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Understanding of the interactions between wave and
aquatic vegetation is gaining importance mainly due
to plant-induced wave attenuation phenomenon for
developing sustainable coastal management systems.
Most of the wave—vegetation interaction studies focus
mainly on monotypic coastal plant meadows; however,
studies on heterospecific plant meadows are limited.
The present study is aimed to understand the hetero-
specific vegetation—wave interactions through a three-
level, four-factor response surface methodology using
wave flume under controlled conditions. Hetero-
specific seagrass species, Halophila spinulosa and
Halophila ovalis are simulated physically by means of
synthetic plant mimics to develop a relationship bet-
ween wave attenuation (£%) and four direct control
factors, viz. water depth (%), wave period (7), plant
density (V) and bed roughness factor ( f) through an
empirical model. The developed model was tested
using analysis of variance technique, and analysed for
main and interaction effects of the studied parame-
ters. The results showed that all the considered para-
meters are significantly effective on E% individually
as well as in combination. All the model-based results
were compared with a new set of experimental data
and tested for validation.

Keywords. Coastal vegetation, empirical modelling,
flume experimentation, response surface methodology,
synthetic plant meadows, wave attention.

SEA-LEVEL rise and land subsidence along the densely
populated coastlines have been recognized as a major
threat to coastal areas of many countries all over the
world. Natural coastal ecosystems, such as seagrasses,
salt marshes and mangrove forests provide a wide range
of ecosystem services' > and act as vegetated foreshore
structures™’. These ecosystems potentially reduce the im-
pact of surges and waves at places where they are situated
in front of engineered flood defence structures. Vegetated
foreshore structures are known to affect the local hydro-
dynamic climate®. They act as an interface between
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oceans and dry land, reduce wave height, develop mixing
layers’ and control the intensity of turbulence due to both
waves breaking in shallow water and wave attenuation by
vegetation. This natural phenomenon has led to the con-
cept of sustainable coastal protection with the use of sea-
grass meadows, salt marshes and mangrove forests as a
natural coastal defence system. With ever-growing popu-
lation and infrastructure along with the low-lying coastal
areas, the potential of coastal vegetation to act as a bio-
shield or a non-intrusive buffer in order to mitigate the
combined effects of sea-level rise and subsidence is of
recent increased interest'.

The interaction between wave—vegetation is complex,
since not only water flow affects vegetation and vice
versa, but both may interact in highly coupled, nonlinear
ways''. Attenuation of a wave caused by vegetation is
identified due to the force exerted by plants on moving
water. Following Newton’s third law, water simulta-
neously exerts a force equal in magnitude and opposite in
direction on the plants. The flexibility of the plants
determines how plant motion and wave motion interact,
and determines the magnitude of the drag forces'*"’.

The degree of attenuation depends on the plant
characteristics such as plant height, plant stiffness,
buoyancy, degrees of freedom, plant density, spatial
configuration, and hydrodynamic wave parameters such
as wave height, water depth, wave period, direction, etc.
The variability of wave damping is too large such that a
general standard procedure for a systematic study on
‘plant-induced attenuation” has not yet been well
established'®. There is often either a lack of knowledge
due to the many varieties of vegetation related to differ-
ent climatic conditions and their respective specific
properties, or the insufficiency of modelling tools while
taking vegetation into account'’.

Many studies quantify wave attenuation by vegetation,
based on field'®", laboratory flume measurements™"'>2*-%2
and numerical models”™'**?°. The magnitude of wave
attenuation depends on hydrodynamic parameters such as
wave height®®, wave period®’ and water depth®® and on
vegetation characteristics such as stem height, diameter
and density®®*?’, and flexibility’’. Nearly all these studies
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are related to monotypic aquatic plant meadows. How-
ever, limited work has been reported on heterospecific
vegetation meadows, although it is well known that each
seagrass species could occur as a heterospecific seagrass
bed, an intermixture with the other species’’. In North
America, some seagrass beds even consist of all seven
seagrass (Halophila) species scattered through a few
areas within the bed**. This information is particularly
important for the tropical shore regions, where some spe-
cies of seagrass occur together in one meadow. For tropi-
cal shores of the Indian subcontinent, the heterogenous
plant meadow comprises two of the major Halophila spe-
cies, viz. H. spinulosa and H. ovalis, commonly found
along the Gulf of Mannar®® and the coast of Tamil Nadu
in southern India. The changes in wave vegetation
mechanisms due to structural complexity of the hetero-
specific meadow involving different seagrass species are
equally important which attracts attention from the scien-
tific community to develop a sustainable coastal man-
agement system. In recent times, systematic studies on
wave—vegetation interactions®” of aquatic plant meadows
and the associated effect of control parameters on wave
attenuation are gaining importance due to coastal hazards
such as incessant surge storms, cyclones and the
occasional tsunami®® >’

Moreover, the effect of seagrass bed characteristics
composed of different species of seagrass on wave atten-
uation is not easy to analyse because of the large number
of independent process control parameters involved. Thus
a study involving heterospecific species in the tropical
ecosystems, is of special interest. Here, we have deve-
loped an experimental, design-based empirical model for
wave transformation over underwater heterospecific
vegetation (Halophila species) in a laboratory flume. A
three-level, four-factor, central composite design-based
response surface methodology (RSM) was selected for
the study. The major objectives were to (a) identify and
select the operating limits for control parameters to carry
out primary laboratory flume experimentation based on
RSM; (b) develop a mathematical model to determine the
effect of each of the selected process parameters for eval-
uation of their main and interaction effects on wave
attenuation process, and (c¢) compare and validate the
predicted results from the model with a new set of expe-
rimental data from secondary experimentation.

Methodology, materials and data
Theory

Several models on the attenuation of waves by vegetation
are available in the literature, most of which are consi-
dered idealized, homogenous vegetation. Wave height
reduction across a unit layer of vegetation has often been
used to measure its ability to attenuate waves. The gene-
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ralized continuity equation within the aquatic vegetation
is given by

g + ow =0. (1)
ox Oz

Nobuhisa et al.*® derived an analytical solution for small-
amplitude monochromatic wave attenuation over sub-
merged vegetation. Using the conservation of momentum
principle, an expression for wave height reduction by an
exponential function of the type is given by

Hy _ rar, )

H,
where K; is the wave decay coefficient, H, the wave
height along with vegetation canopy, H, the wave height
in front of the leading edge of the canopy and Ax is the
distance of separation.

Augustin et al.*® performed hydraulics-based experi-
ments to measure the wave height decay through rigid
and flexible cylindrical dowels. The methodology deve-
loped by Dalrymple ef al.’” was used to evaluate wave
height decay in a vegetation field of three different densi-
ties, varying along the direction of wave propagation.
Mullarney and Henderson®® used cantilever beam theory
to derive a model for predicting vegetation motion due to
wave forces. The proposed theory was compared with
motions of a specific species of sedge in a natural salt
marsh and was shown successfully with the tuning of a
single parameter. A formula for wave height attenuation
that includes vegetation motion was also developed. For
linear waves, the general formula for the measurement of
wave height when converted into energy density (F) is
given by

E =é pgH’, 3)

where p is the density of sea water, g the acceleration due
to gravity and H is the wave height. Fonseca and
Cahalan® calculated wave energy density reduction using
the per cent reduction in energy density (E%) over a | m
test section

E/KMJIOO} @
E(in)

where E(in) is the energy density entering the 1 m test
section and E(out) is the energy density leaving the 1 m
test section.

Method

The experiments were conducted in the wave flume at
the Fluid Mechanic Laboratory, National Institute of
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Technology, Tiruchirappalli, Tamil Nadu, India. The
wave flume has dimensions 12.5 m length, 0.3 m width
and 0.6 m depth, and is equipped with an electro-
hydraulic piston wave generator on one side of the flume.
Rubble masonry wave absorber with an aspect ratio of
1 : 7 was installed opposite the wave generator for avoid-
ing wave reflection. A heterospecific artificial plant mea-
dow of 1 m length was placed in the middle portion of the
flume (Figure 1). The meadow started approximately 4 m
from the wave paddle.

Heterospecific vegetation conditions

Halophila species is an aquatic seagrass plant that has
roots, stems and leaves to form dense vegetative com-
munities mostly in shallow-water estuaries*™*'. It has a
shorter leaf structure with blades that resemble tufts or
whorls, thus differing from other seagrass species. The
major seagrass species are Thalassia hemprichii, Halo-
dule uninervis, Cymodocea serrulata, Cymodocea
rotundata and Halophila ovata. Meadows of Halophila
species and Syringodium isoetifolium generally occur in
patches as mixed species’’. The seagrasses of India
consist of 14 species belonging to seven genera from
approximately 50 species worldwide®’. These species are
found mostly in the Gulf of Mannar and Palk Bay along
the southeast coast and the lagoons of islands from
Lakshadweep in the Arabian Sea of the western part, to
the Andaman and Nicobar in the Bay of Bengal of the
eastern part of India.

The physical properties of the selected plants such as
density and stiffness are important to study the wave inte-
ractions bending of the leaves and the resulting wave
damping efficiency. For the present study, artificial mod-
els for the heterospecific Halophila meadow which in-
cludes H. spinulosa and H. ovalis (Figure 2 a), made of
plastic, were selected based on the most similar physical
properties to real leaves such as modulus of elasticity,
E =0.9 GPa. E and p, density of the plastic material used
were 0.903 GPa and 550700 kg/m® respectively. A typi-
cal physical H. spinulosa has 10-20 pairs of leaves per
shoot (1520 mm long and 3—5 mm wide) arranged oppo-
site to each other, and can be up to 15 cm long. H. ovalis,
on the other hand, has cross veins, eight or more pairs of
leaves that are 5-40 mm long and 520 mm wide®'.

Wave
generator
= Glass panel

\- 0.6m

., Wave level

Vegetation field

1.5 ,

Figure 1. Details of the experimental set-up.

CURRENT SCIENCE, VOL. 119, NO. 3, 10 AUGUST 2020

The artificial plants for H. ovalis have long leaves
(0.01 m x 0.01 m; Figure 2 ). Each simulated plant con-
sists of 6-10 leaves with a length of 0.01 m. H. spinulosa
is represented by 0.003 m diameter plastic stripes of
length 0.01 m. Both mimics were placed on a 1 m X
0.26 m staggered plastic base plate and pasted to the me-
tallic flume bed in a staggered distribution with a spacing
of 43 mm apart to keep plant density at 543 stems/m’.
Similarly, a spacing of 21.5 mm was kept for maintaining
a plant density of 2163 stems/m”. The experimental run
and wave profiles were recorded (Digital HD Video
Camera Recorder SONY, Model No: HDR-PJ50V) with a
sampling frequency of 25 Hz. The recorded video images
were processed using MATLAB image processing tool,
and wave profile time series was obtained. Wave height
before and after the meadow was used to compute the
attenuation of waves.

Central composite design

The design of experiments (DOE) has been widely used
and efficient statistical method for planning experiments,
based on multivariate second-order models. A standard
RSM design, viz. central composite design (CCD)
method was applied in the present study to determine the
regression model equations from the data obtained. The
developed regression equations are useful in studying
the interactions of the input parameters that affect the
process. Valid and objective conclusions were drawn
from the analysis of the regression equations to ensure
the efficacy of the experiments. It is also useful in study-
ing the interactions of various parameters affecting the
process.

The DOE procedure starts with the identification of
input variables and output (response) that is to be meas-
ured followed by three major steps: (1) selection, plan-
ning and execution of the most appropriate statistically
designed experiments; (2) developing a mathematical
model by estimating the coefficients, and (3) analysis and
prediction of the response and checking the adequacy of
the model**. The RSM involves establishing a correlation
between the k variables through a second-order poly-
nomial expression. The true relationship between the

Artificial plants of Halophila spinulosa and Halophila
ovalis. a, Morphological features; b, Inside the laboratory flume.

Figure 2.
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Table 1. Original and coded values of control variables
Original value of coded levels
Control variables Unit Notation Coded symbol -1 0 +1
Water depth m h B 0.10 0.125 0.150
Wave period s T 23 1.0 2.0 3.0
Plant density stems/m’ N 5 543 1353 2163
Bed roughness factor - f o 0.010 0.017 0.025

Table 2. Estimated regression coefficients
Factors Estimated coefficients
Intercept 51.94
h —22.36
T —15.58
N 3.40
f 5.35
n 0.14
T -10.26
N 14.24
f? ~23.44
h*T 14.36
h*N -1.20
h*f -5.37
I*N =0.20
T*f 3.37
N -0.61

independent control variables or factors, xi, x;...x; and
the response Y (dependent variable) can be represented by
the following expression

Y = f(x],%,.00X;), (5)

where f is the unknown true response function of a sys-
tem. For RSM, to establish an approximate function
between the variables and the response functions through
a designed series of experiments and statistical analysis,
the most common model is the polynomial, based on
Taylor series expansion. The second-order nonlinear
polynomial equation to fit the data is given as follows*

k Kk k
Y=p+ Zﬂixi +Zzﬂij'xi'xj +Zﬁiixi2i +E, (6)
i=l i=1

i=l j=I

where Y is the predicted response (wave attenuation per-
formance, £% in the present case), X; and X; the indepen-
dent coded variables, k the number of factors, f the
model constant term, £, B, B; the linear, square and inte-
raction effect respectively, and & is the random experi-
mental error. For the present study, face-centred central
composite design (FCCD) approach was used to evaluate
and analyse the linear, quadratic and interaction effects of
the variables. Based on the results from a previous study,
four major variables, viz. water depth (%), wave period
(7), plant density (N) and bed roughness factor ( /) were
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selected along with three levels of each variable, with
‘~1°, ‘0’ and ‘+1’ denoting the low, middle and high le-
vels of the factors respectively (Table 1).

For instance, steel surface, fine sand and coarse peb-
bles were used in the experiments to represent the low,
middle and high levels of bed roughness respectively.
FCCD method by definition requires 30 experimental
runs and with three replications, there were 90 experi-
ments in total, performed in a random order to eliminate
systematic errors. For statistical analysis of the experi-
mental data and their response surface graph, a statistical
software (Minitab® software release 17, Inc., State Col-
lege, PA) was used. Regression analysis was performed
on the obtained data to identify the attribution effects of
the selected variables on the predicted response £%. The
simulated seagrass meadow for H. spinulosa and H.
ovalis was built with plastic as a series of modules
on-board, and was fixed firmly together and to the floor
of the flume. Between the flume walls and the meadow,
sufficient gap was provided to enable free movement of
the plant mimics, such that it allowed a better representa-
tion of actual seagrass meadow dispersion in shallow
water’'.

Results

Tables 2 and 3 present the design matrix for the repli-
cated experimental results and the obtained data respec-
tively. Statistical software was used to (a) study the
regression analysis of experimental data; (b) fit a nonlinear
quadratic model, and (c) draw the response surface plots.
The statistical parameters were estimated using ANOVA
(analysis of variance) technique. The developed empirical
model in terms of a coded factor for predicting E% is
shown in eq. (7).

Y=0+ Bih+ BT+ BN+ Bif+ BiohT + BishN
+ BosTN + PoaTf ... + Bra(h) + Poo(T)
+ By s(NY + Bia( ) (7

where [ is the average of the responses, and /£, B,
B, ..., Pus are regression coefficients that depend on the
corresponding linear, interaction and quadratic terms of
the factors*’. The value of each coefficient was calculated
using the software. Table 2 shows results of the regres-
sion coefficients for the second-order response surface
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model. The final empirical model developed using these
coefficients is given in eq. (8)

E% =51.94—22.36h— 15.58T + 3.40N + 5.35f
+1436h* T—120h * N—537h* f+3.37T* f
—10.26(T)* + 14.24(N)* — 23.44( ). (8)

The adequacy and statistical significance of the deve-
loped quadratic model for the response (E%) were tested
using ANOVA. Table 3 shows the results. The coefficient
of multiple determination (R?), for the developed quadratic
model, was found to be large (0.983), which implies that
only a total variation of 0.017 cannot be indicated by the
model. The lack-of-fit F-value for the model was found
to be 5.05 (not shown in the table), implying that the lack
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Table 3. ANOVA test results for E%
Source Sum of squares df Mean square Fp value P-value Prob > Fp Remarks
Regression 22,3232 15 1,488.21 114.37 <0.0001 Significant
h 9,184.9 1 9,184.9 705.84 <0.0001 Significant
T 4,057.5 1 4,057.5 311.81 <0.0001 Significant
N 122.7 1 122.7 9.43 0.008 Significant
f 561.1 1 561.12 43.12 <0.0001 Significant
" 1.6 1 1.64 0.13 0.728
T 402.5 1 402.51 30.93 <0.0001 Significant
N 563.7 1 563.65 43.32 0.001 Significant
f? 1,317.5 1 1,317.54 101.25 <0.0001 Significant
h*T 3,421.3 1 3,421.34 262.92 0.001 Significant
h*N 69.5 1 69.53 5.34 0.037 Significant
h*f 416.7 1 416.70 32.02 0.001 Significant
T*N 7.7 1 7.65 0.59 0.456
T*f 154.1 1 154.12 11.84 0.004 Significant
N 1.2 1 1.23 0.09 0.763
Pure error 339 4
Cor total 22,505.3 29
of fit is significant. This large value could occur due to
95.00 — noise. The predicted R* value of 0.887 was in reasonable
agreement with the adjusted R’ value of 0.965. The
adequate precision value measures the signal-to-noise
7150 ratio. A ratio greater than 4 is desirable. For the present
< model, the ratio of 24.464 indicates an adequate signal,
L and hence the developed model can be used to navigate
B o the design space. A new set of experiments was con-
e ducted for validation of the developed regression model
E under similar experimental conditions. The collected data
o were plotted against those from the developed regression
2450 model (Figure 3). Each predicted value from the deve-
loped model matched well with the experimental value.
For the developed regression model, the large F value
1.00-] (51.94, Table 2) and the associated lesser P-value (less
: : : : | than 0.0001, Table 2) indicate that the model and the
150 2484 4818 7153 9487 model terms are statistically significant. The effect of
Observed E% model terrps thz}t are as.so§iat.efl with P—Yalues greater
than 0.05 is statistically insignificant. In this case, Table
Figure 3. Comparison between predicted and experimental £% values. 3 shows that all the linear terms %, 7, N and f, the qua-

dratic terms (7)%, (N)* and ( f)* along with the interaction
terms (h)*(7), (W)*(N), (h)*(f) and (T)*(f) are signifi-
cant for the response £%. In the given design range, the
quadratic terms (/)* and the interaction terms (7)*(N) and
(N)*(f) possess insignificant effects (underlined in Table
2). The sensitivity level of significant terms for £% from
large to small is the linear term 4, the interaction term
(h)*(N), the linear term (7), the quadratic term (N)>, the
linear term f, the interaction term (4)*(f), the quadratic
term (7)°, the linear term N, and the quadratic term ( f)*.
From a comparison of statistical results, the linear term
was most significant, the interaction term is the second
most significant, and the quadratic term is least signifi-
cant for £%. These statistical results clearly indicate that
the water depth % has a definite linear relationship with
N and 7, while f has a nonlinear relationship with wave
attenuation.
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Figure 4. The main effect of model parameters on £%.

Parameter effects

The results from the F-statistics probability value (P less
than 0.05) imply that a good correlation between input
and output variables could be drawn by the model deve-
loped in eq. (8). Parametric variables 4, T, N and fplay an
important role individually on vegetation-induced wave
attenuation. Figure 4 is a graphical representation of the
main effects of statistically significant factors with their
respective regression model-based magnitude and direc-
tion on the response (E%). It indicates that among the
linear coefficients, 2 and T have inverse effects, while N
and f have direct effects on E%. It is well-accepted that
under steady flow conditions, vegetation induced wave
attenuation is a function of plant characteristics such as
plant geometry, density, meadow coverage, mechanical
properties, especially stiffness, buoyancy as well as
hydrodynamic conditions, including water depth, wave
height and wave period®’. The results from the present
study are in good agreement with most of the laboratory
flume, field and modelling-based studies, confirming the
dependency of wave—vegetation interactions on water
depth (7224 wave period (T)/%2627384345  ,lang
density (N)'? and bed roughness factor (f)>***** In
general, the surface wave attenuation is caused by the
drag (energy loss) through work performed on the stems
of both emergent and submerged vegetation*®.

Interaction effects of model parameters

The interaction effects of all the statistically significant
tested variables on E% over the vegetation meadow have
been graphically represented here. The plots illustrate
that the two-way interaction effect of water depth # when
combined with each of the three other considered para-
meters 7, N, and fis linearly proportional to the response
E%. The rest of all possible statistically significant two-
way interactions among the considered control parameters
(T-N, T-f and N—f) are nonlinear on £%. The two-way
interactions involving the wave period T (7-N and 7-f')
have an inverse relationship with a downward-sloping
curve, while the N—f interaction has a direct relationship
with an upward sloping curve.
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Interaction effect of water depth and wave period: Figure
5 a and b shows the interaction effect of water depth %
and wave period T on E% in the vegetation field. Here,
E% is plotted for a plant stem density N (1353 stems/m?)
and a friction factor £(0.0175). At lower 4 (0.11 m) and T
(1.5 's), E% is maximum (94%), and increasing the water
depth and wave-period results in a reduction of energy
loss as the waves travelled along the vegetation zone,
even though £% decreases to as low as 25% at the upper
limit of 4. E% rises with the wave period for small values
of T to a point and reduces gradually for large values of T’
as it travels through the vegetation field. It could be
attributed to the wider changes in coefficients of empiri-
cal wave decay for short peak wave periods, and nearly
converging for longer 7. Also, the theoretical wave decay
coefficients were found to be nearly independent of the
peak periods under dips during fluctuations. This is in
agreement with the study by Huang er al.*, indicating
that vegetation density and incident wave height are the
two factors that mostly control the wave transmission
coefficients.

Interaction effect of water depth and plant density: The
developed regression model (eq. (8)) indicates that the
interaction between /2 and N causes a negative effect on
E%, although the plant density N makes a positive effect
individually. Figure 6 a and b shows the interaction effect
as a function of water depth / and plant density N on £%
at constant values of wave period (2s) and friction factor
(0.0175). E% increases with decreasing /# and increases
with increasing N. However, Figure 6 a illustrates that the
interaction effect between /# and N causes negative beha-
viour, such that invariably with the increase of N, the in-
crease in & causes a decreasing trend in £%. An increase
in plant density N from 543 to 2163 stems/m’ causes £%
to increase from 82% to 90%. This result is in agreement
with some published results'?, although published results
on the intensity of the effect of plant density on wave—
vegetation interactions are inconsistent. The literature
shows contradictory results, as some studies have claimed
that higher plant density causes no effect’®, while
another study shows improved wave dissipation'’.
However, it has been generally recognized that plant
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morphology® and mechanical properties of vegetation
such as shoot stiffness'” are related to wave dissipation.
Also, it has been well established that the interactions of
several process control parameters together rather than as
an individual parameter alone are responsible for vegeta-
tion-induced wave attenuation'>**°°. In the present study,
this result suggests that higher vegetation density com-
bined with lower water depth causes a higher degree of
wave attenuation, which is in agreement with the pub-
lished results, such as an interaction effect of low 4 and
high N on E per cent.

Interaction effect of water depth and bed friction factor:
The two-way interaction plot and surface plot shown in
Figure 7 a and b illustrate the effects of water depth /# and
bed friction factor f on E% respectively, at a fixed 7' (2s)
and N (1353 stems/m?). Although f alone causes a posi-
tive effect (Table 2) on E%, the f'and /4 interaction cause
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Interaction effect of # and 7 on E%. a, Two-way interaction effect; b, Surface plot.
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Interaction effect of # and N on E%. a, Two-way interaction effect; b, Surface plot.

a negative effect. The interaction between 4 and f on the
response surface plot of the £% response indicates that an
increase in f due to changes in bed roughness from steel
surface to fine sand (statistically represented from —1 and
0) and from fine sand to coarse pebbles (statistically
represented from 0 and +1) results in improvement of
E%. When £ is at the lower level (0.1 m), the change in
flume bed roughness factor from 0.012 (steel surface
flume bed) to course pebbles bed flume (0.025) results in
an increase from 45% to 62% of E%. At similar condi-
tions, an increase in water depth from 0.10 to 0.15 m,
however, causes an marginal increase in E%, i.e. less
than 5%. This result clearly shows that under the study
conditions, water depth has a more dominant role in wave
attenuation compared to all other parameters considered
in this experiment, which is in good agreement with the
results from flow studies’'**. For unidirectional flow, the
greater the proportion of water depth over the canopy,
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the less effective it is at reducing the flow. Also, the
higher f and shallow water depth cause higher dissipation
of wave energy.

Interaction effect of wave period and bed friction factor:
The developed empirical model (eq. (8)) also indicates
that a statistically significant interaction effect exists bet-
ween the wave period T and bed friction factor f on wave
attenuation. Figure 8 a and b graphically shows the inte-
raction effects 7 and f on £% along the vegetation mea-
dow. Although the cumulative of the interaction effect is
directly proportional to £%, an increase in 7 from 1 to 3 s
at the minimum f(0.010) causes a decrease in £%. The
surface plot (Figure 8 ) also indicates that the shorter
wave period (1s) results in higher wave energy reduction
percentage (75) for all the three different bed friction fac-
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Interaction effect of /# and fon £%. a, Two-way interaction effect; b, Surface plot.

1.00 0.03

Interaction effect of 7 and f'on E%. a, Two-way interaction effect; b, Surface plot.

tors. However, the lowest f(0.010) at the longest wave
period (3s) results in the lowest wave energy reduction
percentage (nearly zero). On the contrary, the highest
£(0.025) at the shorter wave period (1 s) results in higher
wave energy reduction percentage (=25). Among all other
process control parameters considered in this study, the
effect of wave period on dissipation has the most contra-
dictory results in the literature. Méller et al." reported
that salt marshes reduced wave energy at all wave periods
by the same degree compared to the flat sand bottom-
based flows. However, other studies suggested that the
vegetation-based wave attenuation is predominantly high
wave period (high-frequency)-dependent'®**. Stratigaki et
al."”® observed more than 35% reduction in wave height
along the meadow due to a decrease in the wave period.
The inverse nonlinear effect of wave period on energy
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variation (Figure 8 b) along the vegetation meadow from
the present study is in good agreement with the published
results.

Discussion

Aquatic emergent plants are key players, generally acting
as a buffer between the shore and open water; they signi-
ficantly mitigate wave energy during and after a storm
surge, before it reaches dry sand on the shore. In this
study, it has been established that the aquatic emergent
plants have the ability to reduce substantial wave energy,
especially for small-orbital amplitude waves. Wave atte-
nuation percentage increases under emergent conditions
as the wave travels through the vegetation field, especially
for small values of peak wave period. Also, it has been
demonstrated that water depth is the major parameter and
that wave attenuation is a function of vegetation characte-
ristics such as plant density and also wave conditions
such as incident wave period. These observations are in
complete agreement with major findings from the litera-
ture. Enough work was performed by the heterospecific
plant stems, resulting in a reduction of energy and thus
smaller wave heights significantly affecting the wave-
induced flows, especially for long wavelengths. In the
present study, we have developed a statistical-based em-
pirical model through DOE under controlled experimental
conditions using laboratory flume. The developed model
will help in understanding the individual as well as inte-
raction effects of the process control variable in predict-
ing wave attenuation (E£%), the response variable. These
results could be useful to meet the long-term needs of
sustainable coastal protection and management systems.
This will also help promote the use of natural protection
measures, including restoration, management, re-planting
of coastal vegetation/mangrove and shelterbelts, especially
in the current scenario of rising sea levels and the in-
creased numbers/intensities of storms, and the resulting
increased hazard of coastal erosion.

Conclusion

Designed experimentation was conducted at a laboratory
scale by employing a three-level four factor, central com-
posite, face-centred RSM. The effect of four control
parameters, viz. water depth, wave period, plant density
and bed roughness factor on the wave energy reduction
percentage (E%) was examined. A nonlinear empirical
model was developed such that comparison and valida-
tion analysis of the model predictions against experimen-
tal data could be done. All the statistically significant
primary and interaction effects of the operating parame-
ters were examined and plotted on two-way interaction
plots as well as 3D response surface plots. The results in-
dicated that all the considered parameters have significant

CURRENT SCIENCE, VOL. 119, NO. 3, 10 AUGUST 2020

effects on wave energy attenuation individually as well as
in combination under prescribed conditions. The results
confirmed that /# has a main negative effect on £%, while
N has a positive nonlinear effect, and the other two fac-
tors, T and f have no negative effects on linear. Water
depth has the major contribution to wave attenuation as it
has statistically significant two-way interactions with all
the three other parameters (N, T and f). The RSM is
effective for the prediction of wave energy reduction by
heterospecific seagrass meadow, as ANOVA results indi-
cate good agreement when comparing the experimental
results with the model predictions at a high coefficient of
determination (R?) of 0.9829 (with P-value <0.05).
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