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Abstract. Trinitrotoluene (TNT), a commonly used explosive for military and industrial applications, can cause

serious environmental pollution. 28-day laboratory pot experiment was carried out applying bioaugmentation using

laboratory selected bacterial strains as inoculum, biostimulation with molasses and cabbage leaf extract, and

phytoremediation using rye and blue fenugreek to study the effect of these treatments on TNT removal and changes

in soil microbial community responsible for contaminant degradation. Chemical analyses revealed significant

decreases in TNT concentrations, including reduction of some of the TNT to its amino derivates during the 28-day

tests. The combination of bioaugmentation-biostimulation approach coupled with rye cultivation had the most

profound effect on TNT degradation. Although plants enhanced the total microbial community abundance, blue

fenugreek cultivation did not significantly affect the TNT degradation rate. The results from molecular analyses

suggested the survival and elevation of the introduced bacterial strains throughout the experiment.
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Introduction

The nitroaromatic explosive, 2,4,6-trinitrotoluene (TNT),

has been extensively used for over 100 years, and this

persistent toxic organic compound has resulted in soil

contamination and environmental problems at many

former explosives and ammunition plants, as well as

military areas (Stenuit, Agathos 2010). TNT has been

reported to have mutagenic and carcinogenic potential

in studies with several organisms, including bacteria

(Lachance et al. 1999), which has led environmental

agencies to declare a high priority for its removal from

soils (van Dillewijn et al. 2007).

Both bacteria and fungi have been shown to

possess the capacity to degrade TNT (Kalderis et al.

2011). Bacteria may degrade TNT under aerobic or

anaerobic conditions directly (TNT is source of carbon

and/or nitrogen) or via co-metabolism where addi-

tional substrates are needed (Rylott et al. 2011). Fungi

degrade TNT via the actions of nonspecific extracel-

lular enzymes and for production of these enzymes

growth substrates (cellulose, lignin) are needed. Con-

trary to bioremediation technologies using bacteria or

bioaugmentation, fungal bioremediation requires

an ex situ approach instead of in situ treatment (i.e.

soil is excavated, homogenised and supplemented

with nutrients) (Baldrian 2008). This limits applicabil-

ity of bioremediation of TNT by fungi in situ at a field

scale.
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The presence of aquatic vegetation can reduce shear stress 
at the flow-sediment interface and dampen waves, thus 
contributing to particle deposition, reducing sediment 
erosion, enhancing sediment stability, and controlling 
sediment suspension (Koch et al. 2006; Gruber, Kemp 
2010).  Also, aquatic vegetation can substantially affect 
hydrodynamic processes at the water systems depending 
on fluvial morphology, vegetation spatial distribution, po-
sition and stem density (Augustin et al. 2009). Moreover, 
since hydrodynamics is a significant contributing factor to 
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abstract. This paper presents a well-controlled laboratory experimental study to evaluate wave attenuation by artifi-
cial emergent plants (Phragmites australis) under different wave conditions and plant stem densities. Results showed 
substantial wave damping under investigated regular and irregular wave conditions and also the different rates of wave 
height and within canopy wave-induced flows as they travelled through the vegetated field under all tested conditions. 
The wave height decreased by 6%–25% at the insertion of the vegetation field and towards the downstream at a mean 
of 0.2 cm and 0.32 cm for regular and irregular waves respectively. The significant wave height along the vegetation 
field ranged from 0.89–1.76 cm and 0.8–1.28 cm with time mean height of 1.38 cm and 1.11 cm respectively for regu-
lar and irregular waves. This patterns as affected by plant density and also location from the leading edge of vegetation 
is investigated in the study. The wave energy attenuated by plant induced friction was predicted in terms of energy 
dissipation factor (fe) by Nielsen’s (1992) empirical model. Shear stress as a driving force of particle resuspension and 
the implication of the wave attenuation on near shore protection from erosion and sedimentation was discussed. The 
results and findings in this study will advance our understanding of wave attenuation by an emergent vegetation of 
Phragmites australis, in water system engineering like near shore and bank protection and restoration projects and 
also be employed for management purposes to reduce resuspension and erosion in shallow lakes.

Keywords: wave attenuation, aquatic emergent vegetation, open-channel, regular wave, irregular wave, shear stress.
 

Introduction

Coastal regions, estuaries and other natural water systems 
are susceptible to inundation by extreme waves and storm 
damping which results in flooding and events of shoreli-
ne erosion. These current situations in aquatic environ-
ment engineering and management have brought the idea 
of using aquatic vegetation by water resources managers 
in shoreline protection. Aquatic vegetation plays an im-
portant role in maintaining water level, wave and heavy 
storm damping and also helps maintain habitat diversity. 
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the ecosystem, the interaction between water waves and 
aquatic vegetation need to be quantified. Although bot-
tom characteristics are usually a main factor in determi-
ning wave dissipation, wetlands ecosystem is particularly 
important as its effect on hydrodynamics is not only at 
the bottom but throughout the water column (Augustin 
et  al. 2009). Hence understanding the vegetation affec-
ted hydrodynamic processes is key in understanding and 
maintaining the ecosystem. One important aspect is the 
attenuation of wave energy by aquatic vegetation (Suzuki 
et  al. 2011). In large shallow lakes like Lake Taihu, we-
tlands and other natural water systems, aquatic emergent 
and submerged vegetation are expected to reduce bed se-
diments resuspension by dissipating wave energy (Hou-
wing et al. 2002; Mendez, Losada 2004; Möller 2006). 

For decades, many studies have been carried out to 
explore the wave and aquatic vegetation interaction focu-
sing on vegetation induced wave attenuation (e.g. Dalrym-
ple et al. 1984; Kobayashi et al. 1993; Mendez et al. 1999; 
Lovas 2000; Suzuki et  al. 2011). The initial theoretical 
mode of wave damping was given by Dalrymple et  al. 
(1984) who assumed plants as rigid cylinders exerting 
drag force on the regular waves. Kobayashi et al. (1993) 
proposed the idea adopting momentum and continuity 
equations, results of which showed exponential decay of 
wave height. Mendez et al. (1999) continued the work of 
Dalrymple et  al. (1984) by considering irregular waves 
(Mendez, Losada, 2004). Other researchers (e.g. Dean, 
Bender 2006; Krauss et al. 2009) applied linear wave theo-
ry to demonstrate that the wave attenuation as a result of 
momentum transfer from breaking wave to the water co-
lumn is minimized by two-thirds of incoming wave height 
as it travels through the vegetation. Augustin et al. (2009) 
also used linear wave theory to laboratory experiments to 
quantify bulk drag force exerted by vegetation. The study 
of aquatic vegetation attenuating wave is investigated and 
quantified in several laboratory studies with both natural 
and artificial vegetation (e.g. Dubi, Tørum 1996; Tschirky 
et al. 2000; Augustin et al. 2009; Cavallaro et al. 2010) and 
also field measurements in various different environments 
(Möller, Spencer 2002, Möller 2006; Quartel et al. 2007; 
Bradley, Houser 2009; Lövstedt, Larson 2010). In addition, 
modeling studies were also performed to investigate wa-
ve-vegetation interactions (Dalrymple et al. 1984; Asano 
et al. 1992; Mendez et al. 1999; Mendez and Losada 2004; 
Mullarney, Henderson 2010). 

The above mentioned studies have reported changing 
rate of wave attenuation regarding the vegetation type and 
the study environment. Knutson et al. (1982) in an early 
study reported a decrease in wave energy in salt marsh 
vegetation up to 26%. Mork (1996) conducted experi-
ments on hyperborea kelp beds in the coast of Norway 
that showed attenuation of more than 60% of wave height. 
Tschirky et  al. (2000) in Lake Ontario recorded a 40% 

reduction of wave height in emergent wetland plants. Coo-
per(2005) found that wave damping over salt marshes was 
two times higher than over mudflats. In coastal mangrove, 
wave damping was shown to be five times more than that 
due to only bed friction (Quartel et al. 2007). Fonseca and 
Calahan (1992) also studied the wave energy reduction by 
seagrass and recorded that the effect is negligible provided 
the plants leaf height is less than half of the water depth. 
However, Elwany et al. (1995) reported that wave energy 
is not attenuated significantly by the vegetation field which 
moves concurrently with the flow and also with no subs-
tantial drag effect. Large variability exists among studies of 
wave damping and it is very difficult to describe a general 
behaviour of vegetation induced wave attenuation (Mendez, 
Losada 2004). The complexity shows that the dynamics de-
pend largely on the vegetation characteristics such as vege-
tation type, density, stiffness, spatial distribution, geometry 
and also the hydrodynamic conditions such as incoming 
wave height, wave period and water depth. The vegetation 
field is exposed to varying wave forcing and water flow that 
changes with time as plant stem characteristics changes thus 
making wave-vegetation interaction highly dynamic (Bra-
dley, Houser 2009; Anderson et al. 2011).

Even though there are existing studies that describe 
wave-vegetation damping patterns, successful applications 
are still rare. Since aquatic vegetation shows large variabi-
lity across the world, seeking an inferred generalized met-
hod to quantify this behaviour is difficult. The attenuation 
of flow within vegetation canopies is a significant part 
of vegetation flows which has not fully been integrated 
especially in prior models of dissipation by rough surfa-
ces (vegetation) which this study will aim to explore. This 
study also aims to advance our understanding knowledge 
or description of wave-vegetation behaviour by advancing 
our understanding of the related processes. Also, most 
previous studies investigated the wave-vegetation flow 
into sparsely arranged vegetation with some few spaced 
measuring points of investigation which to the best of 
our knowledge do not give a detailed profile of the inte-
ractions of the in-canopy flow with individual vegetation 
canopy elements. We hypothesise that the dynamics affec-
ting the dissipation of flow inside the vegetation canopies 
will eventually control the rate at which wave energy is 
attenuated which this study aims to provide a detailed wa-
ve-vegetation with various observation points. Also, as the 
emergent macrophytes common Reed (Phragmites aus-
tralis) is becoming a predominantly species in our water 
ecosystem especially in eastern China (Zhang 2009; Yan 
et al. 2011; Li et al. 2014), its use in this study will help to 
understand the extent by which these species could chan-
ge the habitat modifying characteristics of the ecosystem 
in terms of wave dissipation. The investigations about the 
ecosystem engineering impacts of these species is very si-
gnificant from a management perspective. This is achieved 
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by investigating and quantifying the wave-vegetation inte-
raction, focusing on wave damping and transmission, and 
energy dissipation. The effects of plant stem density, wave 
conditions are discussed. Also the vertical and horizontal 
shear stress variations as the wave travels through the ve-
getation field were investigated.

In this paper, wave attenuation was investigated in 
well-controlled laboratory experiments with artificial 
emergent vegetation field under different wave conditions 
and vegetation stem densities. In addition, the wave ener-
gy dissipation expressed as wave energy dissipation factor 
and wave orbital amplitude was studied and also investiga-
ting if friction by emergent plants relates can be described 
by existing empirical models.

1. Materials and method

1.1. Theory
1.1.1. Wave height and energy decay

Generally, wave attenuation by aquatic vegetation is a 
result of the energy loss to the plant stems (Dalrymple 
et al. 1984; Mork 1996; Bradley, Houser 2009). Theories 
for wave energy and height decay through vegetation field 
have been proposed in various studies and, in the end, a 
general solution was proposed irrespective of the type of 
vegetation (Mendez et al. 1999; Möller et al. 1999; Augus-
tin et al. 2009; Bradley, Houser 2009). The resulting ge-
neral equation for wave height decay is given as:

 
  c

o

HQ
H

= , (1)

where Qc is the wave decay coefficient, H is the incoming 
wave height, Ho is the local wave height. For irregular wa-
ves, H and Ho becomes the root mean square wave height 
(i.e. Hrms and Horms respectively). 

Dalrymple et al. (1984) proposed an algebraic equ-
ation using the linear wave theory and wave energy con-
servation which was later modified by Mendez and Losada 
(2004):  

 

1            
1o

H
H x

=
+β

,         (2)

where β is parameter related to the plant and wave charac-
teristics given as

 ( )
3 31

3 2 2
v v

d v
sin kl sinhkl

C Nd H
sinh kh kh sinhkh

 +
β =  

π +  
, (3)

where k  is the wave number (m–1), vl  is the vegetation 
height, h  is water depth. Generally, the dissipation of 
wave energy depends on the characteristics of the vege-
tated field (configuration, density, size) and morphology 
of plants.

Wave energy dissipation factor above roughness 
elements (in the presence of vegetation), fe or the wave 

friction factors, fw at the bed are usually a function of the 
wave orbital amplitude and the hydraulic roughness, r  
(Nielsen 1992; Soulsby 1997). Based on a large number of 
laboratory studies, Nielsen (1992) derived empirically the 
wave friction equation that reads 

 

0.25.5  6.3w
rf exp
A

  = −  
  

, (4)

where A is the wave orbital amplitude calculated by

 
/ 2pA UT= π , (5)

where pT  is peak wave period. This equation has been 
widely and successfully applied over rough surfaces 
(Manca et al. 2010; Lowe et al. 2005). In the present study, 
the wave energy loss as a result of the presence of vege-
tation was estimated by the vegetation induced friction 
and calculated using the commonly used dimensionless 
parameter  ef modified by Manca et al. (2010). This pa-
rameter is determined from the wave energy loss in the 
vegetation field assuming exponential wave height decay. 
This friction factor was applying the formulae of Jonsson 
(1966) as

 *

3  
2

f
ef U

ε 
=   π ρ 

, (6)

where ρ  is the water density, *  U  is the horizontal wave 
velocity above canopy, fε  is defined as the rate of wave 
energy dissipation per unit area as a result of indu-
ced friction. These two friction-based coefficients ( wf  
and  ef ) are different in definitions, Nielsen (1992) pro-
ved that, in spite of the disparity of these two parameters 
shown in various experimental results, they can be assu-
med equal for practical applications. Manca et al. (2010) 
also made the similar conclusion. If the linear wave theory 
is applicable, fε  can be calculated assuming the waves are 
normal to the vegetation field as (Dalrymple et al. 1984)

 

g
f

EC

x

∂
ε =

∂
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where 21 
8 gE gH C= ρ  is the wave energy density, g  is the 

acceleration due to gravity, and 
( )

1 2  1
2 sin 2g

khC c
kh

 
= +  

 
, 

where  gC  and c  are group velocity and wave phase speed 
respectively (Infantes et al. 2012).

1.1.2. Vegetative roughness and drag coefficient

For the parameters mentioned above, it is shown that the 
mean drag coefficient, dC , of the vegetation field is one 
of the most significant parameters for determining atte-
nuation coefficients. However, it is very difficult to esti-
mate  dC . For flows through vegetation fields, both the 
Darcy-Weisbach coefficient and the Manning’s n are used 
to represent the resistance coefficient. For a glass-walled 
wave flume like the one used in this study, the side wall 
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is considered smooth and thus the sidewall resistance is 
negligible. The flume roughness resistance was then do-
minated by the vegetative roughness. The wave energy is 
greatly attenuated by the vegetative resistance in the wave 
flume. Kouwen (1996) established that vegetative rough-
ness dominates the bed resistance instead of the surface 
resistance. To estimate the vegetative drag induced by the 
vegetal plant elements, the hydrodynamic forces (F) that 
waves exerts on the vegetation is examined as F = (Fx, 0, 
Fz) where Fz normally assumed to be negligible likened 
to Fx especially for shallow flow water depth. Generally, 
the horizontal force (Fh) is given as Fh = Fd + Fi (Morison 
et al. 1950) where Fd is the vegetative drag force and Fi is 
the inertial force. However, defining a generalized value 
for vegetation-induced drag is impossible since the dC  is 
highly dependent on hydrodynamic and plant properties. 
However, dC  is commonly regarded as a function of some 
non-dimensional flow parameters (Kobayashi et al. 1993; 
Mendez, Losada 2004), in which the most relevant one is 
the stem Reynolds number, Re, (Kobayashi et al. 1993; Au-
gustin et al. 2009) which is related to dC  as 

 
dC a

Re

ζ
 β = +  


, (8)

where a, β , ζ  are coefficients depending on the plant 
properties and Re is defined as

 

UdRe =
ν

,   (9)

where ν  is the kinematic viscosity of water (= 10–6m2/s 
at 24 °C) and u  is the maximum horizontal characteris-
tic velocity acting on the plants at the measurement point 
calculated from the linear wave theory as

 

( )
( )

cosh
sinh

vklHU
T kh
π

= .    (10)

Kobayashi et al. (1993) calibrated dC  values for Asa-
no et al. (1988) experiments and plotted against the cor-
responding stem Re and established a relationship as

 

2.4
22000.08dC

Re
 = +  


,    (11)

for Re range of 2200 < Re < 18000. However, Mendez et al. 
(1999) through laboratory studies extended Kobayashi 
et al. (1993) work and derived also an empirical formula 
for dC  varying with Re as

 

2.2
22000.08dC

Re
 = +  


,    (12)

for Re range of 200 < Re < 15500. This formula does not 
account for vegetation swaying (see Mendez et al. 1999) 
where it is assumed that the horizontal velocity of the ve-
getation is substantially smaller than the orbital velocity 
thus the vegetation can be considered to be rigid. Mendez, 
Losada (2004) however investigated that Keuglan Carpen-
ter (KC) number relates appropriately the dC  with the 
stem length and wave parameters expressed as

 

max

v

U T
KC

d
= .   (13)

However, for emergent vegetation field conditions, 
dC  was found to relate better with Re (Augustin et  al. 

2009; Bradley, Houser 2009; Cavallaro et al. 2010).

1.1.3. Bottom roughness and shear stress

Generally, in the field and laboratory studies, Manning and 
Darcy-Weisbach friction factors have been successfully 
applied to flows through aquatic vegetation which has 
also been related to the wall shear stress (Galema 2009; 
Augustin et al. 2009). However, it has been established in 
literature that for a glass-walled flume, the wave energy is 
more attenuated by the vegetative resistance, thus vegetati-
ve roughness dominates the bed resistance (Fathi-Magha-
dam, Kouwen 1997). Various studies have applied different 
approaches in estimating the mean bottom shear stress in 
a flume for wave-vegetation flow interaction (Mazda et al. 
1997; Cheng et al. 1999; Mendez et al. 2004; Rashid 2010; 
Thompson et al. 2004). Thompson et al. (2004) mentioned 
that the Quadratic Stress Law is suitable for estimating the 
mean shear stress for all kinds of fluid flow and vegetation 
interaction. The shear stress, τ  with the Quadratic Stress 
Law is defined as

 
2

dC U∞τ = ρ ,       (14)

where U∞  is the depth averaged longitudinal flow velocity 
(m/s).

1.2. Experimental setup

The experiments were conducted in an open wave flume 
constructed in the Coastal, Harbor and Offshore Engine-
ering Hydraulics Laboratory at Hohai University, China. 
A series of experimental runs were performed for waves 
propagating over an array of plastic artificial emergent pl-
ants (see Fig. 1). 

The laboratory wave flume is a 30×0.5 m glass-walled 
rectangular flume with a height of 1.0 m. A piston wave 

Fig. 1. Image of the artificial emergent plant used for 
the experiment and a summary of its physical properties

Property
Value

Emerged

Plant total height
Approximate height
Leaf section
Stem section
Average diameter
Leaf section
Stem section
Average width
Leaf section
Average surface area
Leaf section

65 cm

50 cm
15 cm

2.6 cm
0.4 cm

8 cm

0.025 m2
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maker controlled by a computer was used to generate 
waves at the upstream of the wave flume. The incoming 
water flow was controlled by an inlet turning valve at 
the upstream end and a triangular adjustable weir at the 
downstream end, which was also used to control the water 
level. At the downstream of the wave flume was a rubber 
wave absorber built to minimize wave reflection effects. A 
7 m long vegetation section was constructed 15 m downs-
tream from the wave maker. Artificial plastic plants were 
used in this study to simulate aquatic vegetation. These 
plants mimicked real species of common reed (Phragmites 
Australis). They are produced from material to generate 
appropriate density and flexural rigidity to approximate 
the real plants as possible. The plants have biomechanical 
and morphological resemblance to the real species they 
mimic and were thus suitable to be used in our studies. 
Fiala (1976) described the vegetative morphology and 
mechanical properties of Phragmites australis plant stems. 
This approach of using artificial plant is similar to that 
used by many other researchers (e.g. Nepf, Vivoni 2000; 
Järvelä 2005; Chen et al. 2011; Li et al. 2014) who inves-
tigated scale models of vegetation and have found it is 
important to use simplified form plants to the real vege-
tation. Each individual artificial plant has a total height of 
0.65 m (0.5 m stem section and 0.15 m leaf section) with 
a mean plant width of 0.08 m. It has an average diameter 
of 0.026 m and 0.04 m at the leaf and stem section res-
pectively. The plant were built on a 7 m × 0.5 m × 0.01 m 
(L×W×H) board with holes and placed on the flume bed 
to develop the vegetation section. The schematic view 
of the experimental setup is shown in Figure 2. Figure 3 
shows an image of the flume with the planted vegetation. 
The water depth in the flume was kept approximately at 
0.5 m for all the experimental runs. 

1.3. Instrumentation and experimental runs conditions

To investigate the effect of plant stem density and varied 
wave conditions on attenuation under emergent condi-
tions, twelve scenarios were examined. Table 1 shows 
the conditions of these experimental runs. In addition, 
four vegetation densities (stems/m2) ranging from 30 to 
90 stems/m2 which represent a typical aquatic configura-
tion in most rivers in the eastern china (CVEC 1980; Ma 
et al. 2008; Zhang 2009) and six wave conditions for both 
regular (R) and irregular (IR) waves were selected to re-
present different wave heights and periods (see Table 1). 
Each experiment was assigned a specific code name in this 
paper based on the plant stem density and wave condition 
(see Table 1). For example, WIE90 indicates experimental 
run 1 under 90 stems/m2 plant density and a regular wave 
of 3 cm wave height (H) and 1.0s wave period (T). Also, 
W4E90 indicated experimental run 4 under 90 stems/m2 
plant density and an irregular wave of H = 4.24 cm and 

T = 1.11 s. Code names with W1, W2 and W3 represent 
regular waves and the rest for irregular waves. The wave 
transformation along the flume was monitored by 10 wave 
gauges which measured the free surface oscillations time 
series (wave height and period). These were distributed at 
one meter interval beginning 1 m upstream of the vegeta-
tion section. Figure 4 shows the locations (Locations 1 to 
10) of the wave gauges along the vegetation section in the 
flume. Locations 1 and 10 were located at upstream and 
downstream outside the vegetation section respectively 
whereas Locations 2 to 9 were located within the vegeta-
tion section.

Instantaneous velocity measurements were taken by a 
3D macro acoustic Doppler velocimeter (ADV) (SonTek, 
San Diego, CA, USA) at a sampling frequency of 20 Hz 
at various positions (Positions 1 to 5) along the vertical 
direction with a 30 s sampling time. A total of 600 data 
points were collected at each position. A mean velocity va-
lue at each measuring point was obtained by using Win-
ADV post-processing software. This velocity data were to 

Fig. 2. a) Schematic view of the experimental flume setup; 
b) Plan view of the boards in which the artificial plants were 
arrange to create the vegetation field

Fig. 3. Image of the flume with the planted vegetation

a)

b)
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be used later in estimating the vertical and longitudinal 
shear stresses in the flume. Figure 4 shows the ADV mea-
suring positions. Positions 1 and 5 are located outside the 
vegetated regions whereas Positions 2, 3 and 4 are within 
the vegetated region. Velocity measurements were taken at 
fourteen points along the vertical direction starting from 
5 cm above the flume bed. Measurements were taken at 
2.5 cm and 5 cm intervals spaces near the bed and towards 
the surface respectively (i.e. 2.5 cm increments from 5 to 
20 cm, and then 5 cm increments from 20 to 40 cm). Thus, 
there were a total of 14 measuring points vertically.

1.4. Wave data analysis

For the various experimental runs, the data were analy-
zed to quantify the wave decay by the vegetation field. The 
wave attenuation patterns as well as the estimation of the 
drag properties are of interest. For each of the 10 wave 
gauge points along the vegetation field, the root mean-
square height (Hrms) and the mean wave period were de-
termined from each water oscillation time series. This was 

obtained by employing a wave-by-wave analysis using post 
processing wave software which applies a zero-crossing 
method (Mizuguchi 1982; Augustin et  al. 2009; Zhang 
et al. 2011) to calculate the significant wave height (Hs) 
and the peak wave period (T). The zero-crossing method 
represents average water surface fluctuations most accura-
tely (Möller et al. 1999). Wave heights were obtained from 
the wave spectral for each wave gauge points for irregu-
lar waves. For irregular waves, Hs were converted to Hrms 
using the relation (Hrms = Hs / 1.416). The wave height de-
cay coefficient ( cQ ) was estimated from equation 1.

2. results and discussions

2.1. Wave heights and energy attenuation

The experimental data indicated that the wave height gre-
atly decayed whiles the wave travelled through the vegeta-
tion field (see Fig. 5). For emergent conditions, the whole 
velocity profile is obstructed by the plant stems. Figure 5 
shows the trend of wave height decay coefficient changing 
with distance through the vegetation section for all runs. 

Generally, for emergent conditions, irrespective of the 
plant stem density or wave condition, the wave height de-
creased when the wave propagated through the vegetation 
section. The greater part of wave height attenuated over the 
vegetation field mostly occurred along the first few meters of 
the vegetation field (from Locations 1 to 3) (see Fig. 5) which 
was observed for both regular and irregular waves runs. This 
was similar to the findings observed by previous researchers 
(Kobayashi et al. 1993; Mendez, Losada 2004; Augustin et al. 
2009). This obvious great effect is due to the fact that when 
wave travelling through emergent vegetation, the drag effects 
from the plant are distributed throughout the water depth 
where the velocity profile is obstructed. The decay however 
decreased with distance along the vegetation field.

Also in Fig. 5, the theoretical wave decay coefficient 
as calculated by Equation 2 was plotted against the experi-
mental results of cQ . It was observed that the theoretical 
equation provides a good fit to the experimental data. For 
all experimental runs, the experimental wave height data 
follows the proposed theoretical equation for wave height 
decay by Dalrymple et al. (1984) and Mendez and Losa-
da (2004) which describe exponential wave height decays 
through vegetation zones.

The wave height was observed to decrease beyond 
gauge measuring point 3 at Location 3. Generally, the Hs 
decrease by a mean 0.2 cm for regular waves experimental 
runs and 0.32 cm for irregular waves runs over the vege-
tation filed between Locations 2 to 9. The Hs decreased by 
~25% between Location 2 and 5 at a distance of 3 m and 
then averagely ~6% from Locations 5 to 9. The Hs turns to 
increase at Location 2 when it first contacts the vegetation 
field and also from Locations 9 to 10 after leaving the vege-
tation field. The significant wave height along the vegetation 

Fig. 4. Measuring points within the flume for both ADV and 
wave gauges. Wave gauge locations are shown by L1 to L10 
and ADV velocity measuring points are shown by P1 to P5 
where P and L represents Positions and Locations respectively.

Table 1. The twelve experimental runs tested and their 
conditions. R and IR represent regular and irregular wave 
respectively

Expt. 
run

Vegetation 
density 

(stem/m2)

Wave 
type T (s) H (cm) Code  

name

1 90 R 1 3 W1E90
2 90 R 1.2 3 W2E90
3 90 R 1 4.5 W3E90
4 90 IR 1.11 4.24 W4E90
5 90 IR 1.33 4.24 W5E90
6 90 IR 1.11 6.36 W6E90
7 70 R 1 4.5 W3E70
8 70 IR 1.11 6.36 W6E70
9 50 R 1 4.5 W3E50

10 50 IR 1.11 6.36 W6E50
11 30 R 1 4.5 W3E30
12 30 IR 1.11 6.36 W6E30
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field ranged from 0.89–1.76  cm with a time mean Hs of 
1.38 cm for regular waves and 0.8–1.28 cm with a time ave-
raged Hs of 1.11 cm for irregular waves. This study suggest 
that for an incident regular wave of 3 cm < H < 4.5 cm and 
1 s < T < 1.2 s moving over a constant depth of 0.5 m, the 
percentage wave height attenuation was of values of 13.6% 
decrease for the first 3 m within the vegetation section at 
position 5 and 6.4% decrease for the next 3 m till the end 
of the vegetation section and increase slightly just after at 
position 10. Similar trend occurred for an incident irregular 
wave of 4.24 cm < H < 6.36 cm and 1.11 s < T < 1.33 s with 
an attenuation of 7.6% decrease for first 3 m and a further 
mean 2.4% decrease. Qualitatively, the results in this present 
study correspond to that of Mendez and Losada (2004) and 
Augustin et al. (2009), even though the magnitudes of wave 
height decay are not the same. Hence, such deviation could 
be as a result of different condition pertained to the depth 
of water, different stem densities and plants characteristics. 
For most experimental runs, the wave height increased at 
the edge of the vegetation field before decreasing for both 
regular and irregular waves. This observation could be as 
due to the frictional dissipation in some of the experimental 
runs. This could also be explained as a result of the local 
wave interaction caused by the immediate impediment and 
change in bottom configuration experienced by the waves. 
This behavior was also reported in regular waves results by 
Bradley and Houser (2009) and Stratigaki et al. (2011).

The experimental runs with the larger canopy density 
showed the greatest wave height decay. The higher stem 
densities resulted in greater attenuation irrespective of the 
wave condition but were most prominent in the regular 
wave experiment runs. The results also exhibit a rapid in-
crease in wave decay with large incident wave height for 
regular wave experimental runs and less wave attenuation 
with increasing wave height for irregular wave experimen-
tal runs. For the same plant stem density, this trend also 
existed. The wave height decay reduction with the accu-
mulation of the water depth and wave length ratio could 
be explained as the results of the very less penetration of 
the wave propagation within the water column as it travels 
along the vegetation section which results in a less wave 
induced flow and plants interactions. 

 The wave height decay ( cQ ) which occur exponen-
tially ranged from 0.2 to 0.58 with a mean coefficient of 
0.3 for regular wave runs whereas that of irregular waves 
runs ranged from 0.12 to 0.26 with a mean coefficient of 
0.16. The fluctuation of the cQ  turns to depend on the 
Re where the characteristic velocity was the velocity re-
lated with the peak spectral wave. The highest cQ  was 
observe for the largest Re observed (25000 < Re < 45000) 
and the smallest cQ  observed for the lowest Re observed 
(Re < 20 000). Figure 6 shows the rate of wave energy at-
tenuation as it passes through the vegetation field. The re-
sult shows a significant wave energy reduction as a result 

Fig. 5. Experimental and numerical results of wave height decay coefficient (QC = Ho/H) variation over the emergent 
artificial vegetation field for all the experimental runs tested.
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of the interaction between the plants and wave induced 
flows. The wave energy dissipation was found to be maxi-
mum at the first two transects within the vegetation. For 
the same plant stem density (see Fig. 6a), the rate of dissi-
pation trend seems not to change after travelling through 
the first 2 m of the vegetation section. The rate of dissi-
pation for a high incident wave period and wave height 
was minimum and decrease gradually as the wave travels 
through the vegetation section towards a near-zero value. 
Similarly, for short wave period and small incident wave 
height, the rate of dissipation was high (with a mean 10% 
dissipation rate every 1 m) and decreased rapidly as the 
wave travels. However, a higher amount of wave energy 
was dissipated about 3  m within vegetation field. From 
Figure 6c, it was could be said that irregular wave energy 
was largely dissipated compared to regular wave experi-
mental runs. This corresponded to the drag coefficient 
which was higher for irregular wave run cases than the re-
gular wave run cases. Considering the vegetation density, 
it was observed that the small plant stem density induced 
higher rate of energy dissipation especially at the edge of 
the vegetation field which decreased as the wave travels 

through the vegetation section. However, the rate of ener-
gy dissipation caused by the higher plants stem density 
seems to small and turns to be stable with little change as 
the wave travels through the vegetation section.

2.2. Wave energy dissipation factor

In this study, the wave energy attenuation as influenced by 
the friction induced by the presence of the vegetation field 
was estimated in terms of  ef . This has often been expres-
sed as a function of the wave orbital amplitude (Manca 
et al. 2012). The  ef  decayed with increasing A. For each 
experimental runs, the corresponding wave energy dissi-
pation factor (  ef ) were computed using Equation (5) for 
regular wave ( r

ef ) and irregular wave runs ( ir
ef ). Figu-

re 7 shows wave energy dissipation factors (  ef ) plotted 
against the wave orbital amplitude (A). There were not 
much difference of  ef values for low and high plant stem 
density. For low plant stem density, the  ef  values were 
lower (0.007–0.014) and 0.006–0.09 for high plant stem 
density. The friction produced by vegetation field under 
irregular wave was higher than regular wave. 

Augustin et al. (2009) modeled  ef  and had values 
between 0.05–0.19 for low density artificial Salt-marsh 
under emergent conditions and Möller et al. (1999) ob-
tained values between 0.07–0.28 in a natural Salt-marsh 
for plant stem density between 150 gm–2 and 800 gm–2. 
These  ef  values were in the higher part of range of that 
found in this study. This could be due to the differen-
ce in vegetation characteristics. The ability for emergent 
vegetation to attenuate wave energy is known to chan-
ge with vegetation characteristics (stiffness, morpholo-
gy) and wave conditions (Bouma et al. 2005; Koch et al. 
2009; Paul, Amos 2011; Manca et al. 2012). Thus, to have 
meaningful comparisons of results becomes quite diffi-
cult. Generally, this study shows a clear decrease in  ef  
with an increasing A over the emergent vegetation field 
(see Fig. 7). This could be explained that the friction in-
duced by the vegetation field is not the same across all 
wave amplitudes. The decreasing trend demonstrates the 
dependency of the  ef  on the wave periods. This is ho-
wever fairly scattered for irregular wave runs which is 
most likely to be due to  ef  dependence on other local 
flow conditions (i.e. Re). The  ef  expectedly changed as a 
function of A in agreement to the Nielsen (1992) empi-
rical model (see Eq. (4)). With this, a strong correlation 
coefficient (0.95, n = 11, P < 0.05) was produced for a hy-
draulic roughness ( 0.03)r = , where n is the sample size 
for each experimental run and P is the probability value. 
Higher peak wave period and incident wave height expe-
rience gradual decrease dissipation rate than short wave 
period and small incident wave height which experience 
high dissipation and decreases rapidly as the wave travels 
especially within the vegetated region.

Fig. 6. The rate of wave energy attenuation variation over  
the emergent artificial vegetation field for all the experimental 
runs tested: a) for same plant stem density; b) regular wave 
experimental runs; c) irregular wave experimental runs

a)

b)

c)



Journal of Environmental Engineering and Landscape Management, 2015, 23(4): 251–266 259

Fig. 7. Wave energy dissipation factors (fe) plotted against the wave orbital 
amplitude (A): a) regular and b) irregular wave experimental runs. A fit of 
Nielsen (1992) model (Eq. (4)) was overlaid with data from test represented 
by solid line; c) for the same plant density

Fig. 8. Relationship between the plant stem drag coefficient 
(Cd) and the Reynolds number (Re) (a) and Keuglan-
Carpenter (KC) (b) for regular (W3) and irregular (W6) and 
the same plant stem density experimental runs calculated 
locally at each measurement location.

a) b)

c)

2.3. Vegetation roughness and drag coefficient 

Using Equation 2 and the observed wave energy decay, the 
plant stem drag coefficient was calculated for each expe-
rimental runs. It is important to note that the represen-
tative effective drag coefficient was computed under the 
presumption of rigid vegetation as the reflection measured 
from the plants was less than 8% and therefore neglected. 
The dC  changes considerably similar to the wave decay 
coefficient and dissipation which ranging from 0.05 to 0.8 
with a mean dC  of 0.12 for regular waves conditions and 
from 0.1 to 1.5 with a mean dC  of 0.6 for irregular waves. 
Fig. 8 shows a plot of the dC  against Re and KC following 
Kobayashi et al. (1993) and Mendez et al. (1999). It shows 
that the drag coefficient decreased as the waves decay un-
der emergent conditions which resulted in reduction of 
the attenuation rate. It was observed that the dC  decre-
ased with increasing Re. For very large Re, the dC  was 
to an order of 0.01. For the irregular waves experimen-
tal runs, the dC  produced a more scattering phenomena 
which resulted in a weak correlation coefficients. However, 
the correlation between dC  and Re for regular wave expe-
rimental runs yielded an improvement in the correlation 
coefficient results with less scatter. Similar observation was 
made for the correlation coefficient between dC  and KC. 
This indicated a weak dependency between dC  and wave 
period. However, the correlation here yielded is very weak. 
This confirms the claims made by various researchers that 

dC  depends directs on the Re (e.g. Mendez and Losada, 
2004; Augustin et  al. 2009; Bradley and Houser 2009). 
Considering relatively the impact of the plant stem density 
on dC , it is generally observed that the lower stem density 

(30 and 50 stems/m2) produced lower stem drag coef-
ficient compared to the higher stem density (70 and 90 
stems/m2). Table 2 gives the mean dC for each run. From 
Fig. 8a, it is seen that for the same stem plant density, the 
irregular wave run cases yield higher dC  than the regular 
wave run cases. This corresponds to the observation in 
the wave height attenuation (see Fig. 5) for irregular wave 
experimental runs where the larger attenuation was expe-
rienced through the vegetation field.

a) b)
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Table 2. The vegetation drag coefficient values for the twelve 
experimental runs tested. R and IR represent regular and 
irregular wave respectively

Code 
name

Wave 
type Cd

Code 
name

Wave 
type Cd

W1E90 R 0.205 W3E70 R 0.061
W2E90 R 0.245 W6E70 IR 0.295
W3E90 R 0.058 W3E50 R 0.104
W4E90 IR 0.202 W6E50 IR 0.238
W5E90 IR 0.149 W3E30 R 0.220
W6E90 IR 0.253 W6E30 IR 0.301

2.4. Effect of plant density

Figure 9 shows the effect of plant stem density (N) on the 
wave height attenuation for a constant wave height and 
wave period (see Fig. 9 a, b). The experimental data shows 
that the stem density greatly impacts the wave attenuation 
under emergent conditions. This effect is obvious and 
mostly within the first two wavelengths of wave propaga-
tion within the vegetation field. It was found that imme-
diately after the entering the vegetation section, a small 
local wave height increase occurred particularly for higher 
N which could be to be as a result of the sudden presence 
of the vegetation section. It was also found that the wave 
height increases at the last two wavelengths within the ve-
getation section towards the end with increasing N. This 
may be due to the fact that as wave induced flow is more 
and more impeded by the plants as it travels, part of wave 

energy is reflected and the wave height increases. The inf-
luence of the stem density on the wave attenuation was 
also characterized in this study as a function of the effecti-
ve drag coefficient representing the average drag force per 
unit area across the wave propagation. This was obtained 
from theories in the literature as proposed by Dalrymple 
et al. (1984) and improved by Mendez and Losada (2004) 
related to coefficients which depend on the plant pro-
perties like the stem density and often related to the Re. 
Generally, in some cases the lower N experimental runs 
for both wave types resulted in higher dC  values compare 
to higher N runs. This resulted in higher wave decay co-
efficients which suggest that the analytical decayed wave 
height as given in Equation (2) will be higher. The higher 

dC  by lower N in these cases was explained by Augustin 
et al. (2009) as a result of an artifact of sheltering among 
individual plant stem such that the effective velocity ac-
ting on an individual plant at higher plant stem densities 
is reasonably low compared to that of an unsheltered stem. 
This could also be explained by the lower Re. For the same 
wave conditions, wave height decay depending on the N 
appears to be increased with increasing plant density.

2.5. Effect of wave period

Figure 10 shows the effect of wave period on the wave 
attenuation in the vegetation section. Here, cQ  is plotted 
for the same plant stem density (90 stems/m2) and diffe-
rent wave conditions. Increases of the wave period and 
wave length resulted in a higher reduction of wave height 
as wave travelled along the vegetation zone, even though 
the difference observed between the tested wave periods 
was not very substantial for both the regular (W1E90 
and W2E90) and irregular (W4E90 and W5E90). The 
high incident wave height are normally attenuated by 
the vegetation section with maximum 12% wave height 
attenuation observed even for T = 1 and 1.11 s and dense 
plant stem. The wave decay rate rises with the wave pe-
riod for the small values of T to a point and reduces gra-
dually for the large values of T to an almost asymptotic 

Fig. 9. Effect of plant stem density (N, stem/m2 on the 
wave height decay coefficient (QC = H0/H) variation over 
the emergent artificial vegetation field: a) eregular wave 
experimental runs; b) irregular wave experimental runs

Fig. 10. Effect of wave period (T) on the wave height decay 
coefficient (QC = H0 / H) variation over the emergent artificial 
vegetation field

a)

 

b)
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value as it travels through the vegetation field. The expe-
rimental wave decay coefficients changes more widely for 
short peak wave periods and nearly converge for longer 
T. It could be said considering the various peak wave 
periods, the theoretical wave decay coefficient is nearly 
independent of the peak periods regardless of the slight 
decrease. This is in agreement with Huang et al. (2011) 
investigations which reported that the wave transmission 
coefficients mostly depend on the vegetation density and 
incident wave height. 

2.6. shear stress distribution under  
wave-vegetation interaction

Figure 11 shows profiles of the longitudinal and vertical 
distribution of shear stress for the different plant stem 
density and wave conditions. The results show that the 
vertical distribution could be divided into two parts: (a) 
the lower layer (z ≤ 15 cm), from the bottom bed which 
is also the stem section of the plant and (b) the upper lay-
er which is from z ≥ 15  cm to the canopy of the plant 
towards the free water surface. This shows that the shear 
stress profile is complex and keeps changing within the 
flow depth. The shear stress the lower layer (z = 2–10 cm) 
was nearly zero for most flow conditions. In general, the 
shear stress within the vegetated region (Position 2 to 4) 
was maximum at z = 0–2cm and decreased gradually at 
the lower layer (2 cm ≤ z ≤ 10cm) and then experienced 
a rapid increase at z =10–15 cm. It then decreased gradu-
ally towards the free water surface especially at Positions 3 
and 4 within the vegetated region. For regular wave runs, 
maximum shear occurred at the lower layer and decreased 
towards free surface. Also, outside the vegetated region, 

shear stress was higher which explains that emergent plant 
stem greatly reduced the shear. Within the vegetated regi-
on, shear stress increased slightly at z = 25–30 cm at Posi-
tions 3 and 4. Longitudinally, in the direction of the flow, it 
is observed that τ  decreased as the wave travelled within 
the vegetated field especially at the lower layer where there 
is a lot of impediment for emergent conditions. 

Fig. 11. The vertical and longitudinal distribution profiles 
of shear stress over the vegetation field. (a) Irregular wave 
experimental runs and (b) Regular wave experimental runs. 
z represents  the flow depth; P1, P2, P3, P4, and P5 represent 
Position 1 to Position 5 as described in Figure 4

Fig. 12. The longitudinal profiles of shear stress induced by different plant stem densities under different wave conditions. W3 and 
W6 represent regular and irregular waves runs respectively. L and U represent the lower (z ≤ 0.15 m) and upper (z ≥ 0.15 m) layer 
within the flow depth respectively. P1 to P5 are the various positions within the vegetation field (Fig. 4)

a)

 

b)
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To investigate the impact of plant stem density indu-
cing shear stress reduction, a mean τ  was estimated for 
the lower and upper layer respectively. Figure 12 shows 
the impact of plant stem density on τ  as the waves travel-
led through the vegetation field at the various positions (1 
to 5) both at the lower and upper layer. It is observed that, 
averagely, the τ  was maximum at the upper layer for all 
plant stem density compared to the lower layer. The τ  was 
smallest for the highest plant stem density at the upper 
layer especially within the vegetated region from Positions 
2 to 4. Maximum τ  reduction both at the upper and lower 
layer were with the lowest plant stem density (30 stem/m2) 
followed by 50 stem/m2. The shear stress was nearly linear 
distributed in the longitudinal direction in the downstre-
am of vegetated region. This shows that τ  variation tur-
ned to be stable within the water depth from the middle 
(Position 3) of the vegetated region to downstream. By 
comparing the near bed shear stress downstream outsi-
de of the vegetation area with that upstream before the 
vegetation area, we found that the near bed shear stress 
reduction rate by vegetation field was larger with smaller 
vegetation density but this trend diminishes in the upper 
layer towards the free water surface. This correspond with 
the rate of wave energy dissipation where the lower plant 
stem density seems to cause more energy loss as the wave 
travels through the vegetation field (Fig. 6). It was found 
that the effect of plant stem density in inducing τ  decre-
ase as the wave travels through the vegetation field com-
pared to outside the vegetated zones (Positions 1 and 5).     

2.7. Implication of wave attenuation on nearshore 
protection and sedimentation dynamics

Aquatic emergent vegetation has the ability to protect near 
shore and river banks from erosion and also to mitigate 
riverbed sediment resuspension (Kothyari et al. 2009; An-
derson et al. 2009; Harvey et al. 2011). Research has pro-
ven that aquatic plants generally acting as transition zones 
between dry land and open water could serve as buffer 
and reduce storm surge and travelling waves significantly 
before they reach near shore or banks. Also, it is known 
that aquatic plants can reduce shear stress especially clo-
se to the bottom bed near sediment interface by damping 
wave activity effect hence contributing to reducing the rate 
of particle resuspension and sediment erosion reduction 
and also enhance sediment stability (Larsen et al. 2009; 
Gruber, Kemp 2010). In this study, it has been established 
that aquatic emergent plants has the ability to create rough 
surface impacting the travelling waves which resulted in 
substantial wave energy decay especially for small-orbital 
amplitude waves. The wave damping rate increases under 
emergent conditions where wave height decreased signifi-
cantly as it travels through the vegetation field either for 
a small or long values of peak wave period. Enough work 

was performed by the plant stems resulting in reduction of 
energy and thus smaller wave heights affecting the wave-
induce flows significantly especially for long wavelengths. 
These findings suggest that emergent plants are capable 
to protect the water bed and also provide protection for 
near shore and banks from erosion. The wave decay is a 
function of plants characteristics such as density and also 
wave conditions such as incident wave height and period. 
In this study it was established that shear stress which is a 
driving force behind sediment resuspension and erosion 
(Hamilton, Mitchell 1997) within the flow depth is subs-
tantially reduced under emergent conditions as the wave-
induced flow is reduced. It was observed that the near bed 
shear reduction rate by emergent plants was high even 
with smaller plant stem density. The small plant stem den-
sity will be able to produce locally sheltered conditions as 
they were effective to minimize wave-induce flow at the 
bed thereby reducing shear stresses. The shear stress near 
the lower layer was nearly reduced zero for most flow 
conditions. This was in agreement with James et al. (2004) 
who reported that the bottom shear stress was very small 
even at high wind speeds (i.e. >30 km/h). It is reported 
by Dieter (1990) that in shallow marsh lakes, sediment 
resuspension rate in areas protected by emergent plants 
was only one-third of that in the open water. It was also 
found that, the wave-induced flow reduction hence wave 
height and energy decay and also shear stress reduction 
rate decreases as the wave travels through the vegetation 
field. This indicates that vegetation field size should be 
considered especially in restoration projects when asses-
sing the capacity of the vegetation to stabilize the bottom 
bed and also protect nearshore and bank erosion. Manca 
et al. (2012) mentioned that fragmentation of the vege-
tation field to a series of aquatic plants will decrease its 
potential to minimize wave energy and stabilize the bed.

conclusions

The present experimental study has focused on wave atte-
nuation and transformation around an artificial emergent 
vegetation field under different conditions in an open-
channel wave flume. The experimental results indicate 
that artificial emergent plants (Phragmitis australis) are 
effective in attenuating wave energy under both regular 
and irregular waves. The wave height measured along the 
vegetated region indicated wave damping along the emer-
gent vegetated plants. An increases in plant density in the 
experimental runs tested induced high wave damping, 
heightened wave-induced flow deceleration. This trend 
was confirmed under both regular and irregular waves. 
The wave height decay had the same pattern for all the 
experimental run conditions and seemingly depends on 
the incident wave height and the plant stem density whe-
re greater decay occurred along the first few meters from 
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the leading edge of the vegetation field and decrease as it 
travels through the vegetated field. The experimental wave 
decay coefficient changes more widely for short wave peak 
periods and nearly converge for longer wave periods whe-
reas theoretical wave decay coefficient is nearly indepen-
dent of the peak periods regardless of the slight decrease. 
A decrease of the wave period reduces the wave height 
along the vegetation for higher plant stem density. The 
wave energy attenuation as influenced by the friction in-
duced by the emergent plants could be predicted in terms 
of energy dissipation factor ( ef ) by an empirical formula 
[Nielsen (1992) model]. There was a clear decrease in ef  
with an increasing A over the emergent vegetation field. 
However the energy decay was not uniform for all A. 
Within the vegetated region, the emergent plants are effi-
cient at reducing wave-induced flows near the bed thereby 
reducing local momentum exchange towards the bottom 
bed which is good for reducing local sediment transport 
and resuspension. The near bed shear reduction rate by 
emergent plants was high even with smaller plant stem 
density. The results from the shear stress distribution ana-
lysis under wave-vegetation interaction shows this trend 
which indicates that they will be able to promote greater 
sediment stabilization compared to un-vegetated bed. The 
shear results show that conditions at the upper layer at 
the edge of canopy are more turbulent and wave-induced 
flows are less reduced than within the lower layer at the 
stem section where more uniform and stable hydrodyna-
mics conditions exists. These findings would prove useful 
to help further our understanding of wave attenuation by 
emergent aquatic plants and in water system engineering 
such as near shore and bank protection and in restoration 
projects.
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