increased the total fluid velocity and thus plant 328 

force, resulting in a greater wave energy dissipation. Specifically, the wave dissipation with 329 

current, 𝐸𝐷,𝑤 = 𝐸𝐷 − 𝐸𝐷,𝑐 ~ |𝑈𝑚𝑎𝑥
3| − |𝑈𝑐

3| = |𝑈𝑤
3| + 3𝑈𝑤

2|𝑈𝑐| + 3𝑈𝑤𝑈𝑐
2
 (Eqs. 9 to 12), was 330 

always greater than energy dissipation for the same pure wave 𝐸𝐷,𝑤 ~|𝑈𝑤
3|.  331 

Second, additionally consider the impact of current on the group velocity (denoted “Group 332 

velocity”, solid curve in Fig. 7). For this case, the group velocity 𝐶𝑔 = 𝐶𝑔,𝑝𝑤 +𝑈𝑐 (Eq. 13), 𝛼𝑤 =333 

1, and 𝛼𝑐 = 1, in comparison to uniform current case (𝐶𝑔 = 𝐶𝑔,𝑝𝑤, 𝛼𝑤 = 1, and 𝛼𝑐 = 1). The 334 

increase in 𝐾𝐷 is now greater for an opposing current of the same magnitude. As illustrated in Eq. 335 

12, the group velocity, 𝐶𝑔, connects the time-rate of wave energy dissipation (𝐸𝐷,𝑤) to the spatial 336 

rate of wave energy dissipation (represented by 𝐾𝐷, Eq. 15). For the same |𝑈𝑐| (associated with 337 

the same 𝐸𝐷,𝑤), an opposing (following) current decreases (increases) 𝐶𝑔 (Eq. 13) and generates 338 

larger (smaller) 𝐾𝐷 (spatial rate of amplitude decay), which is shown by the asymmetric black 339 

curve in Fig. 7. A larger 𝐾𝐷 for an opposing current, compared to a following current, has been 340 

measured in meadows of rigid cylinders [31] and live Puccinellia maritima and Spartina 341 

anglica [32–34], however the role of group velocity was not previously identified.  342 

Finally, additionally consider the impact of the meadow-drag in reducing the in-canopy 343 

velocity magnitude (denoted “Meadow impact”, circles in Fig. 7). The reduction of in-canopy 344 

time-mean and wave velocity due to plant drag (Fig. 1), can both reduce the wave decay. For the 345 

conditions considered, 𝛼𝑤  = 0.96 and 𝛼𝑐  = 0.57, which reduced 𝐾𝐷  (circles) compared to the 346 

prediction made without considering the reduction of current within the meadow (𝛼𝑐 = 1, solid 347 

curve), which highlighted the importance of considering the in-canopy velocity. Note that the 348 
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meadow is more efficient in dissipating current than waves [41], with 𝛼𝑐 ≪ 1 but 𝛼𝑤 ≈ 1.  349 

 350 

    351 

Fig. 7. Wave decay coefficient 𝐾𝐷 versus velocity ratio for a meadow of rigid stems (𝑙𝑠 = 0.6 m, 𝐷 = 5 352 
mm, and 𝑁𝑠 = 280 stems/m2, ℎ = 1 m, 𝑎𝑤 = 0.1 m, and 𝑇𝑤 = 2 s). The different curves (see legend) 353 
consider different mechanism that influence wave dissipation. 354 
 355 

5.2 Impact of flexibility 356 

Continuing with the meadow of cylindrical stems, we next considered the impact of flexibility by 357 

varying the modulus 𝐸𝑠  = 0.01 GPa to 1 GPa (Fig. 8a), with the lowest value based on live 358 

Puccinellia maritime (𝐸𝑠 =0.013 GPa from [33]) and the upper value chosen to approach rigid 359 

behavior. Wave dissipation decreased with decreasing stem rigidity (decreasing 𝐸𝑠), and this was 360 

explained primarily by the reduction in plant force due to reconfiguration. Specifically, for each 361 

ten-fold decrease in 𝐸𝑠, 𝐶𝑎𝑠 increased ten-fold, which decreased the force by the reconfiguration 362 

factor (Ca𝑠𝐿𝑠)
−1/4 (see Eq. 4), i.e., by 10-1/4 = 0.56. Consistent with this, the curves of 𝐾𝐷 for 𝐸𝑠 = 363 

1, 0.1, and 0.01 GPa sequentially decreased in magnitude by factors of 0.45 to 0.58. Small 364 

deviations from the reconfiguration scaling (0.56) were due to coincident changes in the in-canopy 365 

velocity. Specifically, 𝛼𝑐 = 0.53 to 0.73 and 𝛼𝑤 = 0.86 to 0.99 across the different current and stem 366 

rigidity (see Fig. A.1 in the Supplemental Material [44]).  367 

 368 
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 369 

Fig. 8. Wave decay coefficient versus velocity ratio for a) meadow of stems with different stem rigidity, 370 
and b) plants with and without leaves. 𝑁𝑠 = 280  stems/m2, 𝑙𝑠 = 0.6  m, and 𝐷 = 5  mm with elastic 371 
modulus given in legend. Wave conditions were constant (ℎ = 1 m, 𝑎𝑤 = 0.1 m, and 𝑇𝑤 = 2 s). Full plants 372 
have 𝑁𝑙=10 leaves each 𝑙𝑙 = 0.3 m long, 𝑏 =10 mm width and, 𝑑 = 0.3 mm thick.  373 
 374 

5.3 Impact of leaves 375 

A full plant morphology was constructed by adding 𝑁𝑙 = 10 leaves to each stem, each with length 376 

𝑙𝑙 = 0.3 m, width 𝑏 = 10 mm, and thickness 𝑑 = 0.3 mm.  With the addition of leaves (red symbols 377 

in Fig. 8b) 𝐾𝐷 increased by a factor of 2.4 to 4.2 compared to stems alone (black symbols) with 378 

the same elastic modulus. This highlighted the important role of leaves in wave dissipation, 379 

although they are typically neglected in coastal models [49,50]. The leaves increased the plant 380 

force by 3.8 to 4.3 times the force on the stem alone for the same in-canopy velocity, which 381 

increased wave dissipation (Eq. 12). However, the changes in 𝐾𝐷 (2.4 to 4.2) were smaller than 382 

the changes in force ratio (3.8 to 4.3), because the increased force also lowered the in-canopy 383 

velocity ratio (𝛼𝑐 = 0.36 to 0.59 and 𝛼𝑤 = 0.75 to 0.98, Fig. A.1 in Supplemental Material [44]), 384 

which mitigated the increase in wave dissipation. For the most flexible plant considered (𝐸𝑠 =0.01, 385 

red squares), 𝐾𝐷 was relatively insensitive to the addition of a following current, a result that was 386 

quite different from the original rigid model (circle in Fig. 8a). This arose from the competing 387 

effects of the current influencing the group velocity (Eq. 13) and in-canopy velocity reduction, 388 

which was impacted by the deflected canopy height. The interplay of these effects is discussed in 389 

the next section.   390 

 391 
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5.4 Reduction in 𝑲𝑫 for small current 392 

In some cases, the addition of a weak current reduced 𝐾𝐷. For the most flexible plant (red squares 393 

in Fig. 8b) 𝐾𝐷/𝐾𝐷,𝑝𝑤 < 1 for −0.5 ≤ 𝑈𝑐/𝑈𝑤 ≤ 1.4. A reduction in wave dissipation due to small 394 

following currents has also been observed for flexible model plants [35] and live plants [32–34]. 395 

Previous studies attributed the reduction to plant deflection [35]. Here, a more comprehensive 396 

explanation can be provided, based on changes in group velocity and in-canopy time-mean and 397 

wave orbital velocity. First, as noted in the previous sections, a following current increased the 398 

group velocity, which decreased 𝐾𝐷. Second, due to the plant reconfiguration, a following current 399 

decreased the deflected canopy height, ℎ𝑑, such that plant force was distributed over a smaller 400 

canopy volume, which reduced in-canopy velocity (reduced 𝛼𝑐  and 𝛼𝑤 , see Fig. A.1 in the 401 

Supplemental Material [44]). Because 𝑈𝑤 was constant across cases, the in-canopy orbital velocity 402 

(𝛼𝑤𝑈𝑤) decreased with increasing |𝑈𝑐|, which tended to decrease 𝐾𝐷 . Finally, even though 𝛼𝑐 403 

decreased, the in-canopy time-mean |𝑈𝑚| (= 𝛼𝑐|𝑈𝑐|) increased with |𝑈𝑐|, which increased wave 404 

dissipation 𝐸𝐷,𝑤  (Eqs. 11 to 13). For a following current, the decreasing trend in 𝐾𝐷  due to 405 

decreasing in-canopy wave velocity and increasing wave group velocity counteracted the 406 

increasing trend due to increasing |𝑈𝑚|. For the full plant (red squares in Fig. 8b), this interplay 407 

resulted in a 𝐾𝐷 that, for small |𝑈𝑚|, was reduced relative to pure wave. This also explained the 408 

observations in previous studies of flexible live and model plants [29,31,33,35]. Further, due to 409 

reconfiguration and leaves, 𝐾𝐷 was less sensitive to the addition of large current, compared to the 410 

rigid model (circles in Fig. 8a) considered by previous studies.  411 

 412 

6 Conclusion 413 

A model was developed to capture the influence of plant flexibility, leaves, and current on wave 414 

dissipation by a meadow of marsh plants. The model was validated by wave decay measured over 415 

a meadow of flexible model plants geometrically similar to Spartina alterniflora.  Importantly, the 416 

canopy drag changed the time-mean velocity profile for both pure current and combined current 417 

and wave conditions, and the adjusted in-canopy velocity was needed to achieve correct prediction 418 

of wave dissipation. Current was shown to impact wave dissipation through two mechanisms. 419 

First, the addition of a time-mean velocity within the canopy enhanced the force exerted on the 420 
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plants, which results in an increase in the wave energy dissipation. Second, the addition of current 421 

modified the wave group velocity, which tended to increase spatial wave decay in opposing 422 

current, but to decrease it in following current. Importantly, for real plant morphology and 423 

flexibility 𝐾𝐷  was significantly less sensitive to the addition of current, compared to the rigid 424 

plants, because the reconfiguration of the meadow and the drag associated with the leaves tended 425 

to reduce the wave and current velocity within the meadow, which mitigated the impact of current 426 

on wave dissipation.  427 
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