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ABSTRACT

Innovative flume experiments were conducted in a recirculating straight

flume. Zostera noltei meadows were sampled in their natural bed sediments

in the field at contrasting stages of their seasonal growth. The aims of this

study were: (i) to quantify the combined effects of leaf flexibility and develop-

ment characteristics of Zostera noltei canopies on their interaction with

hydrodynamics; and (ii) to quantify the role of Zostera noltei meadows in sus-

pended sediment trapping and bed sediment resuspension related with

changes in hydrodynamic forcing caused by the seasonal development of

seagrasses. Velocity within the canopy was significantly damped. The attenu-

ation in velocity ranged from 34 to 87% compared with bare sediments and

was associated with a density threshold resulting from the flow-induced can-

opy reconfiguration. The reduction in flow was higher in dense canopies at

higher velocities than in less dense canopies, in which the reduction in flow

was greater at low velocities. These contrasted results can be explained by

competition between a rough-wall boundary layer caused by the bed and a

shear layer caused by the canopy. The velocity attenuation was associated

with a two to three-fold increase in bottom shear stress compared with unveg-

etated sediment. Despite the increase in near-bed turbulence, protection of the

sediment against erosion increased under a fully developed meadow, while

sediment properties were found to be the main factor controlling erosion in a

less developed meadow. Deposition fluxes were higher on the vegetated bed

than on bare sediments, and these fluxes increased with leaf density. Fewer

freshly deposited sediments were resuspended in vegetated beds, resulting in

an increase in net sediment deposition with meadow growth. However, in the

case of a very high leaf area index, sediment was mostly deposited on leaves,

which facilitated subsequent resuspension and resulted in less efficient

sediment trapping than in the less developed meadow.
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INTRODUCTION

Intertidal mudflats are found worldwide and are
major components of coastal ecosystem func-
tioning. In response to hydrodynamic forcing or
sediment availability, high rates of accretion or
erosion can occur (up to several centimetres per
tide; Deloffre et al., 2007) and hence modify the
nature of bed sediments, both in terms of grain-
size distribution and sediment concentration.
Intertidal areas also support diversified biologi-
cal populations, which can then interact with
and alter erosion/deposition processes. Seagras-
ses constitute a highly productive compartment
of coastal ecosystems and are known as ecosys-
tem engineers (Madsen et al., 2001). Previous
studies reported that seagrass beds dampen the
hydrodynamic energy from tidal currents (Fon-
seca & Fisher, 1986; Gambi et al., 1990; Hend-
riks et al., 2008; Widdows et al., 2008) and
waves (Koch, 1999; Koch & Gust, 1999; Madsen
et al., 2001; Paul & Amos, 2011). Seagrass cano-
pies are thus a low-energy environment which
promotes sediment deposition (Gacia et al.,
1999, 2003; Gacia & Duarte, 2001; Hendriks
et al., 2008; Ganthy et al., 2013) and reduces
sediment resuspension (Ward et al., 1984; Gacia
& Duarte, 2001; Amos et al., 2004; Bos et al.,
2007; Widdows et al., 2008). This ecosystem
engineering therefore tends to create stable habi-
tats (Madsen et al., 2001).
Seagrass meadows are composed of a wide

variety of species. Most investigations have
focused on modifications in hydrodynamics and
sediment dynamics by long-leaf seagrass beds,
including Posidonia oceanica (Gacia & Duarte,
2001; Granata et al., 2001; Hendriks et al.,
2008), Zostera marina (Fonseca & Fisher, 1986;
Gambi et al., 1990; Fonseca & Koehl, 2006),
Syringodium filiforme (Fonseca & Fisher, 1986),
Ruppia maritima (Ward et al., 1984) or Thalas-
sia testudinum (Fonseca & Fisher, 1986; Koch,
1999; Koch & Gust, 1999). All of these studies
highlighted specific species/water flow inter-
actions, depending on the shape (Fonseca &
Fisher, 1986), stiffness (Ghisalberti & Nepf,
2006; Peralta et al., 2008), density (Gambi et al.,
1990; Peterson et al., 2004; van der Heide et al.,
2007; Widdows et al., 2008), vertical distribu-
tion of biomass (Fonseca & Fisher, 1986; Bouma
et al., 2005) and the fraction of the water col-
umn that they occupy (Ward et al., 1984; Bouma
et al., 2005).
Resistance to flow is the most obvious hydro-

dynamic effect of submerged seagrasses, leading

to reduced current velocities within their can-
opy. This reduction in flow is usually accompa-
nied by an increase in the flow above the
canopy relative to the ambient flow, due to its
deflection over the canopy and loss of momen-
tum within the canopy (Fonseca et al., 1983;
Fonseca & Fisher, 1986; Gambi et al., 1990; Ver-
duin & Backhaus, 2000; Peterson et al., 2004).
This high-flow layer is usually called ‘skimming
flow’. The lower part of the skimming flow is
generally associated with a high turbulence
region, while turbulence decreases near the bed,
thereby affecting sediment erosion, deposition
and vertical mixing (Nepf & Vivoni, 2000; Neu-
meier & Amos, 2004; Neumeier, 2007; Hendriks
et al., 2008, 2010). These patterns are common
to all types of vegetation. All of the studies cited
above recognized the major influence of vegeta-
tion features on plant/flow interactions. Hence,
the change in vertical velocity and turbulence
profiles will be qualitatively different if the veg-
etation is characterized by long or short, rigid or
flexible, sparse or dense leaves.
When the vegetation is flexible, the drag force

acting on vegetation stems and leaves will push
them into more streamlined postures with
increasing velocity. Compared with rigid vegeta-
tion, the canopy of flexible vegetation is subject
to reconfiguration leading to significantly
reduced drag (Koehl, 1984). De Langre (2008)
proposed a simple model to qualitatively repro-
duce the canopy reconfiguration caused by the
effects of wind on aerial canopies by balancing
the opposing moments due to aerodynamic drag
and plant stiffness. More recently, Luhar & Nepf
(2011) proposed a model describing the flow-
induced reconfiguration of buoyant, flexible
seagrass blades through the balance between the
posture-dependent drag and the restoring forces
due to vegetation stiffness and buoyancy. The
marked variability of vegetation-flow interac-
tions implies a wide range of consequences for
sediment transport processes (i.e. erosion and
deposition). Aquatic meadows are often consi-
dered as net depositional areas where sediment
resuspension is reduced and deposition is
increased by the damping of hydrodynamic
energy. By contrast, sediment scouring may
occur on the edge of meadows or around indi-
vidual shoots (Nepf, 1999; Chen et al., 2007;
Hansen & Reidenbach, 2013). This transition
from a depositional to an erosional environment
may depend on the density of the vegetation
which modifies the development of a skim-
ming flow over the meadow: the diversion of
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horizontal flow around individual blades in
low-density seagrass meadows is thought to
induce scouring around individual shoots while
vertical diversion above the meadow within a
high-density seagrass canopy is thought to
reduce water velocities and turbulence and pro-
mote sediment deposition (Lawson et al., 2012).
Zostera noltei is common in intertidal areas

along the coasts of Europe and Africa. The
species is relatively tolerant to hydrodynamics
due to both its short plant stature (generally less
than 20 cm in height) and high flexibility. Zostera
noltei growth is characterized by a strong sea-
sonal pattern, depending on its geographical loca-
tion. For populations in the Arcachon Lagoon
(south-west France), the main period of vegeta-
tive growth is from March to September. Mea-
dows degenerate from September to February but
do not completely disappear from the sediment
surface (Auby & Labourg, 1996) in contrast with
populations in the Wadden Sea (van Katwijk
et al., 2010). Compared with unvegetated areas,
Z. noltei meadows in intertidal environments
affect the morphodynamics of tidal flats over sea-
sonal and long-term time scales (van Katwijk
et al., 2010; Ganthy et al., 2013). The associated
changes can be simulated and investigated using
regional scale morphodynamic models. However,
these models need to more accurately account for
the effect of vegetation. Before using them, it is
essential to identify a set of specific parameters
(meadows/plant features) which modify both the
mean flow and bed shear stress, and hence sedi-
ment transport processes, and which can be
included in model formulations. A further diffi-
culty inherent to regional models is transferring
small scale processes (at the scale of the canopy,
i.e. <1 m) to the scale of a model grid cell (i.e. sev-
eral dozen metres).
Many flume studies have provided a detailed

description of hydrodynamic processes within
and around meadows, but very few investigated
the erosion and deposition of fine sediments.
Moreover, erosion experiments are a common
way of determining critical thresholds of bed
shear stress as a function of bed properties
(Mitchener & Torfs, 1996; Amos et al., 2004; Gan-
thy et al., 2011; Jacobs et al., 2011). Most of these
experiments used bare sediment, whereas erosion
experiments using vegetated sediment are rarely
reported in the literature (Widdows et al., 2008).
The present study investigated the interaction

processes between Z. noltei meadows, current
flows and cascading effects on erosion–deposition
processes in specially designed recirculating

flume experiments. The particular originality of
this experimental protocol is the use of harvested
blocks of bed sediment with its seagrass left in
situ. Use of these sediment blocks ensures that
the complex structure of natural seagrass mea-
dows is captured in the flume.
The present study advances knowledge on

two novel topics:

1 The variability of plant-flow interactions at
a seasonal time scale. A detailed investigation of
the influence of Z noltei seasonal growth on
changes in ambient flow and turbulence was
conducted. This investigation is of primary
importance because the seasonal variability of
leaf length and density in Z. noltei meadows is
probably unique in intertidal vegetated environ-
ments in Europe.

2 The changes in resuspension–deposition
processes caused by Z. noltei meadows. For the
first time, the role of Z. noltei meadows in sus-
pended sediment trapping and bed sediment
resuspension is quantified compared with the
effects of hydrodynamic alteration at a seasonal
time scale.

MATERIALS AND METHODS

The changes in hydrodynamics, erosion and
deposition processes caused by Zostera noltei
canopies were measured under controlled condi-
tions in the HYDROBIOS flume facilities at
IFREMER l’Houmeau (see Orvain et al., 2003, for
full details). Blocks of sediment with and without
seagrasses were collected on a mudflat located in
the central part of the Arcachon Lagoon (Ganthy
et al., 2011, 2013). At each sampling date, three
stainless-steel rectangular box cores (0�4 m
long 9 0�3 m wide 9 0�05 m thick) were pushed
to a depth of 5 cm in the sediment, and base
plates were placed below. The sampled boxes
were then excavated from the surrounding sedi-
ment and immediately transported to the flume
facility. The cores were placed in a holding
container with sea water, light and air
bubbling inputs. Holding for a period of 12 hours
allowed for the decrease in the abundance of
bioturbators inside the meadows by their migra-
tion outside the vegetation towards the source of
light. Because the protocol used to transfer the
samples from the tidal flat to the flume facilities
was the same each time, it can safely be assumed
that disturbance was minimized and uniform in
all tests.
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After the holding period, the three cores were
placed inside the flume, forming a 0�9 m long by
0�4 m wide test section. The narrow space
between adjacent cores was filled with sediment
from an additional core. This method, described
by Widdows et al. (2008), created a continuous
and almost undisturbed bed of natural sediment
and seagrasses. The flume was then smoothly
filled with fully aerated filtered seawater (1�3 m3

for a water depth of 0�2 m) to protect the bed
from disturbance. Salinity was adjusted to 30 to
31 at the beginning of the experiment and then
measured regularly during the experiment, along
with temperature (Table 1).
Five experiments (T1 to T5) were performed

between March and September 2010 (Table 1) to
investigate the effects of seagrasses on hydrody-
namics and sediment transport at different deve-
lopment stages of the plants. A control experiment
(Tsed) was also performed on bare sediments.
For this experiment, three box cores were sam-
pled in an unvegetated area in the same tidal flat
using the same protocol as for vegetated cores.
Each experiment consisted of three phases

corresponding to three key sediment processes:

1 Phase 1 (P1) – Initial bed erosion, investi-
gated by increasing the flow rate (free stream
velocity, U∞, ranging from 0�1 m s�1 to
0�4 m s�1 in increments of 0�1 m s�1 with each
step lasting 90 min); the strategy used by many
authors to investigate erosion fluxes and, when
possible, to determine critical erosion shear
stress and erosion rates (Amos et al., 2004,
2010; Ganthy et al., 2011; Jacobs et al., 2011).

2 Phase 2 (P2) – Sediment deposition, inves-
tigated by seeding the flume with sediments and
decreasing the flow rate (U∞ ranging from
0�4 m s�1 to 0 m s�1 in increments of 0�1 m s�1

with each step lasting 90 min); the objective
was to investigate the dynamic response of sus-
pended sediments, i.e. sediment trapping, to the
presence of vegetation, and differences caused
by the seasonal growth of the meadows, as pre-
viously investigated by Amos et al. (2004) in the
Venice lagoon.

3 Phase 3 (P3) – Remobilization of the freshly
deposited sediments, investigated by the
increasing flow rate (similar to phase P1, but
with each step lasting only 45 min). Contrary to
P1, the sediments were not consolidated, and
the objective was to investigate conditions for
net deposition after a tidal cycle related to sedi-
ment accumulation.

During the night between each experimental
phase, the flow was stopped to allow the eroded
sediments to settle. Note that the free stream
velocity, U∞, denotes the depth averaged velo-
city upstream from the seagrass bed or bare sedi-
ment bed.

Hydrodynamic properties within the canopy

Acoustic Doppler Velocimeter measurements
Flow was measured using a Nortek© Acoustic
Doppler Velocimeter (ADV, Vectrino; Nortek,
Rud, Norway) mounted on a three-dimensional
positioning system (ISEL©), where x was care-
fully defined as the position along the flume
channel axis, y as the distance across the flume
and z as the vertical dimension. For each velo-
city step during the first phase of the experi-
ments, four velocity profiles were performed.
The first x-position of the vertical profile was
located as far from the upstream edge of the
meadow as possible (�0�15 m, Fig. 1), while the
three other profiles were performed, respec-
tively, at +0�15 m, +0�45 m and 0�75 m down-
stream from the leading edge of the vegetation.
During the second (P2) and third phases (P3),
two velocity profiles were performed at �0�15 m
and +0�45 m from the leading edge of the vegeta-
tion. The vertical ADV measurement positions
started close to the bed (z = 0�003 m) up to the
highest possible altitude where the ADV probe
was fully submerged (z = 0�143 m). The step
size was set at 0�003 m near the bed (from 0�003
to 0�047 m) and at 0�008 m in the upper part of
the profile (from 0�047 to 0�143 m). For each
position in the vertical profile, the ADV sam-
pling rate was set at 8 Hz over a period of 32 s.

Table 1. Main settings of experiments: sampling date, averaged water temperature and salinity along experi-
ments and their associated standard deviations.

Test T1 T2 T3 T4 T5 Tsed
Sampling date 16 Mar 30 Mar 13 Apr 27 Apr 06 Sep 30 Mar

T (°C) 14�9 � 0�5 17�0 � 0�4 16�8 � 0�3 19�7 � 0�5 22�3 � 0�1 17�1 � 0�5
Sl (&) 29�9 � 0�1 30�6 � 0�1 31�3 � 0�2 31�4 � 0�1 29�6 � 0�2 31�0 � 0�1
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This choice was a compromise between: (i) suffi-
cient samples per burst to compute turbulence
parameters; (ii) enough vertical measurement
points distributed to precisely quantify plant-
flow interactions (zostera leaves range from a
tenth of a centimetre to a few centimetres in
length); and (iii) and technical sampling rate
limitation (8 Hz). A literature search for proto-
cols used to collect turbulent measurements in
similar environments revealed that although
1000 samples is the optimal choice, many stud-
ies have successfully measured turbulence with
a sampling strategy similar to that used here
(Neumeier & Ciavola, 2004; Leonard & Croft,
2006; Hasegawa et al., 2008; Chen et al., 2011).
Turbulence values and ranges measured in this
study are fully comparable with all other studies
dedicated to plant-flow interactions. To obtain
reliable ADV measurements within the canopies,
seagrass leaves located directly under the ADV
were cut for the vertical profiles inside the can-
opy so that the sampling volume of the ADV
would not be disturbed by the leaves.
An ADV device simultaneously records nine

values per sample: three velocity components,
three signal strength values and three correlation
values. Signal strength and correlation values
were primarily used to determine the quality
and the accuracy of the velocity data. A preli-
minary velocity signal check was performed
prior to the computation of time-averaged velo-

city components and turbulence parameters. It
consisted of removing all low signal to noise
ratio data (<5 dB) and low correlation samples
(<60%), according to Chanson et al. (2008). The
Doppler spikes were then removed using the
method described by Cea et al. (2007) based
on minimum/maximum velocity thresholds
expressed as:

umin ¼ U �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln Nð Þ

p
ru ð1aÞ

umax ¼ U þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln Nð Þ

p
ru ð1bÞ

where umin/umax are the minimum and maxi-
mum velocity thresholds in the x-direction, U is
the time-averaged velocity in the x-direction, ru

is the standard deviation of U and N is the total
number of data. Similar expressions are used for
the other two velocity components. This despi-
king procedure was repeated iteratively until all
data outside that range were removed.
Using this filtering process, the profiles

recorded during the first experimental phase
(P1) did not appear to be sufficiently reliable to
compute turbulence properties (more than 50%
of removed samples). A reflexion phenomenon
was suspected and attributed to the lack of sus-
pended sediments. The time-averaged velocities
recorded during this experimental phase, should
thus be interpreted with caution. However, for
experimental phase P2, the filtering process

Fig. 1. Schematic side view of the HYDROBIOS flume device.
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removed less than 1% of the samples, so the
turbulence profiles presented in this article are
those recorded during the second phase (P2),
but are only available for distances of �0�15 m
and +0�45 m from the leading edge of the vegeta-
tion.
At each vertical measuring point, the time-

averaged velocity components U, V and W
(corresponding to velocities in the x, y and z
directions, respectively) were computed. The
turbulent kinetic energy (TKE, in m2 s�2) was
then computed as follows:

TKE ¼ 1

2
� u02 þ v 02 þw 02� � ð2Þ

where u0, v0and w0 are the fluctuating velocity
components in the x, y and z directions, respec-
tively.
To compare the effects of seagrass on near-bed

velocities, an attenuation coefficient of the
velocity inside the canopy (AVcan, in %) was
computed as the depth-averaged velocity attenu-
ation inside the canopy:

AVcan ¼ 1

N

XHcm

1

100 Us zð Þ �Uv zð Þð Þ
Us zð Þ

� �
ð3Þ

where N is the number of data inside the can-
opy, Hcm is the measured canopy height (see
below), Us(z) is the velocity at height z above
the bed in the control test (Tsed) and Uv(z) is
the velocity at height z above the bed in the veg-
etated test (T1, T2, T3, T4 or T5) concerned.

Calculation of bottom shear stress
Various methods are described in the literature
for the calculation of bottom shear stress (sb) val-
ues from measured instantaneous current veloci-
ties. The TKE method can be used to estimate
the bottom shear stress proportionally to the TKE
(Eq. 2) as follows: sb = C1 9 q 9 TKE, while C1
is a constant coefficient and q the water density;
C1 coefficient values ranging from 0�19 to 0�21
are commonly cited in the literature for near-bed
measurements in atmospheric or tidal boundary
layers (Stapleton & Huntley, 1995; Kim et al.,
2000). The coefficient C1 was calibrated for tur-
bulent flows over bare bed, and does not neces-
sarily hold for canopy flows, so that for different
types of flows (i.e. complex flows) the C1 coeffi-
cient may have different values.
The Reynolds stress (RE) method also deals

with turbulence measurements (Kim et al., 2000;
Biron et al., 2004). In a log layer, the value of

bed shear stress can be assumed to be close to
the Reynolds shear stress (sb � q <�u0w0>,
where < > denotes the time average). For a fully
turbulent flow with a large Reynolds number,
<�u0w0> effectively becomes equal to the square
of the friction velocity u*², providing a direct
estimation of the bottom shear stress (Kim et al.,
2000).
Considering these two different methods and

their limitations for the estimation of the bottom
shear stress in the presence of complex flow
fields, the RE method appeared to the present
authors to be the most physical. The bottom
shear stress was thus determined using the RE
method from the velocity measurements
obtained at the first point above the bed (at
z = 0�003 m). A section of the Discussion is ded-
icated to comparing RE and TKE methods.

Sediment properties, erosion and deposition

Bed sediment properties
The surface sediment properties were deter-
mined before and after each experiment in the
uppermost 5 mm. In the tidal flat, at the same
time as the box cores were sampled, one sedi-
ment sample (in triplicate) was collected by
skimming the surface sediment closest to the
sampled cores with a spatula. After emptying the
flume at the end of the experiment, one set of
triplicates per core was sampled at the mid-
width, for a total of three sets of triplicates. Pre-
weighed pill-boxes, with a known volume of
Vt = 3�2 cm3, were used to collect samples for
the determination of the dry density of the sedi-
ments (qdry, in kg m�3). The dry density was
computed as qdry = (Mdry � Mp)/Vt, where Mdry

is the mass of dried sediments (after drying for
20 days at 60°C), Mp is the mass of an empty pill
box and Vt is the volume of a pill box. Grain-size
analyses were performed using a Malvern laser
particle sizer (Malvern Instruments Limited,
Malvern, UK), measuring a size range from 0�06
to 800 lm. To prevent obstruction of the Malvern
device, the samples were previously sieved
through a 1 mm mesh to remove fragments of
shells and seagrasses. Sediment diameters of the
10th, 50th and 90th percentiles were obtained
directly from the output of the Malvern device,
and mud content (Cmud, in %) was then
determined as the sediment fraction below a
63 lm grain size. Water content (W%, in %) was
determined as W% = 100 9 (Mfresh � Mdry)/
(Mdry � Mp), where Mfresh is the mass of the
filled pill box before drying. Water content was
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defined as the ratio between the mass of water
contained by the sample and the mass of dried
sediments; water content can thus exceed 100%.
The same treatment was applied to the seeded

sediments (see below) for both the grain-size
analysis and dry density measurement (one tripli-
cate). The main sediment characteristics of each
experiment and control are summarized in
Table 2.

Concentration of suspended sediments,
erosion and deposition fluxes
Turbidity was recorded (at 0�08 m above the bed)
at 2 Hz, with a 10 s burst at 1 min intervals, using
an optical turbidimeter (NKE© STBD) located
0�15 m downstream from the end of the test sec-
tion. The suspended sediment concentration
(SSC, in mg l�1) was determined by calibration of
the turbidity signal against triplicate water sam-

ples. Triplicate water samples were taken in the
flume during the course of each experiment at
each velocity step (12 triplicates per experiment),
just before the velocity was changed. Samples
were collected using a plastic pipe plunged into
the flume close to the turbidimeter probe (at the
same height above the bed, and 2 cm downstream
from the turbidimeter probe). Samples were fil-
tered onto pre-weighed glass-fibre filters (GFC),
washed with distilled water, dried for 48 hours at
60°C and re-weighed. Linear calibration curves
were produced as SSC = aSSC 9 N + bSSC, where
N is the turbidity and aSSC and bSSC are calibra-
tion coefficients (Table 3). Total SSC was then
averaged over each burst (10 s burst).
For each experimental phase, the instanta-

neous eroded or deposited sediment mass
Me/d(t) was computed as Me/d(t) = (SSC(t) � SSC
(t � 1)) 9 Vf, where Vf is the water volume of

Table 2. Main characteristics of bed sediment before and after experiments, and of seeded sediments.

Test T1 T2 T3 T4 T5 Tsed

Sediment bed before experiment
qdry (kg m�3) 1015 � 60 906 � 81 855 � 36 700 � 110 566 � 103 1030 � 85
D10 (lm) 9�3 � 1�4 6�4 � 0�2 6�2 � 0�5 5�2 � 0�7 4�6 � 0�2 8�9 � 1�9
D50 (lm) 138�5 � 5�7 98�0 � 5�6 96�8 � 14�2 58�9 � 30�2 40�6 � 7�7 122�8 � 12�8
D90 (lm) 231�6 � 4�7 214�0 � 5�4 222�4 � 4�7 209�6 � 9�6 203�9 � 11�8 241�9 � 3�9
Cmud (%) 24�4 � 4�8 38�2 � 1�1 38�9 � 11�0 50�5 � 10�5 56�8 � 4�9 28�8 � 6�6

Sediment bed after experiment
qdry (kg m�3) 1198 � 68 1032 � 71 1018 � 64 881 � 139 715 � 118 1123 � 93
D10 (lm) 9�2 � 3�0 7�8 � 4�0 6�0 � 0�6 5�0 � 0�6 4�4 � 0�4 8�7 � 2�3
D50 (lm) 127�4 � 19�4 99�6 � 21�2 89�9 � 22�6 65�6 � 27 47�4 � 13�1 117 � 34�9
D90 (lm) 226�3 � 7�8 220�3 � 9�9 219�5 � 8�9 210�6 � 12�6 213�2 � 15�4 238�1 � 27�0
Cmud (%) 26�3 � 8�9 34�9 � 8�9 40�6 � 6�7 48�6 � 8�6 53�8 � 4�7 31�3 � 14�9

Seeding sediment
Mseedfresh (g) 9051�2 9014�7 9006�7 9004�9 9014�1 9018�12
Mseeddry (g) 5729�4 � 54�3 5706�3 � 54�1 4938�2 � 52�6 4937�4 � 52�2 5435�5 � 49�6 4944 � 52�1
qdry (kg m�3) – 842 � 4 835 � 13 926 � 9 930 � 8 831 � 7
SSC(t0) (mg l) 582�4 659�9 589�7 851�7 721�8 527�1
D10 (lm) – 7�3 � 1�3 4�8 � 2�0 4�9 � 1�8 5�0 � 1�4 6�2 � 1�9
D50 (lm) – 96�5 � 12�7 68�5 � 18�9 73�7 � 14�2 73�8 � 9�0 78�6 � 13�5
D90 (lm) – 228�8 � 17�4 216�5 � 23�1 224�8 � 8�4 223�3 � 13�8 229�8 � 9�6
Cmud (%) – 36�2 � 0�8 45�0 � 1�2 42�1 � 2�2 43�4 � 2�6 46�1 � 2�3

Table 3. Derived parameters from
calibration curves of the turbidi-
meter associated with their correla-
tion coefficient and probability,
and maximum suspended sediment
concentration reached after the
flume was seeded (used for the
normalization of SSC, in Fig. 8).

Test T1 T2 T3 T4 T5 Tsed

Calibration of suspended sediment concentration
aSSC (�) 3�37 3�32 2�86 4�41 4�5 2�44
bSSC (�) 35�44 6�38 34�82 13�6 75�48 28�8
R2 (SSC) (�) 0�96 0�94 0�95 0�91 0�94 0�93
P (SSC) (�) <0�01 <0�01 <0�01 <0�01 <0�01 <0�01
SSC(t0) (mg l�1) 582�40 659�90 589�70 851�70 721�80 502�80
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the entire flume (the flume and the recirculation
pipe; equal to 1�3 m3). The total Me/d(t) was then
determined for each velocity step, and the erosion
(E) or deposition (D) fluxes (EP1, DP2 and EP3 for
phases P1, P2 and P3, respectively) were com-
puted by dividing this mass by the product of the
active erosion/deposition surface area (S) with
the duration of the step. For the first experimental
phase (P1 – initial bed sediment erosion), the ero-
sion surface area was the surface of the test sec-
tion (SP1 = 0�36 m2), while the step lasted
90 min. For the second experimental phase (P2 –
sediment deposition), the main uncertainty con-
cerned the effective deposition area within the
channel. This parameter was difficult to quantify,
because it can be altered by turbulence within the
channel. For that reason, it was considered here
that deposition occurred over the total bed area of
the flume (SP2 = 2�4 m2) across the whole phase,
and that the step lasted 90 min. This choice
would only influence the absolute deposition flux
values, while the relative values of the results
would remain unchanged. For the third experi-
mental phase (P3 – erosion of freshly deposited
sediment), the erosion was also considered to
occur over the total area of the flume (SP3 = SP2),
but the step lasted only 45 min.
Only one turbidity probe was available for this

study and turbidity was consequently measured
at only one height above the bed within the
flume. The implications of this are described in
the Discussion section.

Sediment trapping by canopies
At the beginning of the second experimental
phase (P2), the flow velocity was first set to
0�4 m s�1. The flume was seeded with the natu-
ral sediments previously collected at the sam-
pling site. Sediments were collected on the bare
mud site located nearest to the seagrass sam-
pled. Only the surface sediments were sampled
(0 to 0�02 m) and sieved (<1 mm) to remove
macrofauna, coarser particles and shell frag-
ments. This sediment was then homogenized at
regular intervals. Before seeding, a fresh mass of
fluid sediment (ca 9000 g of Mseedfresh, Table 2)
was prepared after homogenization. The effec-
tive dry sediment mass (Mseeddry, in g) added
into the flume was determined as Mseeddry =
Mseedfresh 9 (100 + W%), where W% is the water
content based on the sediment properties of the
seeding sediment. The actual dry densities in
the different experiments (T2, T3, T4, T5 and
Tsed) differed slightly due to incomplete
homogenization. However, because the grain-

size characteristics were similar (except in test
T2), only the effective mass of the dry sediment
(Mseeddry) was affected. The characteristics of
the seeded sediment used in the first test (T1)
were unknown (Table 2) and, for that reason,
results of the sediment deposition (phase P2)
and subsequent erosion (phase P3) are not pre-
sented for this test. Once the flume was seeded,
the free-stream velocity was maintained at its
initial value (U∞ = 0�4 m s�1) for 95 min to
allow correct homogenization of the flume
(5 min = seven full volume recirculation cycles)
and the duration of the first velocity step
(90 min). Then, the free-stream velocity was
decreased by increments of 0�1 m s�1, each step
lasting for 90 min until a free stream velocity of
0�1 m s�1 was reached. The flow was stopped at
the end of the last velocity step.

Vegetation characteristics

During the first phase (P1) of each experiment
on vegetated sediment (T1 to T5) and at each
velocity step, the canopy height (Hcm, in mm)
was estimated by digital photography analysis,
using a protocol adapted from Neumeier (2005).
A frame of graph paper (0�3 m length 9 0�21 m
height) was placed on one side of the flume,
with the base of the frame matching the bed sed-
iment and the upstream and downstream sides
of the frame matching the second core (x = 0�3
to 0�6 m). Digital photographs were always taken
at exactly the same location and distance from
the side of the flume to ensure that the sides of
the photograph coincided with the graph paper
frame. The canopy height (Hcm) was estimated
as the height of the top of the canopy, averaged
over the width of the photograph.
After each experiment, vegetation characteris-

tics were determined following the French proto-
col for estimating the ecological status of Z.
noltei beds under the European Water Frame-
work Directive (Auby et al., 2010). One mini-
core (98 mm in diameter and the total thickness
of bed sediment – 50 mm) was sampled per box
core (one triplicate per test). Samples were
washed with fresh water on a sieve with a mesh
size of 1 mm, to separate the seagrasses from
sediments and shell fragments. Seagrasses were
then separated into individual plants, and the
plants were divided into above-ground and
below-ground biomass. The number of shoots
per sample was recorded, providing the shoot
density (Dshoot, in m�2). The length and width of
leaves were measured on 10 randomly selected
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shoots, and used for the computation of the mean
leaf length (Lleaf, in mm), mean leaf width (wleaf,
in mm) and mean leaf area index (LAI, total leaf
area per ground area, dimensionless). The leaf
density (Dleaf, in m�2) was computed as the prod-
uct of shoot density and the mean number of
leaves per shoot. The above-ground biomass
(Babove, in g m�2) was calculated after the shoots
were dried at 60°C. The mean and standard devia-
tion of each parameter were then computed for
each experiment and are summarized in Table 4.

Statistical tests

Differences in sediment characteristics and
Zostera noltei biometry between experiments
were tested with one-way analyses of variance
(ANOVA) with replication. The maximum type I
error rate was set at 0�05. Homogeneity of vari-
ance was checked using the Bartlett test and, if
rejected, data were log10 transformed. Signifi-
cant ANOVA results were followed by multiple
comparisons using the conservative Tukey post-
hoc test (Sokal & Rohlf, 1995). Correlations
between variables were tested following critical
values for the correlation coefficient (Rohlf &
Sokal, 1981). Statistical analyses were performed
with Minitab software 15.1.
To confirm the reliability of the parameteriza-

tions when relations were found, the root mean
squared error (RMSE) was also used:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i xi � yið Þ2
n

s
ð4Þ

where n is the number of value, and xi and yi
are the measured and predicted values, respec-
tively, for the ith data value.

RESULTS

Vegetation development

Both LAI and above-ground biomass (Babove) sig-
nificantly increased from test T1 to test T5
(P < 0�001). In the first three tests (T1 to T3),
both Babove and LAI values were relatively low
(14�9 to 26�0 g m�2 and 0�85 to 1�78, respec-
tively), denoting limited development of sea-
grass, while Babove and LAI values in tests T4
and T5 were significantly higher than in tests T1
to T3, with respectively 11-fold and seven-fold
higher Babove and LAI values in T5 than in T1.
Shoot density (Dshoot) values also increased sig-
nificantly from test T1 to test T5 (P = 0�009),
with 2�4-fold higher values in tests T4 and T5
than in T1. Leaf length (Lleaf) increased signifi-
cantly from test T1 to T5 (P < 0�001) with maxi-
mum values in T5. Leaf density (Dleaf) also
increased significantly from test T1 to T5
(P = 0�008 based on log10 values) but not con-
tinuously, denoting differences in the vertical
distribution of plants between tests, because
maximum values were recorded in test T4
(Table 4).

Flow structure

A practical issue in flume studies is the distance
required for the flow to fully develop. Profiles
measured at three locations along the longitudi-
nal test section were compared at different
velocities and seagrass growth stages to validate
the representativeness of the central profile that
was subsequently used in all experimental
phases (Fig. 2). Results showed that the flow
developed rapidly during the experiments, and

Table 4. Main vegetation characteristics associated with measured canopy heights depending on the free stream
velocity.

Test T1 T2 T3 T4 T5

Biometry
Babove (g m�2) 14�9 � 5�3 21�4 � 3�4 26�0 � 8�9 60�6 � 14�8 102�2 � 37�1
LAI (~) 0�85 � 0�25 1�42 � 0�17 1�78 � 0�78 4�21 � 1�70 9�03 � 0�98
Lleaf (mm) 56 � 6 72 � 7�8 76 � 25�8 63 � 13�5 150 � 7�9
wleaf (mm) 0�56 � 0�04 0�58 � 0�03 0�63 � 0�01 0�82 � 0�05 1�21 � 0�02
Dshoot (9103 m�2) 7�96 � 2�52 9�53 � 0�87 8�22 � 3�47 12�58 � 1�85 18�23 � 4�78
Dleaf (9103 m�2) 26�65 � 6�46 34�19 � 1�31 42�54 � 1�83 80�94 � 2�21 51�08 � 7�82
Hcm (U = 0�1) (mm) 35 � 5 40 � 7 37 � 6 47 � 8 93 � 11
Hcm (U = 0�2) (mm) 25 � 4 35 � 5 24 � 4 35 � 5 73 � 8
Hcm (U = 0�3) (mm) 20 � 4 24 � 4 22 � 3 28 � 3 59 � 6
Hcm (U = 0�4) (mm) 15 � 2 20 � 3 16 � 3 21 � 2 48 � 4
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A B

C D

E F

Fig. 2. Comparison of current velocity profiles recorded at 0�15, 0�45 and 0�75 m from the leading edge of the veg-
etation patch above different densities of Zostera noltei: (A), (C) and (E) refer to the test T3 at free stream veloci-
ties of 0�1, 0�3 and 0�4 m s�1, respectively, while (B), (D) and (F) refer to the test T4 at free stream velocities of
0�1, 0�3 and 0�4 m s�1, respectively.
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confirmed that observations made 45 cm down-
stream from the leading edge are fully reliable.
Vertical profiles of flow velocity (U(z), m s�1)

measured above bare sediments (Tsed) com-
pared to those measured over vegetated beds (T1
to T5, Fig. 3) demonstrated strong velocity
damping near the bed for all of the vegetated
beds. The velocity profile over bare sediments
(Tsed) was characterized by an approximately
constant velocity throughout most of the water
column and only a slight decrease in velocity
near the bed straight shape in its upper part,

associated with a slight decrease in velocity near
the bed. In contrast, all of the velocity profiles
obtained for the vegetated beds showed a more
complex structure, which varied with seagrass
densities and development (i.e. Dleaf and LAI,
Table 4).
Velocity attenuation coefficients inside the

canopy were the lowest in tests T1 to T3 (AVcan

ranged from 34 to 63%) and these tests also had
the lowest LAI values (0�85, 1�42 and 1�78,
respectively, in T1, T2 and T3). In tests T4 and
T5 (LAI = 4�21 and 9�03, respectively), the

A B

C D

Fig. 3. Comparison of current velocity profiles recorded at 0�45 m from the leading edge of the vegetation patch
under free stream flow velocities of: (A) 0�1 m s�1; (B) 0�2 m s�1; (C) 0�3 m s�1; and (D) 0�4 m s�1 above different
densities of Zostera noltii (T1 to T5, dashed lines), and over bare sediments (Tsed as a control, solid black line).
The measured canopy heights (Hcm, horizontal lines) and the coefficient for velocity attenuation within the can-
opy (AVcan, Eq. 3, in %) are presented.
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velocity attenuation coefficient ranged from 75%
to more than 85%.
Vertical profiles of the TKE (Fig. 4) were char-

acterized by a maximum value at approximately
half the canopy height for the high-density vege-
tated beds (T4 and T5), while for the less-deve-
loped seagrass beds (T1 to T3) and the
unvegetated bed (Tsed), the maximum value
was measured close to the bed. Below this maxi-
mum, the TKE value decreased towards the bed,
although the TKE levels were generally signifi-
cantly higher over vegetated beds than over bare

sediment (Tsed). In contrast, above the maxi-
mum, the TKE values decreased upward until
they reached a value lower than that of the con-
trol experiment (Tsed).

Bottom shear stress

Bottom shear stress values plotted against depth
averaged velocities (Fig. 5) showed that bottom
shear stress was generally significantly (up to
five-fold) higher in vegetated tests (T1 to T5)
than in the unvegetated test (Tsed), except at

A B

C D

Fig. 4. Turbulent kinetic energy (TKE) profiles under free stream flow velocities of: (A) 0�1 m s�1; (B) 0�2 m s�1;
(C) 0�3 m s�1 and (D) 0�4 m s�1 above different densities of Zostera noltii (T1 to T5, dashed marked lines), and
over bare sediments (Tsed as a control, solid black line). The measured canopy heights (Hcm, horizontal dashed
lines) are presented.
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low to moderate velocities in test T5, in which
the seagrass was most developed (i.e. it had the
highest LAI). Values ranged from 0�036 to
0�261 N m�2 at the lowest velocity in vegetated
tests, and from 0�949 to 2�695 N m�2 at the high-
est velocity. By contrast, values for the unvege-
tated bed (Tsed) ranged from 0�059 to
0�493 N m�2, respectively, for the lowest and
the highest velocity.

Sediment characteristics, erosion and
deposition

Sediment characteristics
Grain-size distributions of the initial bed sedi-
ments (Fig. 6A) were bimodal in all the tests,
consisting of a narrow primary mode corre-
sponding to fine sands (ca 0�2 mm) and a wide
secondary mode corresponding to fine silts (ca
0�01 mm). The relative ratio of the sediment
fractions between these two modes varied signi-
ficantly, depending on the test concerned (i.e.
sampling date). Test T1 showed the highest dif-
ference in fractions between the sandy and silty
modes, while test T5 showed the smallest. Mud
content (Cmud) of the bed sediments sampled in
the field before the experiment (Table 2)
revealed a 2�4-fold increase from test T1
(Cmud = 24�4%) to test T5 (Cmud = 56�8%). This

significant increase in mud content (P < 0�001)
was associated with a significant decrease in dry
density (qdry ranging from 1015 to 700 kg m�3 in
T1 and T4, respectively).
Similar significant trends were also found in

the bed sediments sampled after the end of each
experiment (P < 0�001) with (Cmud = 26�3%,
qdry = 1198 kg m�3, D50 = 127�4 lm and Cmud =
53�8%, qdry = 715 kg m�3, D50 = 47�4 lm in T1
and T5, respectively). Sediment characteristics of
the test Tsed before and after the flume experi-
ment were similar to those obtained in tests T1,
T2 and T3, before and after the flume experiment
(P > 0�05). Comparisons of sediment characteris-
tics before and after each flume experiment
showed an increase in dry densities (P < 0�001),
whereas no significant changes were found in
mud contents (P = 0�83). Grain-size distribution
of seeded sediments (Fig. 6B) showed the same
bimodal distribution in all of the tests to that
observed in the initial bed sediments, consisting
of a narrow primary mode corresponding to fine
sands (ca 0�2 mm) and a wide secondary mode
corresponding to fine silts (ca 0�01 mm).

Erosion of initial bed sediments: Phase P1
A comparison of the SSC time series measured
during the first experimental phase (P1) using
vegetated beds (T1 to T5, Fig. 7A) with those
with bare sediments (Tsed) revealed a similar
step or stair shape for the free stream-velocity
steps in all the tests. At lower velocities
(U∞ = 0�1 to 0�2 m s�1), the SSC tended to
decrease slowly after reaching a maximum value
at the end of the increase in velocity, while at
higher velocities (U∞ = 0�3 to 0�4 m s�1), the
step or stair shape was more horizontal, with a
plateau after a period of increase. Despite simi-
lar shapes among the curves, the SSC levels
were different. The SSC obtained in tests T1, T2
and T5 (ca 10 mg l�1 at the end of the experi-
ment) remained below the levels obtained in the
control test using bare sediments (Tsed, ca
15 mg. l�1 at the end of the experiment). The
SSC in test T3 was generally similar to that in
the control, while the SSC in test T4 was higher
than that in the control test, with a value of
30 mg l�1 at the end of the experiment.
Considering the relation between erosion

fluxes (EP1) and bottom shear stress (sb)
(Fig. 7B), all tests with vegetation had lower ero-
sion fluxes than the control. Erosion fluxes in
test T1 were the lowest (EP1 <5 mg m�2 s�1)
despite the occurrence of the highest sb value
during that test. Similar behaviours were

Fig. 5. The bottom shear stress (sb), computed using
the RE method, as a function of the depth-averaged
velocity (U ) for different densities of seagrass beds
(T1 to T5, dashed marked lines) and control test over
bare sediments (Tsed, solid black line).
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observed in tests T2, T3 and T4, however, with
a very high flux at the highest free stream velo-
city (EP1 = 13 mg m�2 s�1 at U∞ = 0�4 m s�1).
While erosion fluxes in test T5, were similar to
those in tests T2, T3 and T4, they tended to
decrease with increasing free stream velocity.

Deposition of seeding sediments: Phase P2
Because the characteristics of the seeded sedi-
ment in the first test (T1) were unknown
(Table 2), results regarding sediment deposition
are not presented for this test. However, in all of
the other tests, the particle deposition during the
second experimental phase (P2, Fig. 8A) was sig-
nificant and generally resulted in an exponential

decrease in the normalized suspended sediment
concentration (SSC(t)/SSC(t0)). In the normalized
concentrations, decay was higher in all of the
tests in the presence of vegetation (T2 to T5) than
in the control test (Tsed). Tests with low seagrass
densities (T2 and T3) showed the least decrease
in normalized sediment concentrations, mainly
when the free-stream velocity was high (U∞ = 0�4
to 0�3 m s�1). However, tests T4 and T5 showed a
marked decrease in normalized SSC from
U∞ = 0�3 m s�1 and at lower velocities. It is also
notable that during the first velocity step
(U∞ = 0�4 m s�1) in the control test, the norma-
lized sediment concentrations increased slowly,
indicating the absence of deposition but still

A

B

Fig. 6. Grain-size distribution (A) for surficial sediments before experiments and (B) for seeded sediments. Size
limits between granulometric clays and silts (2 lm) and between silts and sand (63 lm) are also indicated for bet-
ter readability.
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significant erosion. The present authors assume
that flocculation processes were insignificant due
to intense mixing caused by the presence of pro-
pellers associated with short recirculation times
(40 to 160 s).
Because SSC at the beginning of each velocity

step differed significantly, deposition fluxes
(DP2) were converted into apparent deposition
velocities by dividing them by the suspended
concentration at the beginning of each velocity
step (SSC(tp0)). The deposition velocities then
obtained in all tests with vegetated beds (T2 to
T5, DP2/SSC(tp0) = 0�001 to 0�065 m s�1) were
higher than those obtained in the control test
(Tsed, DP2/SSC(tp0) = �0�005 to 0�052 m s�1,
Fig. 8B). At low velocities (U∞ = 0�1 to
0�3 m s�1), lower values (0�015 to 0�063 m s�1)

were measured in the least developed seagrass
bed (T2 and T3) and in the most developed (T5),
while the highest values (0�023 to 0�066 m s�1)
were measured in the seagrass bed in T4. In con-
trast, at the highest velocity (U∞ = 0�4 m s�1),
test T5 had the highest deposition velocity
(0�011 m s�1), despite high bottom shear stress.

Erosion of freshly deposited sediment: Phase
P3
Time series of SSC (Fig. 9A) had a similar step
or stair shape in all tests (T2 to T5 and Tsed)
during the third experimental phase (P3). The
resuspension of freshly deposited sediments
appeared to be higher in the most developed
seagrass beds (T5). In contrast, SSC levels were
lower in the less developed seagrass beds (T2).

A

B

Fig. 7. (A) Time series of suspended sediment concentration during the first experimental phase (P1) over diffe-
rent densities of Zostera noltii (T1 to T5, dashed lines) and the control (Tsed, solid black line). Bold dashed black
line corresponds to the free-stream velocity applied at each velocity step. (B) Relation between erosion fluxes at
each velocity step and bottom shear stress above vegetated beds (T1 to T5) and bare sediments (Tsed).
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The concentrations measured in the control test
were within the extreme levels obtained in the
vegetated beds.
The relation between erosion fluxes (EP3) and

bottom shear stress (sb) (Fig. 9B) highlighted lim-
ited resuspension in the case of low to moderate
seagrass development (T2 to T4) at low velocities
(U∞ = 0�1 to 0�2 m s�1), compared with the con-
trol test (Tsed). In contrast, the erosion fluxes in
the most developed seagrass bed (T5) were higher
than those in the control test. Finally, erosion
fluxes generally decreased from the third velocity
step (U∞ = 0�3 m s�1) to the fourth (U∞ =
0�4 m s�1) in the T3 to T5 and Tsed tests.

DISCUSSION

Response of Zostera noltei canopies to their
ambient flow

As reported by many authors (e.g. Peralta et al.,
2008; Widdows et al., 2008), the height of the
canopy (Hcm, measured from digital photography
analysis) decreased with increasing free stream
velocity (Fig. 10, Table 4) in response to increas-
ing drag forces acting on the seagrass leaves.
Deflection of the canopy reduced the canopy
volume, resulting in a high-density leaf layer near
the bottom. This canopy reconfiguration tended to

A

B

Fig. 8. (A) Time series of normalized suspended sediment concentration during the second experiment phase
(P2) over different densities of Zostera noltii (T2 to T5, dashed lines) and the control (Tsed, solid black line).
Time-series of suspended sediment concentration were normalized by suspended sediment concentration mea-
sured at t0 [when the flume was seeded and considered homogenous, see Table 2 for SSC(t0) values]. Bold dashed
black line corresponds to the free-stream velocity applied at each velocity step. (B) Relation between apparent
deposition velocities (deposition fluxes divided by the concentration at the beginning of each velocity step) at
each velocity step and bottom shear stress above vegetated beds (T2 to T5) and bare sediments (Tsed).
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reduce the drag forces acting on leaves, due to
their more streamlined position (Koehl, 1984), so
that the maximum leaf bending resulted from the
balance between the drag forces and the strength
of leaves (Luhar & Nepf, 2011). Porosity within
the canopy was also reduced by canopy reconfigu-
ration, so that in cases of considerably deflected
canopies, at both flow velocities and vegetation
densities, contact between the leaves themselves
may limit bending. Thus, canopy bending is not a
linear function of current velocity but included
both the ambient current velocity and vegetation
characteristics (i.e. leaf density and leaf length).
Previous studies have been undertaken to develop
mathematical formulations to describe vegetation
bending and associated canopy reconfiguration
(Erduran & Kutija, 2003; Abdelrhman, 2007;
Luhar & Nepf, 2011). These formulations incorpo-

rate the balance between the drag forces acting on
separated leaves and leaf flexibility (i.e. module of
elasticity) and buoyancy. However, their use
requires precise knowledge of physical parameters
(module of elasticity and buoyancy) which may
vary in space and time depending on the seasonal
development of the seagrass. Moreover, the pre-
sence and growth of epiphytes may modify leaf
roughness (with consequences for the drag forces
acting on leaves). Epiphytes may also trap silty
sediments, leading to changes in leaf buoyancy.
One of the aims of the present study was to

obtain a dataset to enable parameterization and
calibration of a plant-flow interaction model to
simulate the impacts of the short flexible
seagrass Z. noltei on hydrodynamics and sedi-
ment dynamics from small scales (for example,
1 to 10 m – to better understand small-scale

A

B

Fig. 9. (A) Time series of suspended sediment concentration during the third experimental phase (P3) over diffe-
rent densities of Zostera noltii (T2 to T5, dashed lines) and the control (Tsed, solid black line). Bold dashed black
line corresponds to the free stream velocity applied at each velocity step. (B) Relation between erosion fluxes at
each velocity step and bottom shear stress above vegetated beds (T2 to T5) and bare sediments (Tsed).
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processes) to the scale of coastal systems (for
example, 102 to 104 m – to investigate cascading
effects of the presence of vegetation on the sedi-
ment dynamics of such systems). The leaf by
leaf models for canopy reconfiguration did not
appear to be useful for a regional-scale hydrody-
namic model because of the long computation
time required. Consequently, the present authors
searched for a simpler way to parameterize the
change in canopy height caused by hydrody-
namic forcing. As for zero velocity, the canopy
height (Hc) should be roughly equal to the
length of the unbent leaf (Lleaf) and the magni-
tude of the depth-averaged velocity is strictly
positive, a good parameterization (R2 = 0�85,
P < 0�01 and RMSE = 6�58 mm between mea-
sured and predicted heights; Fig. 10) of the can-
opy height as found, assuming an exponential
decrease in canopy height depending on the
magnitude of the depth-averaged velocity (7,
where Hcp is the predicted canopy height):

Hcp ¼ Lleaf � e�3�6U ð5Þ

It should be noted that the effect of density,
which may modulate canopy height through
plant/plant interaction and canopy reconfigura-

tion was not shown to be significant at first
order in this study. Although this parameteriza-
tion is empirical and thus specific to Z. noltei
seagrass, it appeared to be suitable enough to
predict changes in the height of Z. noltei cano-
pies depending on both hydrodynamic forcing
and seagrass growth and require less computa-
tional time.

Flow modifications by Zostera noltei canopy

Velocity and turbulence: sparse versus dense
canopies
A significantly reduced flow velocity was mea-
sured within Zostera noltei canopies despite
their considerably shorter leaves compared with
taller species (Fonseca & Fisher, 1986; Gacia
et al., 1999; Koch, 1999; Granata et al., 2001;
Hendriks et al., 2008). In all cases, near-bed
flows within the canopy were dramatically
reduced, but nevertheless varied in response to
the development stage of Z. noltei. Two groups
were identified (Fig. 11) with opposite beha-
viour: from T1 to T3, increasing the depth ave-
raged velocity was associated with a decrease in
near bed velocity attenuation, while from T4 to
T5, increasing the velocity yielded stronger near
bed velocity attenuation. These different beha-
viours are caused by the competition between
the bed-induced rough-wall boundary layer and
the canopy-induced shear layer, and their

Fig. 10. Relation between normalized canopy height
(Hcm/Lleaf) bent under hydrodynamics and depth ave-
raged velocity (U ) for different seagrass densities (T1
to T5). The dashed line represents the exponential
regression (R2 = 0�85, P < 0�01) obtained as a parame-
terization of the canopy height (Eq. 5).

Fig. 11. Relation between the attenuation of velocity
(AVcan, Eq. 3), inside the canopy and the depth-ave-
raged velocity (U ) for different seagrass densities (T1
to T5). The two groups significantly delineated by a
Tukey test are indicated by dashed ellipsis.
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subsequent modulation by the features of the
meadows (Nepf, 2012). In sparse canopies (i.e.
T1 to T3), flow penetrates the entire canopy and
turbulence intensities increase with frontal area.
Lacy & Wyllie-Echeverria (2011) demonstrated
that, in sparse canopies, the bottom boundary
layer is predominant compared with the vegeta-
tion-induced shear layer, which only contributes
to bed roughness. This dominance increases
with increasing velocity because flow can accel-
erate between leaves due to canopy reconfigura-
tion (Fonseca et al., 1983; Nepf, 1999; Lawson
et al., 2012). This consequently causes lower
velocity attenuation with increasing velocity, as
observed in the present study. In dense canopies
(T4 and T5), the entire flow is deflected above
the canopy, which is then completely separated
from the overlying flow. In that case, the mutual
sheltering of individual leaves is emphasized in
bent canopies (through canopy reconfiguration)
and is associated with a more deflected flow
above the canopy. This effect was observed in
the present study with the presence of an inflec-
tion point on velocity profiles indicating the full
development of the shear layer (Fig. 3). This
finally leads to greater reduction of the momen-
tum penetration within the canopy (Luhar et al.,
2008) and higher velocity attenuation with
increasing velocity.
Nepf (2012) described the transition from sparse

and dense canopy behaviour through the non-
dimensional canopy frontal area index kf (Eq. 6):

kf ¼
ZHcm

0

a � dz ð6Þ

where a is the frontal area per canopy volume.
In this case, a was assumed to be equal to wleaf

Dleaf and a uniform vertical leaf density was
considered in the absence of reliable data on the
canopy vertical configuration. Calculating the
canopy frontal index for all tests confirmed the
presence of two distinct groups: in tests T1, T2
and T3 (sparse canopies) kf was equal to 0�84,
1�43 and 1�76, respectively, while in T4 and T5,
kf ranged from 4�18 to 9�04. The sparse/dense
transition value obtained in this study (kf � 2)
is larger than values reported in the literature (kf
ranging from 0�1 to 0�5; Luhar et al., 2008).
However, these values were obtained for Zostera
marina meadows, and it is suspected that kf
transition value is species-dependent.
Differences between sparse and dense cano-

pies also have major implications for turbulence

production. Gambi et al. (1990) recorded a 10-
fold increase in turbulence at the canopy–water
interface and within the canopy of Zostera mar-
ina. Widdows et al. (2008) found a comparable
increase in turbulence in Z. noltei beds. Simi-
larly, results revealed an increase (although
smaller) in the TKE within the canopies (com-
pared with unvegetated bed profiles): a four-fold
increase at the water–canopy interface and a 2�5-
fold increase near the bottom (Fig. 4). However,
a transition in the shape of the TKE profiles was
found depending on the seagrass density. In
sparse canopies (T1 to T3), turbulence was maxi-
mum close to the bed and decreased upward. As
reported for the changes observed in vertical
velocity profiles in sparse canopies, the flow
penetrates the entire canopy and behaves as a
bottom boundary layer flow, with apparent
roughness including both bed and vegetation fea-
tures (Nepf et al., 2007a,b; Widdows et al., 2008;
Lacy & Wyllie-Echeverria, 2011). In dense cano-
pies (T4 and T5), the maximum occurred higher
in the water column just below the water–canopy
interface: the development of the shear layer
induced by the deflection of the flow above the
canopy is an important source of turbulence,
while near-bed turbulence is much reduced
(Nepf & Vivoni, 2000; Luhar et al., 2008).
A linear relation (P < 0�001, Fig. 12) between

the canopy height (Hcm) and the height of the

Fig. 12. Relation between height of the maximum
TKE value (HTKE) and measured canopy height for the
different densities of seagrass (T1 to T5). The signifi-
cant linear regression (dashed grey line), its equation
and the RMSE between the observed HTKE and pre-
dicted HTKE are given.
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maximum TKE value (called HTKE), was
observed, independent of seasonal growth. HTKE

coincided with the location of the highest mean
shear (i.e. the inflection point in the velocity
profiles, Figs 3 and 4). HTKE appeared roughly
equal to 0�7-fold the canopy height and thus did
not strictly correspond to the water–canopy
interface, as already observed in previous stu-
dies performed on both rigid and flexible plant
species, but not on Z. noltei (Sand-Jensen &
Pedersen, 1999; Neumeier & Amos, 2004; Wid-
dows et al., 2008; Chen et al., 2011). This lower
maximum turbulence zone was attributed to the
extreme leaf flexibility, which led to the forma-
tion of a dense leaf layer with a lower drag
because the leaves were horizontally aligned
with the flow (Madsen et al., 2001; Fonseca
et al., 2007).

Relative impacts of vegetation characteristics
on flow modification
The relative impacts of vegetation characteristics
on flow modifications by Z. noltei were also
investigated statistically. Significant linear rela-
tions were sought between the reduced-centred
velocity attenuation coefficient and the main vari-
ables describing the characteristics of the cano-
pies [leaf area index (LAI), leaf density, canopy
height and submergence depth – h/Hcm]. As
expected, the most significant vegetation variable
explaining variation in velocity attenuation coef-
ficient was the LAI (R2 = 0�59, P < 0�01), which
includes all vegetation variables (leaf density,
height and width). However, considering that leaf
density and canopy height did not vary during
seagrass development, leaf density (Dleaf)
appeared to better describe changes in velocity
attenuation than canopy height, Hcm, (R

2 = 0�45,
P < 0�01 for leaf density and R2 = 0�28, P < 0�05
for canopy height), while the submergence depth
was not found to be a significant parameter. This
finding also confirmed the fact that, during Z. nol-
tei seasonal growth, the vertical flow distribution
(velocity and turbulence profiles) is driven pre-
dominantly by leaf density and associated thresh-
olds, rather than by the increase in leaf length.
The predominant effect of leaf density over can-
opy height could be attributed to the short stature
of Z. noltei canopies.

Bottom shear stress
Bottom shear stress was found to be significantly
enhanced in presence of seagrass, in comparison
with a bare bed, except for high-density mea-
dows associated with high canopies (test T5 at

low velocities), when a slight decrease was
found. Results showed that bottom shear stress
increased with increasing velocity, but with no
clear correlation with either seagrass density or
height (Fig. 5). This is consistent with previous
field and flume studies performed on Z. noltei,
Z. marina and Spartina anglica (Gambi et al.,
1990; Fonseca & Koehl, 2006; Bouma et al.,
2007; Widdows et al., 2008; Lefebvre et al.,
2010). These authors reported an increase in bot-
tom shear stress with increasing distance from
the leading edge of the vegetation patch in rela-
tion to the flow deceleration and turbulence pro-
duction caused by friction on the bed and on
vegetation stems (Gambi et al., 1990; Lefebvre
et al., 2010). Using flume and field experiments
and numerical modelling, Bouma et al. (2007)
showed that upon entering a patch of vegetation,
bottom shear stress first increases until the flow
within and above the canopy is fully developed.
Afterwards, turbulence, and hence bottom shear
stress, decrease. The distance that currents can
penetrate the edge of a seagrass bed before
becoming equilibrated with respect to momen-
tum has been estimated to range between 1 m
(Fonseca & Fisher, 1986) and 50 boundary layers
(assumed to be equal to the height of the canopy;
Nowell & Jumars, 1984; Granata et al., 2001).
The present study estimates this distance to
range from 0�75 to 4�65 m, so that measurements
performed at 0�45 m from the leading edge of the
patch may still be representative of the patch-
edge transition zone. However, these values can
be questioned because they may depend on the
type and density of the vegetation as well as on
the vertical distribution of biomass (Koch & Gust,
1999; van Keulen et al., 2003).
Direct comparison of the two methods used to

compute the bottom shear stress (Fig. 13)
showed that results obtained with the TKE
method were in the same order of magnitude as
those obtained using the RE method
(RMSE = 0�32 N m�2). However, some discrep-
ancies were found. For tests T1 and T4, the TKE
method tended to underestimate bottom shear
stress compared with the RE method. On the
contrary, for tests T2, T3, T5 and Tsed, the TKE
method led to overestimation of the bottom
shear stress. Different values for the empirical
coefficient (C1) were found depending on tests.
The values ranged from 0�09 to 0�24 (respec-
tively for tests Tsed and T1), but without any
clear trends depending on vegetation characte-
ristics. Using the TKE method with the standard
C1 value (0�19) did not appear to modify the
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main trends over all tests (i.e. bare mud versus
vegetated test).

Implications of flow modification by seagrass
for sediment erosion and deposition
processes

The seasonal development of Zostera noltei
meadows associated with their high flexibility
strongly influenced velocity, turbulence and bot-
tom shear stress, and subsequent erosion/deposi-
tion processes within the meadow. These effects
on sediment processes were investigated
through the quantification of erosion and depo-
sition fluxes. The device used to assess sediment
fluxes (a single turbidity probe) means that the
temporal variability of bedload transport and the
vertical distribution of SSC could not be cap-
tured in the present study. However, due to the
high turbulence levels associated with small
grain sizes, sediments were likely to be trans-
ported in suspension and differences in vertical
SSC gradients are assumed to remain limited.
The negligibility of the bedload transport was
confirmed by the absence of significant amounts
of sediments collected in a sand trap located
downstream from box cores during all of the
tests, while the ability of the sand-trap to effec-
tively trap sediments was confirmed during a

preliminary test performed with only pure med-
ium sand. The main limitation for a detailed
investigation of sediment processes could be the
absence of information about the spatial (i.e.
longitudinal) pattern of sediment transport
processes along patches of seagrass of limited
(O(m)) length. In this study, sediment erosion–
deposition fluxes can be safely considered as
representative of the general erosion–deposition
patterns occurring over the whole seagrass
patch, while spatial differences in sediment ero-
sion–deposition from the edges to the middle of
the seagrass patch could be captured.
Nonetheless, the use of seagrasses sampled

with their sediment beds enabled assessment of
resuspension of sediments presenting the same
erosion behaviour as those found in the field
(i.e. sediment composition, consolidation stage
or biological effects such as root binding).
Although seagrass beds are generally believed to
stabilize bed sediments (Fonseca & Fisher, 1986;
Gacia et al., 1999; Bos et al., 2007), erosion
fluxes confirm that sediment resuspension can
occur due to near-bed turbulence within cano-
pies, even at low velocities. However, this study
confirmed that Z. noltei canopies enhanced net
(at the tidal scale) sediment deposition, despite
the occurrence of higher bottom shear stresses
compared with the unvegetated bed, i.e. a posi-
tive budget between deposition and resuspen-
sion.
During the first experimental phase (P1) and

in sparse canopies (i.e. tests T1, T2 and T3) the
erosion fluxes (Fig. 14A) appeared to be mostly
controlled by the physical properties of sedi-
ment beds including a decrease in dry density
and an increase in mud content, which are
known to affect sediment erodibility (Mitchener
& Torfs, 1996; Aberle, 2004; Ganthy et al., 2011;
Jacobs et al., 2011). Many studies demonstrated
that these changes in bed sediment properties
depending on seagrass density are the conse-
quence of the seasonal development of the sea-
grass meadows throughout their growth (Heiss
et al., 2000; Bos et al., 2007; van Katwijk et al.,
2010; Ganthy et al., 2013). However, in dense
canopies (tests T4 and T5) with comparable sed-
iment characteristics (i.e. comparable erodibility
behaviour), the bed was found to be more pro-
tected from erosion by seagrass beds with a tal-
ler canopy and a higher LAI (test T5), despite a
lower leaf density compared to test T4
(Fig. 14A). This result could be related to the
higher position of the maximum turbulence
intensity in test T5 than in test T4, which

Fig. 13. Comparison between bottom shear stress (sb)
computed following the Reynolds stress method (RE)
and the turbulent kinetic energy method (TKE).
Dashed line represents the unity line
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tended to decrease near-bed turbulence and thus
helped to protect the bed from erosion at both
high and low current velocities (Ward et al.,
1984; Peralta et al., 2008; Widdows et al., 2008).

Furthermore, in tests with low canopy heights
(tests T1 to T4) and at high velocities (U∞ = 0�3
and 0�4 m s�1) it was observed that seagrass
leaves flapped and hit the bed. This process
may destabilize the bed sediments and may
explain the higher erosion fluxes measured in
test T4 than in test T5, despite the similar sedi-
ment characteristics.
Although Gacia & Duarte (2001) concluded that

seagrass meadows often reduce resuspension
rather than enhance deposition, erosion fluxes
measured during the second experimental phase
(P2) indicated that Z. noltei meadows are able to
significantly enhance deposition. Deposition
velocities (DP2/SSC(tp0)) tended to increase with
an increase in leaf density at low to moderate
velocities (Fig. 14B), when less leaf bending
occurred, resulting in an ‘open’ canopy. In this
case, most of the suspended particles transported
within the canopy are likely to collide with the
leaves, leading to their capture by loss of momen-
tum (Ackerman, 2002; Hendriks et al., 2008).
Also, the probability of a particle hitting a leaf
increased with the leaf density. In contrast, at a
high flow velocity (U∞ = 0�4 m s�1), despite its
lower leaf density, the tallest canopy (in test T5)
was more efficient at trapping particles than test
T4. These results could be related to the larger
flux of water, and hence suspended sediments,
passing through the taller canopy (Peralta et al.,
2008). In agreement with previous studies, sedi-
ment trapping efficiency was found to be lower in
short canopies than in taller canopies (Heiss
et al., 2000; Mellors et al., 2002; Peralta et al.,
2008). Moreover, this process could be enhanced
by the presence of the shear layer induced by the
high leaf density and canopy height (Nepf, 1999).
In the case of submerged dense canopies, the drag
discontinuity at the top of the canopy produces
coherent vortices through Kelvin-Helmotz insta-
bilities (Brown & Roshko, 1974; Ikeda & Kanaza-
wa, 1996; Ghisalberti & Nepf, 2002, 2006) and
may favour deposition.
Although the deposition fluxes were signifi-

cantly higher in presence of Z. noltei, the results
obtained during the third experimental phase
(P3) showed that erosion fluxes of freshly depo-
sited sediments (EP3) tended to increase with
the LAI (Fig. 15). This effect could be explained
by the fact that during the deposition phase
(P2), the decrease in SSC cannot only be related
to sediment deposition onto the bed. Indeed, at
the end of the deposition phase, a significant
deposition of sediment on the leaves was
observed. These fresh sediment deposits were

A

B

Fig. 14. (A) Relation between erosion fluxes (EP1)
measured during the first experimental phase (P1)
and leaf density (Dleaf) for different densities of sea-
grass (T1 to T5, different markers) and control (Tsed),
as a function of applied free stream velocities (U∞,
different colours and marker sizes). General trends for
dry density and mud content measured before experi-
ments (Table 2) are also presented. (B) Relation
between deposition velocities [deposition fluxes, DP2,
divided by the concentration at the beginning of each
velocity step, SSC(tp0)] measured during the second
experimental phase (P2) and leaf density (Dleaf) for
different densities of seagrass (T1 to T5, different
markers) and control (Tsed), as a function of applied
free stream velocities (U∞, different colours and mar-
ker sizes).
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then easily resuspended from the leaves when
velocity was increased during the third experi-
mental phase. Furthermore, the higher erosion
fluxes (EP3) obtained in test T5 compared with
the unvegetated test (Tsed), may indicate that
most of the sediment was deposited on leaves,
while few sediments reached the bed and were
protected against subsequent erosion.

Implications for sediment dynamics on a
seasonal scale

The influence of Zostera noltei on near-bed
hydrodynamics, sediment resuspension and
deposition varied with the season, due to leaf
growth and increased plant densities in the
spring–summer period and their subsequent
degeneration in autumn–winter (see Auby & La-
bourg, 1996). The present study was conducted
from March to September, the representative
period of contrasting above-ground seagrass
biomass and densities. Experimental results
showed: (i) that erosion was higher in bare mud
beds than in vegetated beds; and (ii) that canopy
development (i.e. an increase in both density
and height) increased protection against erosion.
In the case of low to moderate development of
seagrass, the efficiency of sediment deposition
was found to be positively density-dependent.
In periods of significant inputs of suspended
sediments, results suggest that significant depo-

sition and subsequent accretion occur during
the seagrass growth period. Assuming that
velocities are equally distributed over a tidal
cycle, a simple calculation can be made from
erosion and deposition fluxes. In that case, net
fluxes are significantly in favour of net deposi-
tion, and positively correlated with Z. noltei
densities. These results are in agreement with
in situ observations made during one annual
cycle in the intertidal mudflat where box cores
were collected in the Arcachon Lagoon by Gan-
thy et al. (2013): large accretion during the
growing stage (accretion ranged from +15 to
+41 mm in eight months, depending on meadow
coverage). When the meadow was fully devel-
oped, the accretion rate was strongly reduced;
which would confirm the predominance of sedi-
ment deposition on leaves (resuspended during
the next tidal cycle) as observed in these flume
experiments.

CONCLUSION

Innovative erosion–deposition flume experi-
ments were conducted in a recirculating straight
flume using boxes of Zostera noltei meadows in
their natural bed sediments sampled at contrast-
ing stages of their seasonal growth from winter
to late summer (March to September in the
north Atlantic Arcachon Lagoon). These experi-
ments helped to quantify the impact of seagrass
development and canopy flexibility on hydrody-
namics, sediment accretion and the bed stability
of intertidal areas. Results also identified thres-
hold effects related to the seasonal development
stage of the plant.
Zostera noltei canopies responded to their

ambient flow by an exponential decrease in
canopy height when the free-stream velocity
increased, due to the canopy rearrangement in a
near-bed dense layer of leaves which, in turn,
modified the flow within and above canopies.
The highest vegetation densities were found to
be the most efficient at increasing flow attenua-
tion close to the bed (up to 90% attenuation),
and a high flow velocity resulted in higher
attenuation. Bottom shear stress was signifi-
cantly enhanced by the presence of vegetation.
The presence of the skimming flow at a greater
distance above the bed significantly increased
the bed protection against erosion. The effi-
ciency of sediment trapping by seagrass cano-
pies was found to be density-dependent, and
hence seasonally variable, with the highest net

Fig. 15. Relation between erosion fluxes (EP3) mea-
sured during the third experimental phase (P3) and
leaf area index (LAI) for different densities of seagrass
(T1 to T5, different markers) and control (Tsed)
depending on applied free stream velocities (U∞, dif-
ferent colours and marker sizes).
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trapping at high density values. However, with a
very high LAI, deposition occurred mostly on
leaves, resulting in easier resuspension and less
efficient sediment deposition on the bed than at
a lower leaf density. These results are consistent
with in situ observations made during an annual
field survey conducted on the same tidal flat
colonized by Z. noltei meadows, indicating that
the small-scale processes and their seasonal var-
iability identified in this study control colonized
tidal flats at larger temporal and spatial scales.
These experimental results provide a valuable

dataset that will be used to modify hydrodyna-
mics and sediment transport formulation in the
presence of vegetation in three-dimensional
numerical models. These models will enable the
investigation of spatial heterogeneities, such as
meadow patchiness at the meadow scale and the
influence of meadows on the dynamics of the
coastal systems.
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NOMENCLATURE

a Frontal area per canopy volume

AVcan Velocity attenuation coefficient
within vegetation canopy

Babove Above-ground biomass

Cmud Mud content of sediments

C1 Constant for bottom shear
computation from the turbulent
kinetic energy

D10, D50, D90 Sediment grain size for the 10th, 50th

and 90th percentiles, respectively

D, DP2 Deposition flux and deposition
fluxes for experimental phase P2,
respectively

Dleaf Leaf density

Dshoot Shoot density

E, EP1, EP3 Erosion flux and erosion fluxes for
experimental phases P1 and P3,
respectively

h Water depth

Hcm Measured canopy height

HTKE Height of the maximum turbulent
kinetic energy

LAI Leaf area index

Lleaf Leaf length

Mdry Dry sediment mass

Me/d(t) Instantaneous eroded or deposited
sediment mass

Mfresh Fresh sediment mass

Mp Mass of empty pill-box

Mseeddry Dry mass of seeded sediments

Mseedfresh Fresh mass of seeded sediments

N Turbidity

RMSE Root mean square error

Sl Water salinity

S Active surface area for erosion or
deposition

SP1, SP3 Active surface area for erosion
during experimental phases P1 and
P3, respectively

SP2 Active surface area for deposition
during experimental phase P2

SSC, aSSC, bSSC Suspended sediment concentration,
and calibration coefficients for
suspended sediment concentration,
respectively

T Water temperature

t Time

t0 Seeding time

tp0 Time of velocity change

TKE Turbulent kinetic energy

u0, v0, w0 Turbulent velocity components

U, V, W Time-averaged velocity components
in downstream, cross-stream and
vertical directions, respectively
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U(z) Velocity at height z

Us(z) Velocity at height z for control test
without vegetation

Uv(z) Velocity at height z for vegetated test

U Depth-averaged velocity

U∞ Free stream velocity

u* Friction velocity

Vf Water volume of the flume

Vt Total volume of pill-box

wleaf Mean leaf width

W% Water content of sediments

x, y, z Positions in downstream, cross-
stream and vertical directions,
respectively

z0 Bed roughness length

j Von Karman constant

kf Non-dimensional canopy frontal area
index

q Water density

qdry Dry density of sediments

sb Bottom shear stress
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