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a b s t r a c t

In wetlands wind-induced turbulence significantly affects the bottom boundary, and the interaction

between turbulence and plant canopies is therefore particularly important. The aim of this study is to

advance understanding of the impact of this interaction in submerged aquatic vegetation (SAV)1 on

vertical mixing in a fluid dominated by turbulence. Wind-generated turbulence was simulated in the

laboratory using an oscillating grid. We quantify the vertical distribution of turbulent kinetic energy

(TKE)2 above and within different types of vegetation, measured by an acoustic Doppler velocimeter.

Experimental conditions are analysed in two canopy models (rigid and semi-rigid) with seven solid

plant fractions (SPFs)3, three stem diameters (d)4 and three oscillation grid frequencies (f)5 and four

natural SAVs (Cladium mariscus, Potamogeton nodosus, Myriophyllum verticillatum and Ruppia maritima).

Our observations suggest that the TKE above the constructed canopies was higher than that found

without plants. The vertical profile varied according to the diameters of the individual stems and the

SPF. Within the canopies, two zones could be distinguished. The ‘transition zone’, situated a few

centimetres below the top of the canopy, was characterised by a reduction in the TKE. Below the

transition zone, the TKE progressively decayed as the stems dissipated the turbulence, creating a zone

where the TKE was lower than in the zone without stems. This is a well-known effect of SAV on

turbulence, called sheltering or dampening. This phenomenon was enhanced by a decrease in the stem

diameter and an increase in the SPF of the canopies, due to the reduction of the plant-to-plant distance.

We have, therefore, not only observed a sheltering, but quantified it. The development of the sheltering

slowed as the frequency increased, because the vegetation could not prevent the penetration of the

turbulence. In the semi-rigid model, no transition zone was found inside the canopies, while sheltering

was found from the very top of the plants and was intensified inside the canopies. Finally, sheltering for

SAVs was similar to sheltering produced by semi-rigid plants with widespread sheltering inside the

canopy.

& 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Wetlands are distributed globally, covering �4% of the Earth’s
land surface (Prigent et al., 2001) and producing 2000 g/m2/year
of net primary production (22.6% of the Earth’s total) (Begon et al.,
1986). Even so, the world may have lost 50% of all its wetlands,
mostly those used for agriculture, since 1900. SAV has numerous
ecological functions, with some of the most important being flood
storage and desynchronisation, but which all give structural
support to food web development, increase the availability of the
habitat, facilitate wastewater treatment from industrial, agricul-
tural and municipal sources and help to store greenhouse gases
(Gorham, 1991; Machate et al., 1997; Willems et al., 1997; Brooks,
1989). The vegetation can also regulate the abiotic condition of
light, the temperature and the dissolved oxygen (Mazzella and
Alberte, 1986).

Much research has been carried out to understand the effect of
emergent (Nepf, 1999; Serra et al., 2004) and submerged
canopies, either in laboratory flumes or in the field (Ackerman
and Okubo, 1993; Koch and Gust, 1999; Sand-Jensen and
Pedersen, 1999). With submerged plants in the laboratory, natural
(Gambi et al., 1990; Jarvela, 2002) and artificial (Poggi et al., 2004;
Ghisalberti and Nepf, 2006; Peralta et al., 2008) plants have been
used. In all cases, submerged aquatic vegetation investigations
indicate that, compared with unvegetated areas, the velocity of
the flow is reduced through the canopy (Gambi et al., 1990;
Ackerman and Okubo, 1993; Koch and Gust, 1999), causing a
reduction in TKE and enhancing sedimentation (Leonard and
Croft, 2006). Studies of sedimentation demonstrate that proper-
ties like plant density (Leonard and Croft, 2006; Bouma et al.,
2007), and the height (Shi et al., 1995; Nepf and Vivoni, 2000),
morphology (Leonard and Reed, 2002; Morris et al., 2008) and
flexibility (Ghisalberti and Nepf, 2006; Peralta et al., 2008) of the
stem cause the velocity of sedimentation and the concentration of
flocs to vary. Eddies found inside the canopy are produced as a
result of mechanical turbulence produced by the plants and
transmitted downwards. This mechanical turbulence is caused by
the wake turbulence generated locally by the stems, and the shear
turbulence generated by the local velocity gradient (Neumeier
and Amos, 2006; Neumeier, 2007). In this case, turbulence
generated by wake production has a length scale equal to that
of the canopy characteristics, much smaller than the character-
istic length scale of shear-generated turbulence and quickly
dissipated to heat (Raupach and Thom, 1981).

Many experiments have used wind or water tunnels to obtain
isotropic turbulence. In these cases, however, the generated
turbulence decayed rapidly and was subjected to significant
time-mean motion. Desilva and Fernando (1994) demonstrated
that an oscillating grid induces turbulence, and can be used as an
alternative to wind tunnel experiments since this device produces
isotropic turbulence with zero mean flow and with the essential
properties of the turbulence (its length and velocity scales) being
determined by grid geometry, the amplitude and frequency of
oscillation and the distance from the grid (Nokes, 1988). The
mechanical energy in the system is converted to TKE through grid
oscillation (Matsunaga et al., 1999). According to Desilva and
Fernando (1994), a region is produced where turbulence is
generated by jet and wake structures formed by the nature of
the oscillation grid and corresponding to the open areas and the
grid bars, respectively. In this region the mean shear induced by
the jets and wakes becomes insignificant because they merge into
one another. The turbulence quantities close to the grid are
expected to be statically stationary (Holzner et al., 2006).
Furthermore, the turbulence may be considered isotropic, and
the corresponding measurements are often compared with
predictions from theories of isotropic turbulence (Desilva and
Fernando, 1994). Therefore, the design is well able to individualise
the effect of turbulence, as the mean flow within the system is
zero. That is of major interest in wetlands where turbulence
induced by the wind is sometimes the only agent affecting the
bottom boundary, and the study of the specific interaction
between turbulence and plant canopies is particularly significant.

The turbulence generated by the grid has been extensively
studied, both theoretically and experimentally, in the laboratory.
The design has been used in the investigation of many scientific
and engineering problems, such as the study of the resuspension
of sediment and transport (Orlins and Gulliver, 2003), the mixing
across density interfaces in stratified flows like thermoclines or
haloclines (Hopfinger and Toly, 1976; Nokes, 1988), the mass
transfer across a shear-free water–air interface (Brumley and
Jirka, 1987), the aggregation dynamics in natural and engineered
systems (Serra et al., 2008) and the desorption of contaminants
from sediment (Connolly et al., 1983).

Our experiments are aimed at studying the feedback vegeta-
tion characteristics between oscillating grid turbulence (OGT)6

and SAVs in terms of a wide variety of parameters, such as stem
diameter, solid plant fraction and plant rigidity, which can mimic
processes in the field. The study therefore complements other
experiments carried out on channel systems.
2. Materials and methods

2.1. Experimental device

The experiments were conducted with an OGT (Fig. 1a) that
consisted of a Plexiglas box with interior dimensions of
28�28�49 cm3. A Plexiglas grid was fitted over the top of the
tank at a distance of z0¼0.02 m from the water surface (Fig. 1b).
The square, 1 cm thick grid was composed of 5�5 bars, with a
width between the bars of (M)7

¼0.05 m for a mesh spacing
corresponding to a solidity of 31% (defined as the fractional solid
area occupied by bars). It was placed horizontally and oscillated
vertically with a fixed stroke of s8

¼0.05 m, and variable
frequencies of f¼0.8, 1.6 and 2.8 Hz. A clearance of 5 mm
between the sidewalls and the grid was maintained. The grid
was suspended inside the tank at a height of 0.365 m from the
tank bottom and was driven by a variable-speed motor located
outside the tank.
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Fig. 1. Schematic view of the laboratory experiment: (a) the structure of the

device used in this study, where hw is the height of the water column (0.41 m); hs

is the height of the stem (0.17 m); s is the stroke of the grid situated at the top

(0.05 m); z0 is the distance between the water surface and the highest position of

the mesh (0.02 m); h is the height of the velocity samples (0.25, 0.23, 0.21, 0.20,

0.18, 0.17, 0.16, 0.14, 0.12, 0.10, 0.08, 0.06, 0.05, 0.04 m above the bed); and f is the

grid frequency (0.8, 1.6, 2.8 Hz); (b) the grid where M is the width (0.05 m).

12 ReG: Reynolds number of the grid.
13 v: kinematic viscosity.
14 u: instantaneous horizontal velocity.
15 v: instantaneous horizontal velocity.
16 w: instantaneous vertical velocity.
17 U: horizontal mean velocity.
18 V: horizontal mean velocity.
19 W: vertical mean velocity.
20 u’: horizontal turbulent velocity.
21 v’: horizontal turbulent velocity.
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The turbulence generated by OGT is based on grid parameters
such as M and s. Variations in the horizontal (u0,9 v0) and vertical
(w0

10) RMS velocities and the integral length scale (l0
11) of

turbulence with distance z (measured from a virtual origin) can be
expressed as:

u0 ¼ C1s3=2M1=2fz�1 ð1Þ

v0 ¼ C2s3=2M1=2fz�1 ð2Þ

l0 ¼ C3z ð3Þ

where C1¼0.22, C2¼0.25 and C3¼0.10 are constants that depend
9 u0 and v0: horizontal RMS velocity.
10 w0: vertical RMS velocity.
11 l0: integral length scale.
on the grid’s geometry (Desilva and Fernando, 1994; Hopfinger
and Toly, 1976).

To calculate the grid’s Reynolds number, ReG
12, we used the

equation of Desilva and Fernando (1994), based on ReG¼u0l0/v
and Eqs. (1) and (3):

ReG ¼
C1C3s3=2M1=2f

n
ð4Þ

where v13 is the kinematic viscosity (0.93 �10�6 m2/s). This
resulted in the Reynolds values for f¼0.8, 1.6 and 2.8 Hz working
out as 47, 95 and 166, respectively, from which we assumed that
the flow was fully turbulent (Serra et al., 2008).

2.2. Methods of analysis

To obtain reliable velocity records, the mean quantities have to
remain constant over the period of the study. For stationary
velocity records, the instantaneous velocities (u,14v15and w16) are
decomposed into the sum of time-averaged velocities (U,17V18and
W19) and the turbulent components (u0,20 v021 and w022), which
meant the TKE could be calculated from the following equation:

TKE¼
1

2
rw u02þv02þw02
� �

ð5Þ

where rw
23 is the water density.

The TKE difference (DTKE)24 between samples with and
without plants was expressed as a percentage and calculated
according to:

DTKEh ¼
TKESAV�TKEnoSAV

TKEnoSAV
� 100 ð6Þ

where h is the height of the samples, TKESAV is the TKE measured
with a canopy at height h and TKEnoSAV is the TKE measured
without a canopy at height h.

2.3. Measuring technique

Flow velocities were recorded with an acoustic Doppler
velocimeter (ADV)25 (the Sontek/YSI 16-MHz MicroADV). The
ADV has three acoustic receivers and one acoustic transmitter,
and provides water velocity measurements in three directions:
two horizontal flow components (u and v) and a vertical
component (w). The acoustic frequency was 16 MHz, the
sampling volume was 0.09 cm3 and the distance to the sampling
volume was 5 cm. The electronic noise of the measurements was
smaller than the natural fluctuations caused by the turbulence.
The ADV, which was operated manually, was mounted on a
movable vertical frame so it could acquire single point measure-
ments. For all experiments the ADV was placed at 7 cm of one side
wall (1.4 mesh size) and at 12 cm from the other side wall (2.4
mesh size) as suggested by Orlins and Gulliver (2003), who used
an oscillating grid chamber to quantify the turbulence and
22 w’: vertical turbulent velocity.
23 rw: water density.
24 DTKE: TKE difference between samples with and without plants at the same

height.
25 ADV: acoustic Doppler velocimeter.
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sediment resuspension, with enough distance to wall to not
measure their effects. In addition, the mesh endings were
designed to reduce mean-secondary circulation. For each experi-
ment, a vertical turbulence profile was taken over a height of
0.05–0.25 m, with 13 height positions in total, from the bottom of
the tank.

In order to obtain valid data acquisition within the canopy, just
a few stems were removed to avoid blocking the pathway of the
ADV beam, as was done by Neumeier and Ciavola (2004) and
Neumeier and Amos (2006). To minimise the effect of this ‘hole’,
its shape was specifically designed to allow the ADV acoustic
receivers and the acoustic transmitter to perform properly. To test
the effect of the ‘hole’, we measured the velocities half a
centimeter above the top of the canopy with and without plants.
A comparison of the two measurements showed that at the
highest SPF the difference was around 10% whereas at the lowest
the difference was around 3%. We therefore concluded that the
Table 1
Summary of the 17 different situations studied with different SPFs, diameters and

canopy models (R¼rigid canopy model and SR¼semi-rigid canopy model).

SPF

d (mm) 0.6% 3% 5% 8% 10% 15% 25%

4 mm SR SR R, SR SR R, SR R R

6 mm R R R R

10 mm R R R R

For each situation the oscillation frequencies were 0.8, 1.6 and 2.8 Hz. The height

of the plants was 17 cm.

Fig. 2. Photographs of vegetation studied: (a) rigid canopy (d¼10, 6 and 4 mm) on th

canopy (on the left, SPF¼10%, d¼4 mm and on the right, SPF¼5%, d¼4 mm); (c) lateral

right, SPF¼0.6%, d¼4 mm).
‘hole’ contributed little to modify the hydrodynamics in that
system.

The ADV instrument was configured to transmit 10 acoustic
signals per second with a sampling time interval of 5 min (i.e.
3000 records per sample). The measurements were taken after
oscillating the grid for about 10 mins so that the turbulence was
fully established. Each measurement was repeated five times. In
addition, to avoid spikes, beam correlations from ADV measure-
ments lower than 80% were removed. Finally, time-series records
were used to calculate the turbulent velocities, and the results of
repeated profiles at the same point were averaged.
2.4. Vegetation quantification

The characteristics of SAV vary greatly in terms of height, stem
diameter, plant density, geometry and morphology. In order to
obtain features in the laboratory similar to those in the field, 51
different situations were studied featuring two different canopy
models, seven SPFs, three stem diameters, and three oscillating
frequencies (Table 1).

The rigid canopy model consisted of rigid cylinders made of
PVC (Fig. 2a left). The density of the canopy was implemented by
four different SPFs. According to Serra et al. (2004) the SPF can be
defined as the fractional plant area at the bottom occupied by
stems:

SPF ¼
npðd=2Þ2

A
ð7Þ

where n is the number of plants, d is the diameter of the plant and
A is the total area studied. SPFs of 5%, 10%, 15% and 25% and
e left and semi-rigid (d¼4 mm) on the right; (b) lateral and top view of the rigid

and top view of the semi-rigid canopy (on the left, SPF¼10%, d¼4 mm and on the
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Fig. 3. A plot of distributions for each feature: (a) d¼10 mm, SPF¼5%; (b)

d¼6 mm, SPF¼5%; (c) d¼4 mm, SPF¼5%; (d) d¼10 mm, SPF¼10%; (e) d¼6 mm,

SPF¼10%; (f) d¼4 mm, SPF¼10%; (g) d¼10 mm, SPF¼15%; (h) d¼6 mm,

SPF¼15%; (i) d¼4 mm, SPF¼15%; (j) d¼10 mm, SPF¼25%; (k) d¼6 mm,

SPF¼25%, (l) d¼4 mm, SPF¼25%.

Table 2
Comparison of the three different techniques for measuring the SPF.

SPF (bottom view,

according to Serra et al.,

2004)

Lateral obstruction (lateral view

according to Neumeier, 2005)

Vegetation

cover (top

view)

0.6% 30.9% 20.6%

3% 82.7% 55.5%

5% 96.9% 57.3%

8% 98.1% 74.4%

10% 99.1% 76%
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cylinder diameters of 4, 6 and 10 mm were used for this study.
The distribution of each SPF was made by means of a computer
randomisation function with the distributions shown in Fig. 3.

A semi-rigid canopy model was made of nylon threads each
1.6 mm in diameter (Fig. 2c). To compare semi-rigid to rigid
plants at d¼4 mm, 6 nylon threads were stacked together at the
base to mimic the equivalent stem diameter. Due to the difficulty
of determining SPFs with this canopy, three techniques were used
for their calculation. The first was based on the application of
Eq. (7) at the base of the canopy with five different SPFs (0.6%, 3%,
5%, 8% and 10%) being considered. The second was based on
determining the lateral obstruction ratio obtained from a
binarised black and white picture using image analysis software
(Neumeier, 2005). This software was designed to distinguish
between black and white zones in order to calculate the area of
the canopy. In this case, the lateral obstruction was 31%, 83%, 97%,
98% and 99%. The third method consisted of calculating the
vegetation cover at the top of the canopy using a similar method
to that developed by Neumeier (2005). In this case, for each
situation studied photographs of the top were taken with a black
background (the colour was the opposite of the canopy colour).
We averaged the results over five pictures to calculate that the
vegetation cover at the top of the canopy was 21%, 56%, 57%, 74%
and 76% (Table 2).

Real plants were used to compare the results obtained with
those obtained for rigid and semi-rigid plant canopies. Four real
plants were used for the study: Cladium mariscus, Potamogeton

nodosus, Myriophyllum verticillatum and Ruppia maritima (Fig. 4).
The density of each natural plant was 459 shoots/m2. These plants
were selected to give different SPF distributions and different
morphologies. All of them are submerged aquatic vegetation in
their natural media, with three of them developing in freshwater
environments and one in a salty environment (R. maritima). The
plants were cut at a height of 17 cm so that results could be
compared with those obtained with previous models of rigid and
semi-rigid canopies. C. mariscus (Fig. 4a) has a similar morphology
to R. maritima: both have stem diameters of less than 2 mm.
However, while R. maritima leaves are narrower, C. mariscus

leaves are stiffer and wider. M. verticillatum (Fig. 4b) has
compound and divided leaves, like feathers, and its stem is
around 4 mm in diameter. P. nodosus (Fig. 4c) has a long stem
with wide horizontal leaves and a diameter between 4 and 5 mm.
Both P. nodosus and M. verticillatum have leaves that grow at each
level of the stem and perpendicular to it. In addition, the vertical
SPF is distributed homogeneously through the stem. R. maritima

(Fig. 4d) has long, narrow upward leaves and lives in salt marshes.
3. Results

The experiments with no SAV showed that TKE decreased
following power decay, with the greatest values closest to the grid
and decreasing towards the bottom of the tank (Fig. 5). TKE values
were most different close to the grid at the different frequencies
studied. Near the bottom, the results at the three frequencies
studied were almost equal. The uncertainty in the data acquisition
was calculated using the equation described by Kline and
McClintock (1953) for the propagation of errors in physical
measurements.
3.1. Experiments with the rigid canopy model

Three hydrodynamic regions with depth could be distin-
guished from all the TKE profiles for experiments with rigid
canopies. The first was situated above the canopy, from 0.25 to
0.17 m above the bed. In all of the experiments the TKE was
greater in this region than without plants (Fig. 6). The second
region behaved like a transition zone and was situated below the
top of the canopy to the depth where the TKE was lower than that
found with no SAV. This depth depends on the stem diameter and
canopy density at any depth. At the lowest diameter (d¼4 mm),
the depth of the transition zone is 0.16 m (Fig. 6c and d), but as
the stem diameter increases, the transition zone is more
accentuated and can reach 0.08 m when d¼10 mm. Well inside
the canopy, the TKE decayed progressively, creating a third zone
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Fig. 4. Illustrations of the submerged aquatic vegetation studied: (a) Cladium mariscus; (b) Myriophyllum verticillatum; (c) Potamogeton nodosus; (d) Ruppia martitima.

Fig. 5. TKE profile with no SAV at 0.8 (circles), 1.6 (triangles) and 2.8 Hz (squares)

frequencies. The horizontal error bars represent the uncertainty of experimental

runs.
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where it was lower than that found where there was no SAV. The
gradient of this zone was the lowest of the three.

One cm above the constructed canopy (hereafter hs+1) the
DTKE was greatest and always positive for the largest stem
diameters (56%) and the largest SPF and f (Table 3). Positive values
of DTKE indicate a gain in TKE, and negative values indicate a
decrease. Down in the canopy, the DTKE suffered a progressive
decrease in the transition zone, one cm below the top of the
canopy (hereafter hs�1), and well inside the canopy (hereafter hs/
2, half the height of the stems). It was only positive for the lowest
SPF (5%) and the largest stem diameter (d¼10 mm) (Table 3). The
smallest DTKE was found in the constructed canopy with the
smallest stem diameter (d¼4 mm) for all the SPFs and f.

Besides the stem diameter, the SPF was also found to play an
important role in TKE profiles. Above the constructed canopy
(hs+1), the greater the SPF the greater the DTKE (Fig. 7a). For
SPF¼25% it was found to be between �2 (d¼4 mm) and �6
(d¼10 mm) times larger than the DTKE found when the SPF was
5%. In the transition zone, 1 cm below the top of the constructed
canopy (hs�1), the DTKE showed a slight decrease with an
increase in the SPF, especially for the smallest diameters (Fig. 7b).
Inside the constructed canopy (hs/2) the reduction in the TKE was
greater and increased with the SPF (Fig. 7c); this relationship was
found with the stems with smallest diameters. The differences in
DTKE between hs+1 and hs/2 with all diameters were more
evident with larger SPFs at all the oscillating grid frequencies
(Table 3). For instance, the difference in DTKE above and well
inside the constructed canopy at SPF¼25%, d¼4 mm and
f¼2.8 Hz was 62.9%, whereas the difference in DTKE between
the two zones at SPF¼5%, d¼4 mm and f¼2.8 Hz was only 3.1%.
3.2. Experiments with a semi-rigid canopy model

In contrast to the rigid model, the transition zone practically
disappeared when the constructed semi-rigid canopy was used,
and only two regions could be found, one above the canopy
(hs+1), and the other well inside it (hs/2) (Fig. 8). Above the semi-
rigid canopy (hs+1), the DTKE increased with the SPF at all three
frequencies (Fig. 9a, b and c). Inside the constructed canopy (hs/2),
the reduction in the DTKE was found to increase with the SPF, as
was found with the rigid canopy model. For instance, the DTKE at
hs+1 for SPF¼10%, d¼4 mm and f¼1.6 Hz was found to be 16.5%,
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Fig. 6. TKE profiles of rigid canopy at SPF¼25%, 4 (circles) and 10 mm (triangles) in diameter and with no SAV (solid line): (a) f¼1.6 Hz; (b) f¼2.8 Hz. Enlargement of the

canopy zone: (c) f¼1.6 Hz; (d) f¼2.8 Hz. The horizontal error bars represent the uncertainty of experimental runs.

Table 3
The TKE difference (%) for rigid canopies at four SPFs (5%, 10%, 15% and 25%), three

stem diameters (10, 6 and 4 mm), and for semi-rigid canopies at three SPFs (5%, 8%

and 10%) at two frequencies (1.6 and 2.8 Hz) at three different heights (hs+1, hs�1

and hs/2).

1.6 Hz 2.8 Hz

SPF

(%)

d

(mm)

hs+1 hs�1 hs/2 hs+1 hs�1 hs/2

Rigid canopy 5 4 19.6 27.9 �12.8 6.9 18.9 3.8

6 20.0 35.2 �3.4 10.1 43.5 �1.9

10 22.4 53.4 18.5 9.9 38.2 16.7

10 4 16.5 20.0 �18.8 4.6 10.7 �31.9

6 18.6 23.2 �1.06 12.8 28.6 �26.8

10 24.6 41.6 �4.4 14.9 51.1 �7.6

15 4 26.1 8.9 �26.0 6.9 0.4 �33.7

6 40.6 21.5 �25.4 23.9 21.5 �39.5

10 46.3 45.8 �6.4 29.5 43.3 �4.9

25 4 42.0 �3.2 �28.8 12.2 �0.9 �50.7

6 35.2 0.9 �30.0 29.1 25.6 �50.8

10 55.9 37.0 �14.0 56.2 37.9 �4.2

Semi rigid

canopy

5 4 25.5 �3.2 �18.2 12.2 �13.9 �34.5

8 28.2 �5.0 �25.9 17.8 �15.0 �13.9

10 35.7 �22.9 �34.6 36.5 �13.9 �52.9
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while the DTKE under the same conditions for the semi-rigid
canopy model was found to be around 35% (Table 3). In addition,
at hs/2, the DTKE for the rigid canopy (with the same variables as
before) was 19% (Table 3), lower than the DTKE for the semi-rigid
canopy model (�34%). The differences between the DTKE in both
zones (hs+1 and hs/2) were more evident as the SPF increased.
3.3. Experiments with field SAV

As shown in Fig. 10, field SAV behaved similarly to what was
found with the semi-rigid constructed canopy. The vertical
distribution of TKE also allowed us to describe results found
with SAV in two zones: above (hs+1) and inside the SAV (hs/2).
C. mariscus and R. maritima both had a TKE vertical profile close to
that of the semi-rigid model. They had similar morphologies, long,
narrow, upward leaves with a heterogeneous vertical distribution,
with the major biomass in the upper part. Near the bottom both
had less dense canopies. M. verticillatum and P. nodosus were the
plants that reduced the TKE inside the canopy to the greatest
extent. For instance, at hs�1 the reduction in the DTKE was more
than 50% of its total. A drastic change in TKE between the two
zones caused the disappearance of the transition zone. This
phenomenon is shown in Fig. 11. Inside the canopy (hs/2) the
reduction in DTKE was greatest for P. nodosus and R. maritima,
especially at higher frequencies.
4. Discussion

4.1. Turbulence in submerged rigid constructed canopies

With the rigid constructed canopies, the vertical behaviour of
the TKE profile allowed us to divide the flow into three zones: one
above the canopy, another completely within the canopy and a
transitional zone situated inside the top of the canopy. The zones
were different in terms of their hydrodynamic behaviour. In our
36 experiments, the largest TKE values were found above the
constructed canopies. This result, and the fact that the TKE
increased with the SPF, can be explained in terms of the TKE being
redistributed at a lower volume due to the presence of the
constructed canopy, relative to the ‘free-canopy’ experiment.
Most of the energy was concentrated above the canopy, and
therefore the vegetation acted as a ‘false rough floor’ for the flow.

The results of this study suggest that within the canopy,
interaction between water flow and the constructed canopies
reduces the TKE measured relative to ‘unvegetated’ experiments.
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Fig. 7. TKE differences (DTKE) of rigid canopy at 4 (circles), 6 (triangles) and 10 mm (squares) in diameter and f¼2.8 Hz: (a) hs+1; (b) hs�1; (c) hs/2.

Fig. 8. TKE profiles of semi-rigid canopy at 5 (circles) and 10% (triangles) of SPF and with no SAV (solid line): (a) f¼1.6 Hz; (b) f¼2.8 Hz. Enlargement of the canopy zone:

(c) f¼1.6 Hz; (d) f¼2.8 Hz. The horizontal error bars represent the uncertainty of experimental runs.
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This reduction appears to be related to SPF, as others have been
previously found with advection through vegetation (Nepf, 1999;
Leonard and Croft, 2006). In our experiments, the depth of this
zone depends on stem diameter and SPF. A reduction in the first
and an increment in the second reduced the plant-to-plant
distance, resulting in a reduction in the depth of the transition
zone. On the other hand, well inside the constructed canopies, at
hs/2, the SPF was not the only variable that reduced the flow; the
stem diameter also played an important role in dissipating
turbulence. More precisely, the reduction in turbulence, or
sheltering produced by the canopy, was enhanced as the stem
diameter decreased and the SPF of the canopies increased. In
other words, the enhancement of the sheltering can be explained
by the reduction in the stem diameter and the increment in the
SPF, that both caused a reduction in the plant-to-plant distance.
Nepf (1999) defined sheltering or dampening as a reduction in the
in-emergent canopy macroscale diffusion due to a combination of
reduced velocity and reduced eddy-scale relative to unvegetated
zones. Other authors have described sheltering in the same terms
as Leonard and Croft (2006) and Neumeier and Amos (2006). For
example, Neumeier and Amos (2006) found a reduction in
turbulence near the bed in three different vegetation types. They
pointed out that this effect should enhance sediment deposition
and protect the bed against subsequent erosion.

Oscillating grid frequency was the agent generating the
turbulence in the system. In this system the number of eddies
increases as the oscillating grid frequency increases. All through
the tank, at all levels and under all experimental conditions, there
was a positive relationship between oscillating frequency and
TKE. The behaviour of the sheltering inside the constructed
canopy for the largest SPF produced the greatest DTKE at any
diameter and frequency, because turbulence was highly dissi-
pated inside the dense canopy. On the other hand, the reduction
in energy at low frequencies suggests that the vegetation inhibits
the production of larger turbulent eddies, and it is likely that it
also contributes to the breakdown of larger eddies into smaller
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Fig. 9. TKE differences (DTKE) of semi-rigid canopy at hs+1 (circles) and hs/2 (triangles): (a) f¼0.8 Hz; (b) f¼1.6 Hz; (c) f¼2.8 Hz.

Fig. 10. TKE profiles of Cladium mariscu (circles), Potamogeton nodosus (triangles), Myriophyllum verticillatum (squares) and Ruppia maritima (diamonds) with no SAV (solid

line): (a) f¼1.6 Hz; (b) f¼2.8 Hz. Enlargement of the canopy zone: (c) f¼1.6 Hz; (d) f¼2.8 Hz.
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ones (Christiansen et al., 2000). At the same time, with an increase
in the grid oscillating frequency, the constructed canopy cannot
absorb so much energy and there is a displacement in the
transmission of the energy downwards inside the canopy from
the upper zone. As a result, and as shown in Table 3, the DTKE (%)
at hs�1 is positive for d¼10 mm, SPF¼25% and f¼1.6 Hz and
around zero for the smallest diameters.

4.2. Turbulence in submerged semi-rigid constructed canopies

Experiments carried out with the semi-rigid model canopies
showed that the transitional hydrodynamic regime disappeared,
resulting in a steep gradient of TKE above and below the plants.
This process was attributed to the morphology of the semi-rigid
stems, where the thick stem at the base of the plant gradually
divided at the top and its branches merged with the branches of
its neighbours, resulting in an increase in the SPF at the top of the
canopy. While the SPF obtained at the bottom of the rigid model
was the same as that calculated at the top (Serra et al., 2004), the
SPF calculated at the bottom of the semi-rigid SAV was
completely different to the vegetation cover at the top. This
shows that the role of the vegetation as a ‘false rough floor’ was
enhanced in the semi-rigid model. More precisely, an extreme
canopy condition of lateral obstruction¼99% (see column 2 in
Table 2) dissipated the turbulence and increased the sheltering
within the canopy. Within the canopy, sheltering was also greater
as the SPF increased, even at the higher oscillating grid
frequencies, which is evidence of the role of vegetation controlling
high energy events in the field.
4.3. Turbulence in submerged aquatic vegetation

Nepf and Vivoni (2000) showed that the bending of the canopy
effectively increased the local frontal area, thereby increasing the
SPF at the top of the canopy. The depth of the zone affected by the



ARTICLE IN PRESS

Fig. 11. TKE differences (DTKE) in real plants at hs+1(circles) and hs/2 (triangles): (a) Cladium mariscus; (b) Myriophyllum verticillatum; (c) Potamogeton nodosus; (d) Ruppia

maritima.
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sheltering was set by the depth of submergence and by canopy
morphology, density and flexibility (Nepf and Vivoni, 2000). Shi
and Hughes (2002) have studied the differences in plant flexibility
as a stem property affecting the hydrodynamic flow. Other
authors, such as Leonard and Luther (1995), Yang (1998) and
Leonard and Croft (2006), have focused on the morphology of the
plants and shown that the presence of elements oblique to the
flow, such as leaves, inhibits the vertical transport of turbulence
in the canopy.

Using SAV, the transitional zone disappeared due to the layout
of the leaves, which isolated the two zones. The movement of the
real plants contributed to enhancing the sheltering and resulted
in the removal of the transitional zone by means of the undulating
movements (Ackerman and Okubo, 1993). As the frequency
increased, the sheltering intensified due to the fact that there
was greater movement of the plants at the top, which incremen-
ted the attenuation of the turbulence inside the canopy. This
phenomenon did not appear in either the rigid or semi-rigid
canopy models as in both of these the stems did not move at all.

C. mariscus and R. maritima had similar TKE profiles relative to
the semi-rigid constructed canopies because their design was
thought to mimic this kind of natural canopy as a just step. The
difference between these natural plants (Fig. 10d) is found in their
flexibility. The leaves of R. maritima were not as stiff or as wide, so
the plant bent more easily, thereby enhancing the attenuation of
the TKE inside the canopy. M. verticillatum and P. nodosus were the
plants that reduced the TKE inside the canopy most (Fig. 11) since
they have a more complex structure. The latticework structure of
the leaves of M. verticillatum around the stem enhanced the
sheltering below. This plant had a lot of compound and divided
leaves, which resulted in a featherlike structure. P. nodosus leaves
were the widest and were positioned perpendicular to the stem.
The morphology of the leaves enhanced the effect of the plants
acting as a ‘false rough floor’, and increased the TKE gradient
between the two zones.
5. Conclusions

The vertical TKE profiles in a system with a submerged rigid
canopy submitted to turbulence generated by an oscillating grid
were divided into three zones: one above the canopy and two
inside the canopy. Above the canopy, the TKE found for all SPFs
was greater than in those zones without any vegetation. This
phenomenon was attributed to the redistribution of TKE at a
lower volume, enhanced mainly by the largest SPFs.

The inner zone nearer the top of the canopy is called the
transition zone. Although it was situated inside the plants, the
TKE was still greater than that found without any plants. The third
zone is situated below the transition zone and is defined as the
region where the TKE was lower than TKE found in ‘unvegetated’
experiments. This phenomenon was called sheltering or dampen-
ing, and along with the depth of the transition zone was enhanced
with a decrease in the stem diameter and an increase in the SPF of
the canopies that caused a reduction in the plant-to-plant
distance. We have, therefore, not only observed a sheltering, but
quantified it. The development of the sheltering was reduced as
frequency increased, due to the fact that vegetation could not
prevent the penetration of the turbulence.

The semi-rigid model canopies prevented the development of
a transitional zone, and a steep gradient of TKE above and inside
the canopy was found. This process can be attributed to the
morphology of the semi-rigid canopy, which produced a major
increase in the SPF at the top of the canopy, since the distribution
of the vertical biomass was not uniform. The experiments with
SAV revealed that the transitional zone disappeared due to the
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layout of the leaves, which isolated the two zones. The movement
of the real plants contributed to enhancing the sheltering and
reducing the transitional zone. As the frequency increased, the
sheltering intensified because there was greater movement of
the plants at the top, thus incrementing the attenuation of the
turbulence inside the canopy.
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