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Vegetated coastal ecosystems often coexist as diverse 
seascapes, well connected to each other by various  
biological, chemical and physical processes. It is of  
interest to study the effect of heterogeneity in vegeta-
tion using models of different combinations of sub-
merged, emergent and compound vegetation on wave 
attenuation and coastal flooding. This article showcas-
es the results of a physical model study conducted 
with different types of heterogeneous vegetation mod-
els in a two-dimensional wave flume, with wave height 
attenuation expressed in terms of percentage reduc-
tion in wave height and the subsequent extent of inun-
dation expressed in terms of wave run-up on the 
beach. The test runs were carried out with monoch-
romatic waves of height ranging from 0.08 to 0.16 m 
in water depths of 0.40 and 0.45 m and wave periods 
of 1.4–2 sec. The experimental results revealed the  
significant capability of vegetation in attenuating 
waves to the tune of 72% to 87%, and controlled 
flooding in terms of run-up of 0.31 to 0.76 times the 
wave height. However, the compound heterogeneous 
model proved to be the most efficient in controlling 
wave height and coastal flooding. 
 
Keywords: Controlled flooding, coastal ecosystems, 
heterogeneous vegetation, natural hazards, wave attenua-
tion. 
 
THE impact of climate change in coastal areas reveals in-
creased levels of flooding, accelerated erosion, loss of 
wetlands and mangroves as well as increased extent and 
severity of storm surges, cyclones and tsunamis1. Given 
the rise in human population along the coast and the in-
crease in natural hazards owing to climate change, there 
has been renewed interest in sustainable coastal protec-
tion measures as an adaptation strategy for coastal zones. 
 The geomorphology of the coast plays a vital role in 
the impact of natural disasters in the area, leading to in-
creased vulnerability of the coastal population which in 
turn slows down the socio-economic development in the 
region2. The coast, considered as a series of intercon-
nected and interacting systems, is not only limited to 
merely sediment and water movements, but also encom-
passes an intimate relationship of plants, animals and  

microorganisms with their physical environment3. The 
abiotic coastal geomorphic process is greatly influenced 
by biological elements such as coastal or dune vegeta-
tion4. Vegetated dunes help in developing the morpho-
logy of the coast. The sediment-binding rhizome and root 
network of coastal vegetation species such as seagrasses 
and mangroves aid in sedimentation5–8, which further 
contributes to the shaping of inter-tidal morphology9. 
 The tropical and subtropical coastal ecosystems, cha-
racterized by seagrasses, coral reefs and mangroves,  
being rich in biodiversity, are also highly productive. In 
addition, these marine vegetated habitats aid in mitigating 
the impacts of natural disasters and dissipating wave 
energy10,11. The effectiveness of various coastal ecosys-
tems on wave attenuation include studies on seagrasses, 
coastal kelp forests, salt marshes and mangroves12–29. It is 
therefore noteworthy that research on wave attenuation 
characteristics of individual tropical coastal ecosystems is 
being conducted separately in each ecotype such as  
mangroves, seagrasses and coral reefs. From now on, it is  
necessary to study these ecosystems as integrated coastal 
ecosystems because they are linked together30. 
 Coastal vegetation shows a large variability of species 
composition across the globe. The ability of independent 
natural habitats such as seagrasses, kelp forests, coral 
reefs, salt marshes and mangroves in protecting the coast 
is well-researched, whereas it is still uncertain how these 
independent habitats complement each other in effective 
coastal protection31. Since these marine ecosystems are 
well connected to each other by various biological, chem-
ical and physical processes32, they often coexist as  
spatially and dynamically heterogenous seascapes33. 
Therefore, it is of interest to experimentally analyse the 
wave height attenuation and the subsequent extent of  
inundation on the beaches due to heterogeneous vegeta-
tion models of different combinations of vegetation types. 

Material and methods 

Experimental set-up 

The experiments on simulated heterogeneous vegetation 
were conducted in a two-dimensional wave flume 
(50 m × 0.71 m × 1.1 m) in the Marine Structures Labora-
tory, National Institute of Technology Karnataka,
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Figure 1. Schematic sketch of the experimental set-up. 
 
 
Surathkal, India. Figure 1 shows a schematic sketch of 
the experimental set-up. 
 Monochromatic waves of height 0.08–0.24 m and  
period 0.8–4.0 sec in a maximum water depth of 0.5 m 
can be generated by the flap-type wave generator in this 
flume facility, which has a built-in beach of slope 1 : 12 at 
the other end. The flap is controlled by an induction  
motor of 11 kW power at 1450 rpm. This motor is regu-
lated by an inventor drive (0–50 Hz), rotating in a speed 
range 0–155 rpm. The capacitance-type wave probes are 
used for data acquisition. The spacing of probes and  
decomposition of incident wave characteristics from  
superposed waves have been accomplished using the 
three-probe method suggested by Isaacson34. 

Test models 

The effect of heterogeneity of vegetation on wave attenu-
ation was evaluated using three different model scenarios. 
The first model (model I) is represented by a ‘submerged 
heterogeneous model’ of width 4 m, which consists of a 
submerged seagrass model of width 2 m, followed by 
submerged rigid vegetation model of width 2 m, placed 
consecutively on the flume bed35. For the second model 
(model II), an ‘emergent heterogeneous model’ of width 
4 m is considered, which is represented by a submerged 
rigid vegetation of width 2 m, followed by an emergent 
trunk model with roots of width 2 m, placed consecutive-
ly. The third scenario (model III), which represents a 
‘compound heterogeneous model’ of width 6 m, consists 
of the submerged seagrass model of width 2 m, followed 
by a submerged rigid vegetation model of width 2 m and 
an emergent trunk model with roots of width 2 m. The 
simulated vegetation models are placed on the flume bed 
at about 26–28 m from the wave generator. 
 The mechanical and geometric properties of the proto-
type vegetation were similar to those of Enhalus aco-
roides and Avicennia officianalis for the seagrass model35 
and the rigid submerged and emergent trunk model36 re-
spectively. The leaves of E. acoroides, a type of seagrass, 
are long and strap-like and the trunks of A. officianalis 
species are generally of 1 m diameter37, and height 18–
25 m. The Young’s modulus of seagrass leaves is approx-

imately 0.8 GPa (ref. 38) and that of mangrove trunks 
ranges from 18 to 20 GPa (ref. 39). A model similarity 
scale of 1 : 30 was used for the experimental runs to scale 
down the prototype parameters. The seagrass leaves, and 
rigid submerged and emergent trunks were constructed 
using polyethylene sheets and nylon rods with modulus 
of elasticity values of about 0.6 and 3 GPa respectively. 
The geometric dimensions of the seagrass leaves, and the 
trunks and roots were fixed by modelling the stiffness 
property, EI as a single parameter. Figure 2 shows the 
simulated model arrangements considered for this expe-
rimental study. 
 Table 1 lists the vegetation characteristics and dimen-
sions of the model. Figure 3 displays the vegetation  
arrangement pattern of the simulated individual plant 
models constituting the heterogeneous model. 

Test procedure 

The test models designated as submerged heterogeneous 
model, emergent heterogeneous model and compound  
heterogeneous types were subjected to varying incident 
wave heights, wave periods and water depths (Table 1). 
The relative wave heights (Hx/Hi) for the experimental 
runs were obtained from the recorded observations of  
incident wave height (Hi) and the corresponding wave 
heights at different locations within the vegetation model 
(Hx). For the 4 m wide submerged and emergent mea-
dows, wave heights were recorded at locations x = 0, 1, 2, 
3 and 4 m within the meadow, whereas for the 6 m wide 
compound heterogeneous meadow, wave heights at loca-
tions x = 0, 2, 4 and 6 m were considered. The wave  
attenuation, characterized by the percentage wave height 
reduction at the exit of the meadow was calculated as 
 

 exit1 100 .
i

H
H

⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪− ×⎢ ⎥⎨ ⎬⎜ ⎟
⎢ ⎥⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭

 

 
The influence of wave steepness (Hi/gT2) on percentage 
wave height reduction is discussed here with emphasis on 
the effect of relative plant height (hs/d) and meadow 
width parameter (w/L), where T is the wave period, 
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Table 1. Vegetation characteristics and experimental conditions 

 
Artificial plant type 

 
Vegetation model characteristics 

Wave height 
(m) 

Wave period  
T (sec) 

Water depth 
d (m) 

Seagrass Modulus of elasticity 0.6 GPa 
0.08,  0.10, 
0.12, 0.14, 

0.16 

1.4, 1.6, 
1.8, 2 0.40, 0.45 

Thickness of leaf 0.0001 m 
Length of leaf 0.21 m 
Width of leaf 0.004 m 
Plant density 10000 shoots/m2 

Rigid vegetation Modulus of elasticity 3 GPa 
0.08, 0.10, 
0.12, 0.14, 

0.16 

1.4, 1.6, 
1.8, 2 0.40, 0.45 

Length of rod 0.21 m 
Diameter of rod 0.010 m 
Density 394 plants/m2 

Emergent trunk model with roots Modulus of elasticity 3 GPa 

0.08, 0.10, 
0.12, 0.14, 

0.16 

1.4, 1.6, 
1.8, 2 0.40, 0.45 

Length of trunk 0.5 m 
Diameter of trunk 0.016 m 
Density of trunks 107 trunks/m2 
Length of root 1 0.21 m 
Diameter of root 1 0.010 m 
Density of roots I 300 roots/m2 
Length of root II 0.16 m 
Diameter of root II 0.006 m 
Density of roots II 300 roots/m2 

 

 
 

Figure 2. Typical top view and side views of the experimental set-up 
for (a, b) model 1, (c, d) model II and (e, f ) model III. (Arrowheads  
indicate the direction of wave propagation.) 
 
L the wavelength, d the depth of water in the wave flume, 
g the acceleration due to gravity, hs the length of vegeta-
tion and w is the meadow width. 
 Calibration of the experimental set-up and probe sensi-
tivity was done before the start of the experiment. The  

calibration of wave flume was carried out by evaluating 
the relationship between frequency of the inverter and 
wave period; and eccentricity and wave height for a  
particular water depth. The output of the probes originally 
calibrated by the manufacturer is expected to show minor 
variations due to salinity and temperature conditions. 
Therefore, the wave probes were subjected to static  
immersion tests to determine the relationship between 
water level and output voltage. The models were then 
subjected to incident waves of height (Hi) ranging from 
0.08 to 0.16 m, and wave period (T) ranging from 1.4 to 
2 sec, in varying water depths (d). 

Results and analysis 

The variation of wave heights within the simulated hete-
rogeneous vegetation models was analysed. The mea-
surements of wave height within the model revealed an 
exponential decay, as proposed by Kobayashi et al.40. 
Vegetation interferes with the particle orbital velocities, 
resulting in turbulence, energy dissipation and reduction 
in wave heights36. 

Submerged heterogeneous model 

Figure 4 depicts the effect of wave steepness parameter 
(Hi/gT2) on percentage wave height reduction. Wave 
height reduction from 67.50% to 60.67%, with an increase 
of wave steepness parameter, from 0.00416 to 0.00832 
(w/L = 1.672, T = 1.4 sec) was observed. Similar reduc-
tions of 67.50% to 56.88%, 63.75% to 53.75% and 62.50% 
to 51.25% were observed for wave steepness parameters 
ranging from 0.00318 to 0.00637 (w/L = 1.428, T = 1.6 sec),
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Figure 3. Sketch of vegetation arrangement (side and top views) of (a) seagrass model (b) rigid sub-
merged vegetation model and (c) emergent trunk model with roots. 

 

 
 

Figure 4. Effect of wave steepness (Hi/gT2) on percentage reduction in wave height for hs/d = 0.525; 
w = 4 m. a, For w/L = 1.672, T = 1.4 sec; b, For w/L = 1.428, T = 1.6 sec; c, For w/L = 1.223, T = 1.8 sec; 
d, For w/L = 1.082, T = 2 sec. 

 
 
0.00251 to 0.00503 (w/L = 1.223, T = 1.8 sec) and 
0.00203 to 0.00407 (w/L = 1.082, T = 2 sec) respectively. 
 It is clear from the above results that the heterogenous 
submerged model exhibits increased wave height reduc-
tion when compared to the individual submerged models, 
namely seagrass and rigid submerged vegetation of width 
2 m each21,41. The wave height reduction for the individual 
seagrass model was in the range 52.59–42.96% and 
43.96–36.94% for hs/d = 0.525 and 0.47 respectively, 
while for the submerged rigid vegetation model, the  
reduction was the range 61.50–48.18% and 55.05–

43.17% for hs/d = 0.525 and 0.47 respectively. The  
increased wave height reduction for the heterogenous 
submerged model is obvious predominantly due to the 
presence of a seagrass meadow followed by a rigid vege-
tation bed which aid in increased attenuation. The pres-
ence of the initial bed of seagrass of width 2 m alters the 
wave orbital velocities, resulting in an increased turbu-
lence, which leads to energy dissipation and wave height 
reduction. The wave when further propagated along the 
rigid vegetation meadow undergoes further reduction in 
wave height due to increased stiffness of stems which
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Figure 5. Effect of wave steepness (Hi/gT2) on percentage reduction in wave height for hs/d = 0.47; 
w = 4 m. a, For w/L = 1.607, T = 1.4 sec; b, For w/L = 1.393, T = 1.6 sec; c, For w/L = 1.167, T = 1.8 sec; 
d, For w/L = 1.031, T = 2 sec. 

 
 
controls the vegetation motion leading to increased wave 
attenuation. 
 Figure 5 depicts the wave reduction along a submerged 
heterogenous vegetation model due to the effect of reduc-
tion in relative plant height (hs/d) from 0.525 to 0.47, for 
an increase in water depth from 0.40 to 0.45 m. A varia-
tion of reduction in wave height from 66.25% to 56.88% 
for increasing wave steepness ranging from 0.00416 to 
0.00832 (w/L = 1.607, T = 1.4 sec) was observed (Figure 
5 a). Correspondingly, for w/L = 1.393, T = 1.6 sec, 
Hi/gT2 = 0.00318 to 0.00637; w/L = 1.167, T = 1.8 sec, 
Hi/gT2 = 0.00251 to 0.00503 and w/L = 1.031, T = 2 sec, 
Hi/gT2 = 0.00203 to 0.00407, the reduction in wave 
height varied from 62.50% to 54.38%, 60.00% to 51.25% 
and 57.50% to 48.13% respectively (Figure 5 b–d). 
 The results justify the fact that wave height attenuation 
decreases as hs/d changes from 0.525 to 0.47. For 
hs/d = 0.525, since the depth of water is low, as the wave 
passes along the width of the heterogeneous model, the 
leaves/stems successfully interfere with the particle orbital 
velocities resulting in increased wave attenuation when 
compared to the case of hs/d = 0.47. As the degree of inter-
ference is less, the wave passes effortlessly which results 
in reduced wave height attenuation. From the above re-

sults, it is clearly noted that there exists an inverse rela-
tionship between wave period and wave attenuation. 
 The wave run-up on the beach, which shows the inun-
dation extent for the submerged heterogeneous model 
(hs/d = 0.525) varied from 0.519 to 0.436 (for w/L = 
1.672; T = 1.4 sec), 0.550 to 0.450 (for w/L = 1.428; 
T = 1.6 sec), 0.571 to 0.484 (for w/L = 1.223; T = 1.8 sec) 
and 0.737 to 0.576 (for w/L = 1.082; T = 2 sec), whereas 
it varied from 0.571 to 0.457 (for w/L = 1.607; T = 
1.4 sec), 0.592 to 0.472 (for w/L = 1.393; T = 1.6 sec), 
0.623 to 0.488 (for w/L = 1.167; T = 1.8 sec) and 0.764 to 
0.612 (for w/L = 1.031; T = 2 sec), as the water depth  
increased to 0.45 m (hs/d = 0.47). 
 The reduction in wave height for the submerged hete-
rogeneous model of width 4 m, for hs/d = 0.525, ranged 
from 67.50% to 51.25% for the entire set of incident 
wave parameters. The corresponding wave run-up mea-
surements (Ru/Hi) on the beach slope ranged from 0.737 
to 0.436, for an increase in wave steepness parameter 
from 0.00203 to 0.00833 (Figure 6 a). Therefore, the rela-
tive wave run-up decreased with an increase in wave 
steepness parameter, whereas it varied from 0.764 to 
0.457 for hs/d = 0.47 (Figure 6 b), corresponding to wave 
height reduction ranging from 66.25% to 48.13%. These 
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Figure 6. Effect of wave steepness on wave run-up for varying relative plant height (hs/d). a, For hs/d = 0.525; b, For hs/d = 0.47. 
 
 

 
 

Figure 7. Effect of wave steepness (Hi/gT2) on percentage reduction in wave height for hs/d = 1.25; 
w = 4 m. a, For w/L = 1.672, T = 1.4 sec; b, For w/L = 1.428, T = 1.6 sec; c, For w/L = 1.223, T = 1.8 sec; 
d, For w/L = 1.082, T = 2 sec. 

 
results show that the extent of inundation on the beach 
depends on the extent of attenuation of wave height. 

Emergent heterogeneous model 

Experimental studies on wave attenuation due to emer-
gent vegetation models revealed that the presence of  

vegetation patches near the surface aids in the dissipation 
of wave energy further, as it increasingly interferes with 
the wave field propagating above and offers more  
frictional resistance36. 
 The presence of trunks and roots in the emergent vege-
tation model along with the submerged rigid vegetation 
model leads to an increased attenuation of wave height 
because of the increased plant density and plant height. 
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Figure 8. Effect of wave steepness (Hi/gT2) on percentage reduction in wave height for hs/d = 1.11; 
w = 4 m. a, For w/L = 1.607, T = 1.4 sec; b, For w/L = 1.393, T = 1.6 sec; c, For w/L = 1.167, T = 1.8 sec; 
d, For w/L = 1.031, T = 2 sec. 

 
 
 The reduction in wave height for an emergent hetero-
geneous model 70.00% to 52.50% when compared to a 
reduction of 67.50% to 51.25% for the case of the sub-
merged heterogeneous model of the same meadow width 
parameter (w/L = 1.672–1.082), for hs/d = 1.25 and 0.525 
respectively. The above results confirm that the wave 
height reduction is higher for the emergent heterogeneous 
model, since the emergence of trunks provides increased 
interference in the wave field. As the wave propagates 
along the submerged heterogeneous model, there is  
reduction in wave height, but as it passes through the 
emergent heterogeneous model, the increased turbulence 
due to emergence of the trunk along with the roots leads 
to further wave height reduction. 
 Figure 7 a–d illustrates that as Hi/gT2 increases from 
0.00416 to 0.00832, 0.00318 to 0.00637, 0.00251 to 
0.00503 and from 0.00203 to 0.00407, the reduction in 
wave height varies from 70.00% to 62.00%, 70.00% to 
59.38%, 66.25% to 55.63% and 65.00% to 52.50%  
respectively. 
 Figure 8 a–d illustrates the relative wave heights at  
different positions along the emergent heterogeneous 
model of width 4 m, for hs/d = 1.11 subjected to waves of 
varying heights and periods. 

 For w/L = 1.607, T = 1.4 sec, as the wave steepness  
parameter increased from 0.00416 to 0.00832, a reduction 
in wave heights ranging from 68.75% to 58.13%, was  
observed (Figure 8 a). A similar decrease in wave height 
from 65.00% to 55.63%, 62.50% to 52.50% and 60.00% 
to 49.38% was observed for the cases corresponding to 
w/L = 1.393, T = 1.6 sec; w/L = 1.167, T = 1.8 sec and 
w/L = 1.031, T = 2 sec respectively (Figure 8 b–d). 
 Figure 9 a–b shows the effect on wave run-up over the 
beach slope, with an increase in Hi/gT2 for the emergent 
heterogeneous model of width 4 m, corresponding to rela-
tive plant height, hs/d = 1.25 and 1.11 and wave period 
T = 1.4–2 sec. 
 As the wave steepness parameter increased from 
0.00203 to 0.00832, Ru/Hi decreased from 0.706 to 0.403 
for the case of emergent heterogeneous model of width 
4m (hs/d = 1.25), whereas it varied from 0.716 to 0.400 
for the same model for hs/d = 1.11, subjected to incident 
wave heights ranging from 0.08 m to 0.16 m and period T 
from 1.4 to 2 sec (Figure 9). These results when com-
pared with the percentage reduction in wave height 
strongly suggests that as the percentage reduction in wave 
height increases, there is a decreased extent of inundation 
on the beach slope. The increased reduction of wave 
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Figure 9. Effect of wave steepness on wave run-up for varying relative plant height (hs/d). a, For hs/d = 1.25; b, For hs/d = 1.11. 
 
 

 
 

Figure 10. Effect of wave steepness (Hi/gT2) on percentage reduction in wave height for hs/d = 1.25; 
w = 6 m. a, For w/L = 2.508, T = 1.4 sec; b, For w/L = 2.142, T = 1.6 sec; c, For w/L = 1.835, T = 1.8 sec; 
d, For w/L = 1.623, T = 2 sec. 

 
 
run-up over the beach slope for the emergent heterogene-
ous model when compared to the submerged heterogene-
ous model can be attributed to the presence of emergent 
trunks and roots in this model which causes increased 
wave height attenuation and subsequent reduction in 
wave run-up. 

Compound heterogeneous model 

Previous studies conducted in this area have shown that 
the width of the meadow, height of emergence of vegeta-
tion and plant density play a pivotal role in attenuating 
the waves passing through the meadow21,36. The compound
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Figure 11. Effect of wave steepness (Hi/gT2) on percentage reduction in wave height for hs/d = 1.11; 
w = 6 m. a, For w/L = 2.411, T = 1.4 sec; b, For w/L = 2.089, T = 1.6 sec; c, For w/L = 1.750, T = 1.8 sec; 
d, For w/L = 1.546, T = 2 sec. 

 
 
heterogeneous model which is subjected to the test runs 
consists of both submerged as well as emergent models. 
Therefore, this model satisfies increase in width of the 
meadow (6 m), variation in vegetation height and plant 
density. 
 In this complex model consisting of three types of  
simulated vegetation, as the wave passes through the  
seagrass meadow, the wave height decreases due to inter-
ference of the seagrass leaves with the wave field. As the 
wave further propagates along the rigid submerged model 
and the emergent model, the wave height further decreases 
owing to the increased resistance provided by the sub-
merged stems and increased turbulence due to the emer-
gent trunks. 
 Figure 10 a–d exhibits the effect of wave steepness  
parameter on percentage wave height reduction for this 
model. A variation of wave height reduction from 70.00% 
to 64.38% for T = 1.4 sec, w/L = 2.508 and Hi/gT2 = 
0.00416 to 0.00832 was observed (Figure 10 a). Variation 
in reduction in wave height from 70.00% to 62.50%, 
68.75% to 60.63% and 67.50% to 58.75% was observed 
for the compound heterogeneous model with w/L = 2.142, 
T = 1.6 sec, Hi/gT2 from 0.00318 to 0.00637; w/L = 
1.835, T = 1.8 sec, Hi/gT2 from 0.00251 to 0.00503, and 

w/L = 1.623, T = 2 sec, Hi/gT2 from 0.00203 to 0.00407 
respectively (Figure 10 a–d). 
 As the relative plant height (hs/d) decreased from 1.25 
to 1.11 due to increase in water depth from 0.40 m to 
0.45 m, the reduction in wave height for increasing wave 
steepness, varied from 68.75% to 60.00% for Hi/gT2 rang-
ing from 0.00416 to 0.00832 (w/L = 2.411, T = 1.4 sec) 
(Figure 11 a). Correspondingly, for w/L = 2.089, T = 
1.6 sec, Hi/gT2 = 0.00318 to 0.00637; w/L = 1.750, T = 
1.8 sec, Hi/gT2 = 0.00251 to 0.00503, and w/L = 1.546, 
T = 2 sec, Hi/gT2 = 0.00203 to 0.00407, the reduction in 
wave height varied from 65.00% to 58.13%, 63.75% to 
56.25% and 65.00% to 53.75% respectively (Figure 11 b–
d). The above results justify the fact that wave height  
attenuation decreases as hs/d changes from 1.25 to 1.11. 
For hs/d = 1.25, the trunks of the model successfully in-
terfere with the waves due to decreased water depth con-
dition, which results in increased wave attenuation when 
compared to the case of hs/d = 1.11. As the degree of  
interference is less, owing to decreased relative plant 
height, the wave passes effortlessly which results in  
reduced wave attenuation. From the above results, it is 
clear that there exists an inverse relationship between 
wave period and wave attenuation. 
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Figure 12. Effect of wave steepness on wave run-up for varying relative plant height (hs/d). a, For hs/d = 1.25; b, For hs/d = 1.11. 
 
 
 Figure 12 a and b shows the variation of wave run-up 
over the beach slope with an increase in wave steepness 
for the compound heterogeneous model of width 6 m, 
corresponding to relative plant heights hs/d = 1.25 and 
1.11 and wave period T = 1.4–2 sec. 
 As Hi/gT2 increased from 0.00203 to 0.00832, Ru/Hi 
decreased from 0.561 to 0.285 for the case of compound 
heterogeneous model of width 6 m (hs/d = 1.25), wherein 
the reduction in wave height varied from 72.50% to 
58.75%. However, the relative wave run-up on the beach 
varied from 0.581 to 0.311 for the same model for rela-
tive plant height hs/d = 1.11, subjected to incident wave 
heights ranging from 0.08 m to 0.16 m and period 
T = 1.4–2 sec (Figure 12 b); for which the reduction in 
wave height varied from 68.75% to 53.75%. 

Concluding remarks 

The results of the present study highlight the role of wave 
characteristics and vegetation characteristics in dissipat-
ing wave energy and thus inundation on the beach. A 
comparison of the results reveals that the compound hete-
rogeneous model of width 6 m displays increased wave 
attenuation and the corresponding extent of inundation on 
the beach. The submerged heterogeneous model shows 
less reduction in wave heights when compared to the 
emergent heterogeneous model. The stiffness of the stem 
as well as the trunk of the emergent heterogeneous model 
have a greater impact on the wave attenuation pattern, 
whereas the swaying and bending motion of the seagrass 
meadow in the model alters the hydrodynamics of the 
wave action to a lesser extent when compared to the 
emergent heterogeneous model. The height of emergence 
of the emergent heterogeneous model plays a crucial role 
in attenuating the waves. The emergent trunk along with 
the roots can provide increased interference in the wave 
field by altering the particle orbital velocities along the 
water depth considered. The percentage reduction in 

wave heights is highest for the compound heterogeneous 
model which is characterized by the presence of all three 
types of vegetation, viz. submerged seagrass, rigid vege-
tation and the emergent trunk model with roots. 
 The results of the compound heterogeneous model 
show maximum reduction in wave height (72.50% to 
58.75% for hs/d = 1.25), mainly characterized by the  
increase in meadow width parameter as well as height of 
emergence of the trunk, which leads to effective penetra-
tion of the layers of varying particle orbital velocities. A 
comparison between the results presented in this study 
and those of a field study on the capability of coral reefs, 
seagrasses and mangroves in protecting coastal regions 
by Guannel et al.31, wherein mangroves are capable of 
systematically reducing wave heights by more than 70%, 
reveals comparable wave attenuation for heterogeneous 
vegetation models. The results of this study indicate that 
live corals and seagrasses together provide more protec-
tion benefits than either of these habitats alone31. 
 The findings from this physical model study reveal that 
the compound heterogeneous model consisting of sea-
grass meadow, rigid submerged model and the emergent 
model shows maximum reduction in wave height and 
subsequent reduction in beach inundation. However, faci-
litation of interaction between the three prototype species 
depends upon many other ecological factors, including 
flow of energy, materials and organisms42, which have 
not been considered in this study which focuses only on 
the effect of heterogeneous plant communities on wave 
attenuation as well as its influence on beach inundation. 
This small-scale experimental study confirms the fact that 
marine ecosystems that coexist as heterogenous seascapes 
are effective in reducing wave height as well as control-
ling coastal flooding. 
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