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Abstract

The objectives o f the present study were twofold: (1) to  identify spatial sedim entation and erosion patterns developing 
within patches o f epibenthic structures (i.e. physical structures th a t p ro trude from  the sediments, originating either from  
anim als or plants) as a consequence o f biophysical interactions; and (2) to assess the relevance o f hydrodynam ic flume 
studies for the long-term  sediment dynamics in the field. We addressed these objectives by using patches o f well-defined 
artificial structures (bam boo canes) for which we could easily m onitor the long-term  sediment dynamics in the field, 
m easure the hydrodynam ic effects in detail in the flume, and simulate the field and flume set-up w ith a commercially 
available hydrodynam ic model. Two-year m onitoring in the field showed th a t sedim entation was m uch larger in the high- 
density patches than  the low-density ones. W ithin the high-density patches, com parable spatial patterns emerged at 
different field sites: erosion a t the fron t and the side o f the patches, and sedim entation m ore dow n-stream  within the 
patches. The low-density patches showed no such patterns, and were generally characterised by some small-scale erosion 
directly around  individual bam boo canes. Sedim entation and erosion in the field was well explained by the patterns in bed 
shear stress th a t were derived from  our flume measurem ents. The 3D hydrodynam ic m odelling facilitated up-scaling o f the 
flume results to  the field, bu t failed to  simulate accurately the effects a t the leading edge. We conclude that: (A) field 
observations on sedim entation revealed interesting spatial patterns, bu t could no t elucidate underlying processes; (B) 
detailed hydrodynam ic m easurem ents in a flume can elucidate these underlying processes, provided th a t appropriate 
scaling is being used; (C) flume studies are by definition no t able to capture all spatial scales th a t are relevant for estuarine 
landscape form ation and will always cause some flow artefacts; (D) hydrodynam ic m odelling offers a valuable tool to 
upscale flume observations, even though present models are no t yet capable o f fully reproducing all detailed spatial 
patterns; and (E) spatial heterogeneity is very im portan t when looking a t small-scale patches. There is a need for m ore 
spatially explicit and scale-dependent knowledge on bio-physical interactions.
©  2007 Elsevier Ltd. All rights reserved.

Keywords: Ecosystem engineer; Epibenthic structure; Sediment dynamics; Hydrodynamics; Flume; Delft3D-FLOW  model; Schelde 
estuary

1. Introduction

Estuaries are im portan t systems from  both  an
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resulted in a broad  range o f regulations to  protect 
estuarine ecosystems (e.g. the R A M SA R  conven
tion [h ttp ://ram sar.o rg /], and the EU -birds and 
habita t directive [http://europa.eu.int/com m /envir- 
onm ent/nature/legis.htm ]). Protective m anagem ent 
o f these tidal ecosystems is com plicated due to  their 
dynam ic character, w ith continuously changing 
currents, ongoing sedim entation and/or erosion 
processes, and complex feedback loops between 
abiotic and biotic factors. Reducing these dynamics 
is generally not a suitable m anagem ent option, as 
the functioning and the ecological values o f these 
tidal ecosystems usually depend strongly upon this 
dynam ic character. Hence, m anagem ent of such 
systems requires fundam ental insight into the 
dynam ic processes that govern sedim entation and 
erosion (sediment dynamics) on estuarine mudflats 
and saltmarshes (Bouma et al., 2005a, b; Tem m er
m an et al., 2003, 2004; van de K oppei et al., 2005; 
van der W al and Pye, 2004; van der W al et al., 
2002).

Estuarine ecosystems are governed by physical 
forces originating from  tidal currents and wind 
generated waves, and by biophysical interactions 
between those forces and the organisms tha t inhabit 
the estuary. On the one hand, such physical forces 
have been shown to affect strongly the distribution 
of benthic fauna (H erm an et al., 2001; Ysebaert et 
al., 2002), as well as the distribution o f subtidal and 
intertidal plant species (De Leeuw et al., 1992; 
Houwing, 2000; van K atw ijk and Herm us, 2000), 
and the sedim entation patterns w ithin estuarine 
ecosystems (Allen, 2000; W iddows et al., 2004). On 
the other hand, m any organisms that live within 
estuaries have been shown to be able to  modify 
wave and tidal current m otion (Bouma et al., 
2005a, b; W iddows and Brinsley, 2002) and/or 
sediment stability (Friend et al., 2003a, b; H erm an 
et al., 2001; W iddows and Brinsley, 2002; W iddows 
et al., 2004). Thus, w ithin estuarine systems, 
organisms m ay affect sedim entation in two ways: 
directly and indirectly.

Direct effects o f organisms on sedim entation may 
originate from  altered erosion thresholds. Erosion 
thresholds o f sediments m ay be reduced due to 
b ioturbation  (Blanchard et al., 1997; W iddows and 
Brinsley, 2002; W iddows et al., 2004), or increased 
by "gluing sediment w ith EPS” (Paterson, 1989; 
Paterson et al., 2000). Quantification o f erosion 
thresholds is com plicated and m ay be done by 
different m ethods, each w ith its own strengths and 
weaknesses. However, studies com paring different

m ethods and field vs. lab m easurem ents have 53
enhanced our understanding o f quantifying erosion 
thresholds (Tolhurst et al., 1999, 2000a, b; W iddows 55 
et al., this issue).

Indirect effects o f organisms on sediment dy- 57 
namics often originate from  epibenthic structures 
that alter hydrodynam ic forces from  waves and 59
currents, and to  a lesser extent, from  feeding 
currents of endobenthic animals such as cockles. 61
We define epibenthic structures as physical struc
tures tha t pro trude from  the sediments, and m ay 63
originate either from  animals or from  plants. The 
presence o f epibenthic structures will result in 65
modified local flows, and thus in a m odification of 
the erosive force tha t w ater exerts on the sediment 67 
(Friedrichs et al., 2000; Friedrichs, 2003). Well- 
know n examples o f organisms that create epibenthic 69 
structures comprise reef building fauna such as 
mussels and oysters, tube building worms such as 71
Lanice conchilega, subtidal vegetation (e.g. sea- 
grasses), and intertidal vegetation (e.g. seagrasses 73 
and m any saltm arsh species).

Detailed hydrodynam ic studies have been m ade 75 
for several o f these epibenthic structure-form ing 
organisms (Abelson et al., 1993; Allen, 2000; K och, 77 
2001; M adsen et al., 2001; W iddows and Brinsley, 
2002; W right et al., 1997). F o r practical reasons, 79
there are some lim itations to  the available detailed 
hydrodynam ic studies: (A) m ost studies have been 81 
carried out in flumes (for exceptions, see Boum a et 
al., 2005b; K och and G ust, 1999; Leonard and 83
Luther, 1995; Neum eier and Ciavola, 2004); (B) 
m ost studies lack direct m easurem ents o f the 85
sediment dynamics (for exceptions, see Friedrichs, 
2003; K och, 1999; Neum eier and Ciavola, 2004; Shi 87 
et al., 2000); and (C) m ost studies lack spatially
explicit inform ation on patterns tha t m ay arise. On 89
the other hand, m ost studies on sediment dynamics 
cover a larger tem poral scale than  m ost hydro- 91
dynam ic studies, but often lack bo th  detailed 
hydrodynam ic m easurem ents (Allen, 2000; Tern- 93
m erm an et al., 2003, 2004) and detailed inform ation 
on fine-scale spatial patterns. 95

The objectives o f the present study were twofold:
(1) to  identify spatial sedim entation and erosion 97
patterns tha t emerge w ithin patches o f epibenthic 
structures, as a consequence o f boundary  layer 99 
development over and inside these structures; and
(2) to  determ ine the relevance o f detailed hydro- 101 
dynam ic flume studies for long-term  field observa
tions on sediment dynamics on the bottom  surface. 103 
To address these issues, we used patches o f well-
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defined artificial structures (bam boo canes) that 
could be placed easily bo th  in the field and in the 
flume, and tha t could be described easily in a 
commercially available hydrodynam ic model. We 
expected these bam boo patches to  some extent to 
behave as a simplified model for patches o f stiff 
m arsh vegetation, e.g. Spartina anglica tussocks. In 
the field, we m onitored sedim entation over a 2-year 
period, covering intertidal sites w ith different 
physical forcing and sediment characteristics. In 
the flume we perform ed a detailed hydrodynam ic 
characterisation inside the patches, m easuring 
vertical profiles from  the leading to  the trailing 
edge o f the patch. W ith the hydrodynam ic model, 
we simulated both  the flume and the field set-up. 
These three data sets were subsequently com pared 
and examined for spatial patterns inside the 
bam boo canopy.

2. Materials and methods

2.1. Field experiments

1 = Molenplaat,, t, « s
2 = Paulinapolder salt marsh
3 = Valkenisse plaat

B
•4 —  ► : -4 .................► M  :

20 m V 20 m
A
i s: o  : <n
i

s ê È ) \

To assess the relevance o f hydrodynam ic flume 
studies to  long-term  sedim entation, we used artifi
cial epibenthic structures as a simplified model 
system. These artificial epibenthic structures were 
constructed (January 2002) by pushing 0.5 m  long 
bam boo sticks (6-8 mm  diam eter) 0.3 m  into the 
sediment, leaving 0.2 m  on top o f the sediment. 
Patches w ith bam boo were circular and had a 
diam eter o f 2.2 m. We created patches w ith a high 
density (H D ) o f bam boo sticks (50 m m  between 
neighbouring canes, 400 sticks m -2), and w ith a low 
density (LD) (200 m m  between neighbouring bam 
boo canes, 25 sticks m -2 ). Bam boo patches were 
placed perpendicular to  the direction o f the current, 
which was determ ined from  the ripple m arks. That 
is, w ithin individual patches, bam boo sticks were 
placed in rows parallel to  the ripple m arks, with 
succeeding rows shifted half the distance between 
individual canes (i.e., 25m m  shift in H D  patches; 
100 m m  shift in LD  patches).

2.1.1. Field site
The core o f the experiment was carried out at the 

M olenplaat (51026'N , 3057'E), an intertidal flat in 
the middle o f the W esterschelde estuary in the south 
west o f the N etherlands (Fig. 1A). The elevation of 
this intertidal flat ranges between approxim ately — 1 
and + 1  m  relative to  m ean tidal level; the m ean 
tidal range is approxim ately 5m  (H erm an et al.,

direction 
main flow

LD HD
tttilllluffliii.1.,

Fig. 1. (A) M ap of the Schelde estuary. SW-Netherlands. 
indicating the locations where the artificial epibenthic structures 
were located; (B) schematic layout of the pattern in which the 
bamboo canes were placed at the Molenplaat.

2001). D uring immersion, current velocities are 
around 0 .2 -0 .3m s -1 . The M olenplaat consists of 
two sites; a central, m uddy part with fine sand that 
contains a high silt fraction; and a sandy part that 
contains m edium  sand with very little silt (Steyaert 
et al., 2001). 3 LD and 3 H D  patches were placed in 
January  2002 at bo th  the m uddy and the sandy 
parts o f the m udflat, as indicated in Fig. IB. In 
addition to  the bam boo patches at the M olenplaat, 
we also placed some H D  patches in the vicinity of 
Spartina tussocks on mudflats that border salt- 
m arshes (Fig. 1A). A t the Paulina saltm arsh, 5 H D  
patches were placed in between Spartina tussocks in 
front o f the m arsh (Fig. 2C). This saltm arsh m udflat 
has a highly m uddy character, and local hydro
dynamics are described extensively in Boum a et al. 
(2005b). A t the Valkenisseplaat, we placed 1 H D  
patch at a sandy site w ith Spartina tussocks (Fig. 2A 
and B), and 1 H D  patch on the m uddy site with 
Spartina tussocks.

Please cite this article as: Bouma. T.J.. et al.. Spatial flow and sedimentation patterns within patches o f epibenthic structures.
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Fig. 2. Photo of a HD bamboo patch (A) and nearby Spartina tussock (B) at Valkenisseplaat during winter, illustrating the resemblance in 
channel development around both structures. The red arrows indicate the position of the Doei nuclear power plant (Belgium), and show 
that both photos were taken from a similar orientation. The direction of the main current is towards the downstream ‘taii' of sediment 
behind the tussocks. (C ) Photo of series of HD  bamboo patches located in front of the Pacillina marsh. The red arrows indicate the 
location of individual bamboo tussocks. The direction of the main current in varies with the tide (see Bouma et al.. 2005b). During an tidal 
inundation cycle, the water flows: (1) perpendicular towards the marsh; (2) parallel to the m arsh into the Westerschelde estuary (see Fig. 1); 
(3) parallel to the m arsh out of the Westerschelde estuary; and (4) perpendicular away from the marsh. Highest flows occur during the first 
phase.
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2.1.2. Sediment measurements in the artificial 
epibenthic structures

In  the field, the height o f the sediment was 
m easured approxim ately bim onthly after placing 
the tussocks. Sediment accretion and /o r erosion 
were quantified by laying a board  on top  of the 
bam boo canes, and m easuring the distance between 
this board  and the sediment. The length o f the 
board  allowed us to  m easure the topography both  
inside and around the bam boo patches w ith an 
accuracy o f about 2 mm. Core samples (10 m m  
diam eter, 20 m m  deep) were taken 1 m  outside the 
tussock as well as inside the tussock (June and 
A ugust 2002). After freeze drying, the m edian grain 
size (um) was determ ined with a laser particle sizer 
(M alvern M astersizer 2000).

2.2. Flume experiments

2.2.1. Flume tank
Flow w ithin bam boo patches was characterised in 

a large racetrack flume at the N IO O  laboratory  in 
Yerseke (see Boum a et al., 2005a). The flume

81
consists o f a large oval channel w ith a to ta l length 
o f 17.5 m, a straight working section o f 10.8 m  and a 83 
to tal capacity o f about 9 m 3. The channel measures 
0.6 m  in cross section and w ater depth is m aintained 85 
at 0.4 m. W ater flow with a velocity up to 0.45 m  s_1 
is generated by a conveyor belt system, acting as a 87 
paddle wheel. The bends at either end o f the flume 
have an outer diam eter o f 3.25 m. In  these bends the 89
w ater flow is guided through  4 sub-channels by 
turning vanes. Behind the conveyor belt and behind 91
the bend at the start o f the w orking section, the 
w ater passes th rough a stack o f PVC tubes ( 0  93
20 mm) which act as collimators.

A t the dow nstream  end o f the working section 95 
there is a 2 m  long test section, w ith a transparent 
side window for direct observation, and a height- 97 
adjustable bo ttom  that allows the placem ent of 
sediment down to a depth o f 0.3 m, w ith the top o f 99 
the sediment flush w ith the bo ttom  o f the working 
section o f the flume. W ithin the test section, flow 101 
m easurem ents were carried out w ith a N ortek1®’
(field version) acoustic doppler velocimeter (ADV) 103 
set to  operate at a rate o f 25 Hz. The ADV was

Please cite this article as: Bouma. T.J.. et al.. Spatial flow and sedimentation patterns within patches o f epibenthic structures.
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m ounted on a com puterised 3D positioning system, 
which was m ounted on a carriage tha t could be 
placed anywhere along the length o f the w orking 
section. The 3D positioning system could move the 
ADV over the to tal w idth (y-axis) and depth (r-axis) 
of the flume and over a m axim um  length o f 0.7 m  in 
the direction o f the m ain flow (.v-axis). D uring all 
flow m easurem ents, sufficient seeding was provided 
by adding small am ounts of deep-sea clay sediment, 
which stays in suspension even at very low 
velocities.

Flow in flume tanks is always at best an idealised 
representation o f flow in the field. Generally 
turbulence intensities are lower than  in the field 
and the largest eddy sizes are determ ined by the 
dimensions o f the tank. However, earlier w ork has 
indicated that properties o f the boundary layer in 
the N IO O  flume tank, as well as turbulence levels 
are very com parable to situations o f steady flow in 
the field (Hendriks et al., 2006).

2.2.2. Velocity measurements within bamboo patches 
in the flume

The test section o f the flume (2 m  long x  0.6 m 
wide) was filled with a 0.1 m  layer o f sand, in which 
we placed 0.3 m long bam boo sticks (0.2 m  length 
protruding into the w ater column). The bam boo 
densities were kept com parable to  the field, using an 
interspacing o f 50 and 200 m m  for the high and low 
densities, respectively.

Vertical velocity profiles (m s-1 ) were m easured at 
several positions along a longitudinal transect. 
Velocity profiles were taken over a height of 
20-300 m m  from  the sediment surface, and were 
determ ined for three different free-stream velocities 
(0.12, 0.25 and 0 .37m s -1), i.e. the velocity range 
that represents field conditions (Bouma et al., 
2005b). A t each height, the m easurem ents lasted 
330 s yielding 8250 m easurem ents, to  enable calcu
lation o f turbulence param eters. W ithin the H D  
bam boo patches, the first m easuring point was 
placed a few centimetres upstream  o f the leading 
edge o f the bam boo, the next three w ithin the 
bam boo tussock, and the fifth m easuring point 
dow nstream  o f the bam boo patch. W ithin the LD 
bam boo patches, we m easured vertical velocity 
profiles at seven x -y  positions along a longitudinal 
transect. We also m easured two sets o f vertical 
velocity profiles: one set in close proxim ity to  a 
bam boo stick (within about 30 mm); a second set 
inside the patch, but further removed away from  the 
canes (about 100 mm).

Prior to  processing, the ADV m easurem ents were 
subjected to  a filtering routine that removed data 
points w ith an average beam  correlation lower than 
60% . At individual m easuring points in each profile 
we calculated the average o f the three velocity 
com ponents u, v and w. Subsequently, we estimated 
turbulent kinetic energy (TKE =  0.5(7r +  tr T w 2); 
m 2 s-2 ) and the vertical m om entum  flux (Reynolds 
stress; u'w'\ m 2s-2). The sign o f this value indicates 
the direction o f the m om entum  flux. In  a Cartesian 
co-ordinate system negative values indicate m om en
tum  flux tow ards the bed. This is the predom inant 
situation in a boundary  layer w ith low velocities 
near the bed.

2.3. M odel experiment

2.3.1. Model description
Flows were simulated for bo th  the flume and field 

conditions. This was done using the commercially 
available D elft3D -FLO W  model (www.wldelft.nl), 
which is a three-dim ensional hydrodynam ic model 
(Lesser et al., 2004; Tem m erm an et al., 2005). Below 
we give a brief description o f the model. A full 
m athem atical description is given by WL| Delft 
Hydraulics (2003).

The D elft3D -FLO W  m odel com putes flow char
acteristics (flow velocity, turbulence) dynamically in 
time over a three-dim ensional spatial grid. The 
model is based on a finite-difference solution o f the 
three-dim ensional shallow-water equations w ith a 
k-£  turbulence closure model. The novel aspect of 
this flow m odel is that it accounts explicitly for the 
influence o f rigid cylindrical structures (such as 
plant structures or other epibenthic structures) on 
drag and turbulence. The influence o f cylindrical 
structures on drag leads, in the m om entum  equa
tions, to  an extra source term  o f friction force, F(z) 
(N m -3):

F(z) =  \p 04>(:)n(:)\u(:)\u(:), (1)

where pQ is the the fluid density (k g m -3); <ƒ>(") the 
diam eter o f cylindrical structures (m) at height, ~, 
above the bottom ; n{:) the num ber o f structures per 
unit area (m -2 ) at height ~; u(z) the horizontal flow 
velocity (m s-1 ) at height The influence of 
cylindrical epibenthic structures on turbulence leads 
in the k-£  equations [Rodi, 1980] to (1) an extra 
source term  o f TK E, k  (m2 s-2 ):

Please cite this article as: Bouma. T.J.. et al.. Spatial flow and sedimentation patterns within patches o f epibenthic structures.
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■ d p ¡ s { "  - + n=x

0 )

where Ap(z) — (ti/'4) 4>2(z) n(z) — the horizontal 
cross-sectional area o f epibenthic structures per 
unit area at height ~; v is the m olecular fluid 
viscosity (m2s-1); vT the eddy viscosity (m2 s-1 ); ak 
the turbulent Prandtl-Schm idt num ber for self
m ixing o f turbulence (ak = 1 ) ;  T(z) — F(z)ii(z)/ 
Po — the w ork spent by the fluid (m2 s-3) at height 
~; and (2) an extra source term  o f turbulent energy 
dissipation, e (m2 s-3):

®) cylmdsrs = {(1 - ̂ + +  •

(3)

where ae is the turbulent P randtl-Schm idt num ber 
for mixing o f small-scale vorticity (er£ =  1.3); t £ the 
m inim um  of:

(1) the dissipation time scale o f free turbulence:

Tfree =  —  [ -  ) w ith coefficient cjE = 1 .9 6  (4)
c2s Vs /

and (2) the dissipation time scale o f eddies in 
between the cylindrical structures:

1 ( L2\
rcylinders =  ^  w ith  coefficient c,, =  0.09,

(5)

where the eddies have a typical size limited by the 
smallest distance in between the cylindrical struc
tures:

n  _  a (-i! V2
L(z) =  C /<------------- > with coefficient C¡ =  0.8.

I n(z) J

(6)
This 3D plant-flow  interaction m odel has been 

validated extensively against laboratory  flume ex
periments (Baptist, unpublished results; U ittenbo- 
gaard, unpublished results) and against field data on 
flow patterns in saltmarshes (Tem m erm an et al.,
2005).

2.3.2. M odel application
The model was first applied to  simulate flow 

characteristics in and above the bam boo patches in 
the flume experiments. A grid o f 0.6 m  (flume 
width) X 4 m  (flume length) was used with a 
horizontal resolution o f 0.1 x  0.1m , and consisting 
o f 10 vertical layers. A flat bottom  and a constant 
w ater depth o f 0.4 m  were defined. Vertical rigid

cylinders were defined over a section o f 0.6 x  2 m, 53
each w ith a cane diam eter o f 7 mm, height o f 0.2 m 
and density o f 400 and 25 m -2 for the high and LD  55
patches, respectively. For each density, simulations 
were run  for three different free-stream  velocities 57 
(0.12, 0.25 and 0 .37m s -1 ). The bottom  roughness 
height was defined at 7 x  10- 4 m, based on flow 59
m easurem ents in the flume w ithout bam boo sticks.
The horizontal eddy viscosity was estim ated at 61
3 x  10- 5 m 2 s-1 , based on the grid resolution. We 
validated the simulated vertical profiles o f flow 63
velocity and T K E  against the profiles tha t were 
m easured at several places in the flume. 65

The m odel was subsequently applied to  simulate 
flow characteristics in and above the bam boo 67
patches in the field. A grid of 14 x  14 m  was used, 
w ith the same horizontal and vertical resolution as 69 
for the flume simulations. Similarly, a flat bottom  
and constant w ater depth o f 0.4 m  was defined. A 71
bam boo patch (with the same cane diameters, 
heights and densities as for the flume simulations) 73
was defined over a circular region with a diam eter o f 
2 x 2 m ,  and was placed in the centre of the 75
14 x  14 m  grid. Sim ulations were run  for a free- 
stream velocity o f 0.37 m  s-1 . The bottom  roughness 77
height was defined at 6 mm, based on an earlier field 
calibration o f the flow model for the Paulina m arsh 79
study area (Tem m erm an et al., 2005). The horizon
tal eddy viscosity was kept the same as for the flume 81
simulations. The spatial pattern  o f bed shear stress 
(t0), which was simulated w ithin and around the 83
bam boo patch, was used as a proxy for the 
simulated sedim entation and erosion patterns. 85
Areas subject to  high bed shear stress indicate areas 
o f erosion, while areas subject to  low bed shear 87
stress indicate areas o f sedim entation. The simu
lated patterns o f bed shear stress were then 89
com pared against the field observations o f sedimen
tation  and erosion w ithin and around the bam boo 91 
patches.

93
2.4. Comparison o f  experimental results and 
modelling data 95

In  our flume and modelling experiments, we only 97
focused on tidal currents, although we cannot 
exclude that wind generated waves m ay have 99
affected sediment transport at the various field 
sites. Based on field observations at the M olenplaat, 101 
where we saw large sediment transport over a single 
tide in the absence o f strong winds, we assumed 103 
tidal currents to  be dom inant.
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In  the modelling exercise, bed shear stress ( t0) is 
used as a proxy to  com pare the sedim entation and 
erosion patterns found in the field. It is not always 
easy to estimate r0 directly from  the A D V  m easure
ments. In  a 's tandard ’ turbulent boundary layer 
with a single logarithm ic layer, there is a straight
forw ard relationship between TK E, 11'w' and the bed 
shear stress ( t0):to =  —pu'w' — c\p  * (TKE). Here ¿r 
is a constant (« 0 .2 )  and p designates the density of 
(sea) w ater (Kim et al., 2000). These relationships 
are valid in situations where a log layer exists near 
the bed, and shear stress can be estim ated by direct 
conversions (Thom pson et al., 2003). However, in 
m any situations where water is flowing over 
biogenic structures the link between these p ara
meters is less straightforw ard (van D uren et al.,
2006). This is also the case in the flow through a 
field o f bam boo canes, where skimming flow is 
likely to  occur over the canes. A lthough it is 
dangerous to  derive absolute values o f r0 from  the 
ADV data, qualitatively there is still a strong 
relationship between near-bed turbulence and bed 
shear stress. We therefore assume tha t we can 
com pare the spatial patterns of near-bed Reynolds 
stress to  the spatial patterns of bed shear stress in 
the model.

3. Results

3.1. Field observations

Elevation m easurem ents in the LD and H D  
bam boo patches at the M olenplaat, revealed a clear 
effect o f bam boo density, orientation to the flow, 
and sediment type (or location) on sedim entation 
and erosion (Fig. 3). Sedim entation was m uch lower 
in the LD  patches than  in the H D  patches. T hat is, 
regardless o f sediment type, the H D  patches 
revealed distinct patterns o f sedim entation and 
erosion, whereas the elevation remained m ore 
constant at the LD patches. In  the LD  patches we 
observed only very small-scale erosion in the 
immediate vicinity o f the bam boo sticks, but this 
had negligible effect on the average elevation level 
w ithin the patch. Relative to the LD patches, the 
upstream  front o f the H D  patches showed erosion 
from  approx. 1 m  before the patch to approx. 1 m 
into the patch (i.e. —2 to 0 m  in Fig. 3A), whereas 
further dow nstream  there was clear deposition. 
Relative to the LD  patches, the H D  patches also 
showed erosion at the sides o f the patches that are 
orientated parallel to the m ain flow direction (i.e.

A
main flow direction

100 -
?
£. 50 -
c
o  A  _

M HD 
M LD
S HS 
S LD

-50 -d)
<

-100  -

-150
-3 -2 1 0 1 2 3

d is tance  (m)

B
150

perpendicular to flow
100 -

E
E
co
(B>_o
d)
<

-50 -

-100 -

-150
-3 -2 1 0 1 2 3

d is tance  (m)

Fig. 3. Sedimentation and erosion in the low density (LD) and 
the high density (HD) bamboo patches at the muddy (M) and 
sandy (S) site of the Molenplaat. (A) Sedimentation and erosion 
along the central transect parallel to the main flow direction; (B) 
sedimentation and erosion along the central transect perpendi
cular to the main flow direction. Elevation 0 indicates the height 
of the sediment before the bamboo patch was placed. The 
bamboo patch was present between —1 and In t. as indicated by 
the line at the .v-axis. D ata points represent the average ( +  SE) 
over 3 replicate bamboo patches per treatment, for which the 
elevation was measured 11 times during 2002 and 2003 (6 M arch 
2002; 21 M arch 2002; 11 April 2002; 1 May 2002; 28 May 2002; 
27 June 2002; 29 July 2002; 21 October 2002; 10 M arch 2003; 15 
July 2003 and 24 September 2003). (See Appendix for individual 
measurements).

the dip around —1 and Im  in Fig. 3B). Sediment 
com position (or location) also had a clear effect on 
sedim entation, in that overall sediment accum ula
tion was relatively large at the sandy site com pared 
to  the m uddy site. Despite these differences, the 
spatial patterns o f sedim entation and erosion were 
rem arkably similar for bo th  sediment types. The 
patterns also stood out in spite o f tem poral 
variation (see the appendix).
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Fig. 4. Sedimentation and erosion in high density bamboo 
patches (HD) at the muddy (M) and the sandy (S) site o f the 
Valkenisseplaat. (A) Sedimentation and erosion along the central 
transect parallel to the main flow direction; (B) sedimentation 
and erosion along the central transect perpendicular to the main 
flow direction . Elevation 0 indicates the height o f the sediment 
before the bamboo patch was placed. The bamboo patch was 
present between —1 and 1 m, as indicated by the line at the v-axis. 
D ata points represent the average over 4 repeated measurements 
at a single bamboo patch (8 July 2002; 4 September 2002; 22 
April 2003; 24 September 2003).

50
North-South

£  0 
£,
C
.2 -50
(0><D
<D
< -100

-150
-3

- 7-May-02
- 23-Oct-02 

12-Mar-03
-3-Jul-03
- 16-Oct-03

- 2 - 1 0  1 
distance (m)

B
50

East-West

£  o- 
£

I  , 0 -
re>o
<0<  -100-

A i

-150
■3 ■2 1 0 1 2 3

distance (m)

Fig. 5. Temporal variation in sedimentation and erosion in high 
density bamboo patches at Paulina polder saltmarsh. There was 
no clear indication on the main stream direction, so transects 
were orientated north-south (A) and east-west (B). Elevation 0 
indicates the height of the sediment before the bamboo patch was 
placed. The bamboo patch was present between —1 and In t. as 
indicated by the line at the .v-axis. D ata points represent the 
average ( +  SE) over 5 replicate bamboo patches.

In  contrast to  the M olenplaat, where there 
appeared to  be a tendency to  net sediment 
accum ulation bo th  inside and around the LD and 
H D  patches, there was an overall tendency to  net 
erosion in the H D  patches placed at both  the 
Valkenisseplaat (Fig. 4) and the Paulina polder 
saltm arsh (Fig. 5). Erosion was particularly strong 
w ithin these H D  patches, whereas the area around 
the canes rem ained approxim ately level. This forms 
a distinct contrast w ith nearby tussocks o f Spartina 
anglica, which tend to  have a clear dom e shape (Fig. 
6). The discrepancy between bam boo patches and

Spartina tussocks was rem arkable, regarding their 
close resemblance when seen from  a distance (Fig. 
2A and B). The differences in patch dynamics 
between the Spartina and bam boo tussocks point at 
possible differences in hydrodynam ic interaction 
between the stiff, relatively sparse bam boo, and the 
slightly flexible but m uch denser Spartina vegeta
tion. The larger scale similarities o f sedim entation 
and erosion around the perim eter o f tussocks (Fig. 
2A and B) could not be covered w ithin the 
dimensions o f our flume set-up.
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Fig. 6. Typical example of the dome shaped elevation pattern in Spartina anglica tussock.

Similar to  the observations at the M olenplaat 
(Fig. 3), the m uddy site at the Valkenisseplaat (Fig. 
4) obtained a lower elevation than  the sandy site, 
and the sandy site revealed similar spatial sedimen
tation  and erosion patterns as the M olenplaat. The 
strongest erosion was observed at the upstream  
front o f the H D  patches (i.e. —2 to 0 m  in Fig. 4A) 
and at the sides o f the patches that are orientated 
parallel to  the m ain flow direction (i.e. dip around 
— 1 and lm  in Fig. 4B). Lack o f a dom inant flow 
direction at the Paulina polder saltm arsh (details in 
legend Fig. 2), m ade it impossible to  identify 
sedim entation patterns as clearly as observed at 
the M olenplaat (Fig. 3) and the Valkenisseplaat 
(Fig. 4). The overall loss o f sediment w ithin the 
bam boo patch was independent o f tem poral varia
tion in elevation height at the m udflat, as reflected 
by the elevation m easurem ents furthest away from  
the bam boo patch (Fig. 5). Tem poral data suggest 
that the elevations and depressions in the level o f the

sediment develop relatively quickly, and rem ain 
relatively constant during subsequent periods. This 
quick response (visual observations showed re
sponse after a single tide) suggests tha t these 
patterns are caused initially by tidal currents, rather 
than  by unpredictable wave events. However, we 
cannot exclude variations over time due to  wind 
generated waves, and tha t this effect m ay vary 
am ong field sites.

A t m ost sites, there was a tendency tow ards m ore 
coarse, m edian grain sizes w ithin the bam boo 
patches (Table 1). However, this trend was not 
visible at the m ost m uddy site (Paulina polder 
saltm arsh) and the Valkenisseplaat, where the sand 
was relatively coarse.

3.2. Flume measurements

The density o f the bam boo canes had a strong 
effect on flow characteristics (Fig. 7). The H D  patch

Please cite this article as: Bouma. T.J.. et al.. Spatial flow and sedimentation patterns within patches o f epibenthic structures.
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Table 1 53
The median grain size (pm) at the different field sites, both inside and outside the bamboo patches

Location substrate-type 
density bamboos

M olenplaat Valkenisse Paulinaploder

Muddy HD Muddy LD Sandy HD Sandy LD Muddy HD Sandy HD Muddy HD

1 m outside tussock 100.3 +  7.88 71.6 +  3.6 155.0 +  3.49 172.3 +  11.6 88.5 +  0.015 182.5 +  0.53 50.3+2.45
Inside tussock 125.0 +  2.84 91.7 +  3.7 172.1+2.83 182.8+9.8 143.0 + 0.35 179.8 +  4.76 49.6 +  1.66
n 6 6 6 6 2 2 6

caused near skimming flow over the bam boo 
vegetation at all velocities and at nearly all distances 
from  the leading edge (Fig. 7A -C ). Below the 
canopy, particularly at lower velocities, there was 
little increase in velocity from  the bed tow ards the 
top o f the canes. Above the canopy, a clear 
boundary layer w ith a very steep gradient devel
oped. A t lower velocities, this boundary  layer on 
top o f the canopy developed earlier than  at the high 
velocity. Both in relative and in absolute terms the 
flow reduction was greater at the higher velocity. At 
the trailing end o f the canopy, the near-bed 
velocities at the high-velocity treatm ent were very 
close to  zero, and considerably lower than  in the 
lower velocities. Similar effects were also visible in 
the LD  canopy, although here the profiles differed 
m ore conspicuously from  true skimming flow (Fig. 
7D -I). Inside the canopy there was a clear velocity 
gradient from  the bed to  the top o f the canopy, but 
the biggest velocity increase was at the top o f the 
canopy. There was also considerable horizontal 
heterogeneity in the flow. M easurem ents near the 
bam boo canes (Fig. 7D -F ) showed lower velocities 
and a clearer separation in flow between canopy and 
overlying w ater than  those taken as far away from  
the bam boo sticks as possible (Fig. 7G -I). However, 
the canes occupied only 0.13% o f the to ta l surface 
area w ithin the LD patch. A lthough we have no 
interm ediate m easurem ents between 30 and 100 m m  
distance from  the canes, we expect the latter 
situation (Fig. 7G -I) to  be the m ost representative 
for the average flow through the patch.

As expected, the canes had clear effects on the 
turbulence structure inside and above the bam boo 
patches (Fig. 8), which correspond closely with 
m easurem ents m ade by Neum eier (this volume). 
The effect differed widely between the two experi
m ental densities. W ithin the LD patch the effect 
also differed between m easurem ents in close proxi
m ity o f a bam boo cane, and m easurem ents further 
away. In  the H D  patch (Fig. 8A -C ), very high levels

63
of TK E  were generated at the leading edge o f the 
bam boo patches at the tips o f the canes, i.e. at the 65 
location where the w ater hits the bam boo w ith the 
highest velocity. A t low and interm ediate velocities, 67 
other areas o f relatively high turbulence are found 
at the trailing edge o f the "m eadow ” , just above the 69 
canopy, i.e. inside the steepest velocity gradient. At 
the highest velocity there was an area o f elevated 71
turbulence dow nstream  o f the patch. In  the LD 
patch, turbulence was clearly elevated in the direct 73
vicinity o f the bam boo canes, regardless o f the 
location w ithin the patch (Fig. 8D -F ). Highest 75 
levels still occurred at the leading edge o f the patch 
but, at all velocities, turbulence rem ained relatively 77 
high inside the canopy. A t greater distance from  the 
canes (Fig. 8G -I), turbulence levels were still 79 
slightly elevated com pared to  levels outside the 
canopy, but clearly m uch lower than  close to the 81
canes (Fig. 8D -F ). A t the interm ediate and highest 
velocity, highest TK E  levels were m easured near the 83 
bed.

M ost interesting w ith regard to sedim entation 85 
and erosion processes are the profiles o f vertical 
m om entum  flux (u'w'). Both in the H D  patch and in 87
the LD  patch in close proxim ity to  the bam boo 
canes, values for u'w' were positive at the leading 89 
edge at the top o f the canopy, indicating m om entum  
transport upwards, into the w ater column. All other 91 
areas showed the "no rm al” dow nw ard m om entum  
flux tow ards the sediment bed, in line w ith the 93
direction o f the local velocity gradients. In  parti
cular, the H D  patch showed peak values at the top 95 
o f the canopy (Fig. 9A -C). Inside the canopy, 
Reynolds stress values were generally low at the 97 
bed. Elevated Reynolds stress values were found 
only at the sediment w ater interface at the very front 99 
o f the H D  patch. In  the LD  patch the situation was 
quite different (Fig. 9D -I). H ighest values o f u'w' 101 
were always found near the bed. This effect was 
m ore pronounced in close proxim ity to  the bam boo 103 
canes (Fig. 9 D -F ) than  further away (Fig. 9G -I),
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with the latter situation m ost likely being represen
tative for the m ajority o f the area w ithin the 
bam boo patch. Inside the canopy, the levels of 
Reynolds stress at the sediment w ater interface were

considerably lower in the H D  patch than  in the LD 
situation. However, levels at the bed at the leading 
edge were higher in the H D  patch. This appeared to 
tie in nicely w ith the sedim entation and erosion
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Fig. 7. Velocity profiles (ms~ ) measured at different positions in bamboo patches in the flume. (A-C): High density patch at low. 
intermediate, and high velocities, respectively. (D-F): Low density patch in close proximity to the bamboo canes. Velocities as per (A-C). 
(G-I): Low density patch away from the bamboo canes. The extent of the bamboo patch is indicated.
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patterns we observed in our field experiments. These 
data  showed highest levels o f erosion at the leading 
edge o f H D  patches, and relative sedim entation 
downstream . The elevated Reynolds stress close to 
the bam boo canes inside the LD  patch  in the flume 
also m atches the field observation o f small-scale 
erosion directly around individual canes.

In  the experiments w ith the H D  patch, all 
m easurem ents were taken either in front o f or inside 
the bam boo patch. In  the experiments w ith the LD 
bam boo, some m easurem ents were also taken 
behind the trailing edge. Over the course o f the 
m easurem ents some sedim entation took  place in 
this area. This probably caused some interference of 
the elevated bottom  w ith the lowest ADV m easure
ments behind the bam boo. The high levels o f TK E 
and Reynolds stress in this area should therefore be 
treated with caution.

3.3. M odel results

3.3.1. Flume simulations
C om parison o f Delft-3D  simulated and flume- 

m easured vertical profiles o f flow velocity (ii) and 
TK E  revealed a fairly good correspondence between 
the model sim ulations and the flume m easurem ents 
(Figs. 10 and 11). The m odel proved capable of

77
reproducing the general features o f the measured 
flow. In  accordance with the flume data , the model 79
predicted tha t flow velocities were reduced within 
the bam boo patch (due to  the friction caused by the 81
bam boo canes) and tha t the w ater was forced to 
flow at increased velocities above the bam boo 83
patch. The simulated values o f the flow velocities 
as well as the T K E  were found to  be o f a very 85
similar order o f m agnitude as our m easurem ents.
The model had a resolution o f 10 x  10 cm, which 87
was too coarse to  resolve spatial differences in the 
flow at different distances from  individual canes, as 89
we m easured in our LD  patch. Inside the LD  patch 
(Figs. 10B and 1 IB) the m odel results tended to  fall 91
neatly in between the data m easured near the sticks 
and those m easured further away from  the canes. 93
There were, however, some differences in the details.
The flume experiments on the H D  patch clearly 95
showed high TK E  values (Fig. 11 A) and conse
quently a reduction in flow velocity (Fig. 10A) at the 97
top o f the canopy on the leading edge. In  the 
modelled flume canopy, this phenom enon appeared 99 
to occur m uch further dow nstream  o f the leading 
edge. This discrepancy between m easured and 101 
modelled data  was largest at the H D  patch. 
However, also in the LD  patch we saw a m uch 103 
clearer separation between flow through the canopy
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and the overlying water, than  was sim ulated by the 
model.

3.3.2. Field simulations 
The m odel sim ulations for the field situation also 

showed th a t the flow velocity is reduced w ithin the

circular bam boo patch and increased above the 
patch (Fig. 10). However, this effect was no t so 
pronounced for the circular patch in the field as for 
the bam boo patch in the flume. The reason for this 
discrepancy lies in a different am ount o f  free space 
next to  the bam boo patch. In  our (simulated) flume

13 b  04

0 0048
0 0040
0 0032
0 0024
0.0016

f e  : ¿ 0 0008
0.0000

TKE 
0 0006 
0 0005 
00004 
0.0003 
00002 
0 0001 
0 0000

TKE 
0.0024 
0 0020 
0 0016 
0 0012 
00008 
0.0004 
00000

TKE 
0 0006 
0 0005 
0 0004 
€0003 
0 0002 
0.0001 
0 0000

TKE
0 0024 
0 0020 
0 0016 
00012 
0 0008 
0.0004 
0 0000

TKE 
0 0048 
0 0040 
0 0032 
0 0024 
0.0016 
0 0008 
0 0000

Fig. 8. (A-I) TKE profiles (m2 s 2) measured at different positions in bamboo patches in the flume. Patch densities and velocities as in Fig. 
7.
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set-up, the flume was filled w ith bam boo canes over 
its whole w idth, so that the w ater was forced to flow 
at higher velocities above and through the patch. In 
our (simulated) field set-up w ith free-standing 
circular patches, the water could also flow around 
the bam boo patch, resulting in increased flow 
velocities lateral to  the bam boo patch. As a result, 
the model predicts a lesser increase in velocity above 
the field patch than  in the flume (Fig. 10). As the 
predicted reduction o f flow inside the canopy was 
also not as severe for the field as for the flume (Fig. 
10), the velocity gradient between the tips o f the 
bam boo canes and the overlying free-flowing w ater 
was considerably greater in flume simulations than  
in field simulations. Consequently, the model 
predicted tha t the generation o f turbulence at the 
top o f the canopy, at some distance dow nstream  of 
the leading edge, was higher in the flume than  in the 
field (Fig. 11). Thus, although the velocities in the 
sim ulations for the field and the flume patch were 
rather com parable, the m odel predicted somewhat 
higher levels o f turbulence inside and just above the 
canopy, particularly in the LD  patch.

The modelled patterns o f bed shear stress (z; 
N  m -2 ) were then used as a proxy for sedim entation 
and erosion patterns around the circular bam boo 
patch. In  agreement w ith the field and flume

77
observations, the differences in bed shear stress (Y) 
were m uch less pronounced in the LD patch than  in 79 
the H D  patch (Fig. 12; note scale difference between 
Fig. 12A and B). For the H D  patch, the model 81
predicted high z values on either sides o f the 
bam boo patch, indicating that erosive trenches 83
would develop along bo th  sides o f the patch. This 
effect o f increased flow velocity and bed shear stress 85 
on either side o f the patch  was predicted to  be less 
pronounced for the LD  patch than  for the H D  87
patch. These m odel results agreed well w ith our field 
observations, showing erosive trenches at both  sides 89
o f a patch  for the H D  bam boo patches (Figs. 2A,
3B and 4B), whereas no such erosive trenches were 91 
observed for the LD  bam boo patches (Fig. 3B). 
Interestingly, natural Spartina tussocks had similar 93
erosion trenches as found for the H D  bam boo 
patches (Fig. 2A and B). The m odel was less 95
successful in predicting the complete pattern  of 
sedim entation and erosion along the m ain flow 97
direction. T hat is, the m odel accurately predicted 
very low bed shear stress w ithin and just behind the 99 
H D  patch (Fig. 12B), which agreed w ith our flume 
(low stress levels; Fig. 9A -C ) and field (sedimenta- 101 
tion; Figs. 3A and 4A) observations. However, the 
m odel failed to  predict the high stress levels at the 103
leading edge o f the H D  patch (Fig. 12B), as we
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observed in our flume (Fig. 9A -C ) and field 
experiments (erosion; Figs. 3A and 4A). W ithin 
the LD patch, the m odel simulated elevated levels of 
bed shear stress (Fig. 12A). A lthough the flume 
m easurem ents showed increased stress in the im

m ediate vicinity o f the canes (Fig. 9D -F ), on the 
whole the levels were similar to , or even reduced, 
com pared to  the situation in front o f the patch (Fig. 
9G -I). This was in agreement w ith our field 
observations showing some small-scale erosion
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Fig. 9. (A—I) Profiles of vertical momentum flux (u'w': n r  s 2), measured at different positions in bamboo patches in the flume. Patch 
densities and velocities as in Fig. 7.
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directly adjacent to the canes in the LD patches, but 
no effect on the overall sedim entation in the LD 
patch (Fig. 3A).

4. Discussion

In  the present study, we set out to: (1) identify 
spatial patterns o f sedim entation and erosion that 
emerge w ithin patches o f epibenthic structures; and
(2) assess the relevance o f detailed hydrodynam ic 
flume studies for understanding long-term  sediment 
dynamics in such patches o f epibenthic structures. 
The present study dem onstrated tha t contrasting 
spatial patterns o f sedim entation and erosion 
emerged w ithin the H D  and the LD  patches, that 
these patterns were relatively independent o f the 
sediment com position, and tha t these different 
patterns could be explained well by the hydrody
namic param eters obtained from  our flume m ea
surements. O ur sim ulation results underlined the 
value o f hydrodynam ic models for up-scaling flume 
m easurem ents and understanding spatially explicit 
sedim entation and erosion patterns in the field.

4.1. Effects o f  epibenthic structures on 
hydrodynamics and sediment dynamics

11

79

81The growing appreciation o f the ecological value 
o f estuarine and coastal ecosystems combined with 
a growing awareness that physical models need to  83 
include biology to  describe sedim entation patterns 
in these systems, has resulted in studies tha t address 85 
the effects o f benthic organisms on hydrodynam ics 
and sediment transport (for overviews see Allen, 87 
2000; K och, 2001; W iddows and Brinsley, 2002).
The m ajority o f the studies on epibenthic structures 89 
underline the im portance o f density for the effect on 
flow and resulting sediment transport near the 91 
bottom , regardless o f whether these epibenthic 
structures originate from  plants, animals or some 93 
kind o f mimics (Bouma et al., 2005a; Friedrichs et 
al., 2000; Friedrichs, 2003). We are, however, not 95 
aware o f studies tha t combine long-term  field 
observations on sediment dynamics w ith detailed 97 
hydrodynam ic descriptions obtained from  flumes, 
so that m ost studies m ust infer data at one o f these 99 
scales. In  this respect, the present contribution 
offers a useful addition to the range o f available 101 
studies, especially as we used hydrodynam ic m odel
ling for relating the flume and field data. 103
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Fig. 10. Comparison of velocity profiles (m s 1 ) in the H D  patch (A) and LD patch (B) at different points in the canopy among Delft 3D 
model results from the flume. ADV measurements in the flume and Delft 3D model results from a bamboo tussock in the field.

In  general terms, three flow conditions m ay be 
distinguished for flow over a bottom  with epibenthic 
structures that intrude into the w ater column: 
independent flow , interactive flow  and skimming flow  
(Vogel, 1994). Independent flow occurs if the 
spacing between the epibenthic structures greatly 
exceeds the height o f the structure, causing the 
absence o f interactions between the wake of 
neighbouring structures. This was obviously not 
the case in our H D  or LD  patches. Skimming flow 
occurs if  the spacing between the epibenthic 
structures is ^  the height o f the structures, and if

the to tal cover o f the bo ttom  by the roughness 
elements is >1/12. In  true skimming flow over 
regularly spaced, equally high roughness elements, 
we can discern 3 flow regions: (1) boundary  layer 
flow at some distance above the canopy; (2) a 
mixing layer around the top  o f the canopy; and (3) 
flow w ithin the canopy tha t is dom inated by Von 
K arm an vortex structures from  the wakes o f the 
canes (Poggi et al., 2004). This is w hat we observed 
in the H D  patch, even though the densities of 
roughness elements were on the low side for true 
skimming flow. The latter m ay explain why we see
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Fig. 11. Comparison of TKE (m2s-2) profiles in the HD patch (A) and LD patch (B) at different points in the canopy among Delft 3D 
model results from the flume, ADV measurements in the flume and Delft 3D model results from a bamboo tussock in the field. Figures 
correspond to the velocity profiles in Fig. 10.

some increase in horizontal velocity from  the bed to 
the top  o f the canopy. However, the vertical velocity 
gradient w ithin the canopy at the H D  was very low, 
which resulted in very low T K E  and Reynolds stress 
levels inside the H D  patch. As Reynolds stress is 
related directly to  the force that w ater exerts on the 
bed, it is a useful predictor o f areas of sedim entation 
and erosion. Indeed, the reduced Reynolds stress 
areas in our flume m easurem ents and model 
sim ulations (inside the H D  patch) are equivalent 
to  areas where we observed sedim entation in our 
field patches. The areas where increased Reynolds 
stress occurred in our flume m easurem ents (at the 
leading edge in the H D  patches) or in the model

simulations (lateral to  the H D  patches) equate to 
areas where we observed erosion in our H D  field 
patches.

The velocity reduction by the bam boo structure, 
particularly in the H D  patch, appears to  be larger at 
higher velocities. This is almost certainly due to the 
fact tha t at the low flow settings, wake production 
inside the canopy was minimal. A t element Rey
nolds num bers (Rej) o f <200, wake production is 
negligible, and turbulence production is reduced 
(Nepf, 1999). F or our bam boo canes w ith a 
diam eter o f 8 mm  this means tha t w ater needs to 
flow through the canopy with a speed o f at least 
0 .02m s -1 for wakes to  occur at all. A t the lower
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Fig. 12. Delft-3D simulated bottom  shear stress (N m  2) around a low (A) and high (B) density bamboo patch in the field. Note the 
difference in colour scale between (A) and (B).

velocity settings, flow inside the canopy was not far 
off this velocity, and flow reduction due to 
turbulence was therefore probably small. The higher 
velocities through the front part o f the canopy will 
cause stronger wakes and hence m uch m ore 
m om entum  loss inside the canopy. This is illustrated 
very clearly in the T K E  profiles o f the H D  patch. 
TK E reflects the balance between the increased 
turbulence intensity due to  the effect o f the wakes of 
the canes on one hand, and the reduced flow rate 
through the canopy on the other (Nepf, 1999). At 
the lower velocities, we still see a very strong 
elevation o f TK E  levels in the centre o f the H D

patch. A t the highest velocity the TK E levels in the 
centre are m uch further reduced.

In  the LD patch  the m easurem ents in close 
proxim ity to the canes showed similar patterns to 
the H D  patch. In  fact, T K E  levels further inside the 
patch were higher in the LD canopy, due to  the fact 
that flow velocity is m uch less reduced between the 
widely spaced canes. D ue to  the occurrence o f a 
boundary  layer at the bed, inside the canopy, stress 
levels at the bed close to  the canes are high. The field 
observations show that in these areas erosion 
occurs. However these effects are very local.
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In  bo th  the H D  and LD patches, the regular 
alignm ent o f the bam boo canes is expected to 
facilitate to some extent the flow between bam boo 
rows (W hite and Nepf, 2003). This effect is likely to 
have been stronger in the LD  patch. A m ore 
natural, random  distribution would have m ost 
likely resulted in a m ore patchy environm ent with 
small areas w ith strong local scour com pared to 
areas w ith local deposition (Friedrichs et al., 2000).

4.2. Modelling as a tool fo r  relating flume- 
hydrodynamies to field-sediment dynamics

Flow effects o f epibenthic structures have been 
studied intensively using bo th  natural structures 
such as mussel beds (Ackerm an et al., 2001; van 
D uren et al., 2006), worm  tubes, seagrass meadows 
(K och, 2001; M adsen et al., 2001) or saltm arsh 
vegetation (Allen, 2000), as well as artificial 
structures (Bouma et al., 2005a; Friedrichs et al., 
2000; Friedrichs, 2003; Nepf, 1999; Palm er et al., 
2004; W hite and Nepf, 2003). Resulting data  series 
have produced analytical and m odel form ulations 
on hydrodynam ics w ithin patches o f epibenthic 
structures (Nepf, 1999; Poggi et al., 2004, U ittenbo- 
gaard, unpublished results; W hite and Nepf, 2003). 
Present flume results on hydrodynam ics agree well 
with the insights obtained from  these analytical and 
model form ulations, in the sense that these models 
also predict a strong density dependent reduction of 
bottom  stress inside the canopy, areas o f upw ard 
m om entum  transfer at the top  o f the leading edge of 
the canopy, and elevated stress at the bed at the 
leading edge o f the patches (U ittenbogaard, unpub
lished results).

O ur data also revealed a considerable spatial 
heterogeneity o f hydrodynam ic forcing on the bed 
inside the patches, leading to  corresponding sedi
m entation and erosion patterns. The Delft-3D 
simulations accounted for the friction and tu rb u 
lence tha t is generated by rigid cylindrical structures 
in the flow, which resulted in spatial differences in 
the flow structure inside the patches. Overall, these 
model results agreed reasonably well w ith bo th  the 
flume and field observations, although some de
tailed flow phenom ena were not reproduced accu
rately. In  some cases, discrepancies m ight be 
ascribed to the model resolution, as our flume 
(and field) results m ay contain heterogeneity at a 
spatial scale smaller than  the model resolution. F or 
example, the relatively high shear in the LD patches

generated by the model, m ost likely results from  53 
averaging flow effects from  near the canes and 
further away. The greatest discrepancy between 55 
m odel and experimental results was observed at the 
leading edge inside a H D  patch. Experim ental data 57 
indicated high bottom  shear and consequently high 
levels o f erosion, whilst the model predicts a 59 
reduction in bottom  shear stress th roughout the 
patch. This indicates tha t the present m odel is a 61 
useful tool for studying the consequences of 
biophysical interactions, but that there is need for 63 
im proving such models to  deal accurately with 
leading edge effects. 65

Being able to  m odel these relatively small-scale 
processes is especially im portant for understanding 67 
the landscape developm ent in intertidal estuarine 
environm ents, as it is these small scale processes 69
that determ ine initial colonisation. M odels that 
incorrectly reproduce these leading edge effects, 71
m ay still correctly describe w hat happens in large 
patches o f epibenthic structures such as large 73
patches of saltm arsh, but will be unsuitable for 
studying the processes tha t determ ine initial coloni- 75
sation of unpopulated areas. In addition to affecting 
erosion and sedim entation, patches o f epibenthic 77 
structures m ay also affect deposition o f plant seeds 
and larvae o f benthic animals. A lthough present 79
hydrodynam ic models m ay have some lim itations 
for modelling aspects at the very fine scale, this 81
study underlines strongly the value o f modelling 
larger scale trends, and then relating flume and field 83
data. Hence, the best way forw ard appears to  be 
integrating field m easurem ents, flume experiments, 85
and modelling.

87

4.3. Seeding issues: vertical and horizontal 89
dimensions and roughness density

91
A lthough our flume observations (and modelling 

exercises) provide adequate explanations for the 93 
sedim entation and erosion patterns we observed in 
the field, scaling remains an im portant aspect in 95 
relating flume m easurem ents w ith field processes.
Occurrence o f skimming flow protects sediments 97
from  erosion, by lifting the boundary  layer and
displacing the high Reynolds stresses to  an area 99
higher up in the w ater colum n (Lopéz and Garcia, 
1998). The ratio  between the w ater colum n height 101 
and the height o f the roughness structures (H/h) 
determines the extent to  which skimming flow can 103 
occur (N epf and Vivoni, 2000; Neum eier, this
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volume). In  the field, Hjh will vary over the tidal 
cycle, whereas in a flume H  is restricted by the flume 
dimensions (i.e. 0.4 m  in the N IO O  flume) and 
generally kept constant. I f  Hjh — 1, the flow within 
vegetation is determ ined by the pressure gradient 
and the vegetative drag. In  our artificial canopies 
this would m ean a uniform  drag throughout the 
water column, whereas for m ore heterogeneous 
biotic structures, the vertical profile will depend on 
the variation in vegetative drag. W ith an increase of 
H jh , the turbulent stress from  the boundary layer 
above the canopy will start to  contribute m om en
tum  to the flow inside the canopy. I f  H/h^> 10 the 
flow will be completely dom inated by vertical 
m om entum  exchange (N epf and Vivoni, 2000).

In  our flume experiments, we used Hjh — 2 as we 
regarded the flows at this w ater height m ost 
im portant for the sedim entation patterns tha t occur 
in the field. T hat is, w ithin a single tidal cycle, tidal 
currents tend to  be strongest during upcom ing and 
receding w ater, and lowest when the flood reaches 
its peak level (see Boum a et al., 2005b; note: the 
latter should not be confused w ith the linear relation 
between tidal am plitude and the m axim um  velocity 
reached in an individual tide). However, small 
changes in w ater depth will have a big im pact on 
the Hjh ratio  and therefore on the m om entum  
transfer w ithin the canopy. Despite this possible 
source of error, hydrodynam ic profiles in the flume 
appear to  explain the sedim entation patterns in the 
field quite adequately.

The Delft 3D model predicted slightly different 
flow profiles for the bam boo patches in the flume 
com pared w ith the field. This can be explained by 
the fact tha t in the field water m ay flow around a 
patchy structure, which is not possible in a 0.6 m 
wide flume. Simulations w ith the Delft 3D model 
indicate that this flow around patches develops 
when the patches do not fill the complete w idth of 
the model grid. This explains the difference between 
the flume simulations, where the patch  completely 
fills the 0.6 m  wide model grid so tha t water can only 
flow through and over the patch, and the field 
simulations where the w ater can flow around as well 
as through the patch. This difference will become 
increasingly im portant with increasing patch den
sity, and may be expected to  be m ore dom inant in 
epibenthic structures, such as fully developed 
vegetation, relative to  our bam boo patches. H ydro- 
dynam ic 3D models are valuable to  assess the level 
of error that m ay be attributed  to  this kind of 
scaling artefact in flume studies. A lim itation is due

to a lack o f full 3D hydrodynam ic models tha t can 
cope w ith truly flexible roughness structures such as 
seagrasses.

Nowell and Church (1979) introduced the term  
roughness density (RD ) to  describe the fraction of 
the surface area that is covered by "epibenthic” 
structures. In  our system, the bam boo canes had a 
diam eter o f 8.04 +  0.13 m m  ( n — 19), which results 
in a R D  o f 0.020 for the H D  patches 
(400 canes m -2) and a R D  o f 0.00127 for the LD 
patches (25 canes m -2 ). These R D  values are rela
tively low when com pared to  some other studies. 
For example, Friedrichs et al. (2000) studied areas 
filled w ith round sticks (50 m m  long; 5 m m  dia
meter) w ith R D  values ranging from  0.011 to  0.088. 
Despite the difference in R D  values, the results of 
Friedrichs et al. (2000) and the present study 
revealed quite com parable general patterns with 
respect to  sedim entation and hydrodynam ics. The 
latter is in part explained by the effect o f the ratio  of 
the length o f the structure to the distance between 
adjacent structures for the type o f flow that occurs 
w ithin a patch  w ith epibenthic structures. Hence, 
this ratio  will also be o f m ajor im portance for the 
habitat m odification tha t is induced by any kind of 
epibenthic structures. These modifications are re
ferred to  generally as ecosystem engineering (Jones 
et al., 1994, 1997; Reichm an and Seabloom, 2002).

4.4. The role o f  epibenthic structures in ecosystem  
engineering

Ecosystem engineering has been found to  affect 
significantly a broad  range of ecosystems (Jones et 
al., 1994), and m any ecosystem engineers may 
function as keystone species (Crooks, 2002). The 
latter certainly applies to  organisms that produce 
epibenthic structures, regardless o f whether they 
originate from  benthic fauna (Callaway, 2003; 
Zuhlke, 2001) or flora (Bartholomew, 2002; Bolog
na and Heck, 2002; Hovel et al., 2002; Jenkins et al.,
2002). The extent to  which epibenthic structures are 
able to  m odify their habitat by reducing hydro- 
dynam ic energy will depend prim arily on a com bi
nation o f the density, stiffness and length or surface 
area o f these structures (Bouma et al., 2005a; Gacia 
et al., 1999; W iddows and Brinsley, 2002). However, 
the costs to the organism  will also increase w ith an 
increasing ability to  modify hydrodynam ic energy 
(Bouma et al., 2005a). The other factor determining 
the scope for ecosystem engineering is the average
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flow rate. This will be relatively variable in highly 
dynam ic environm ents, such as m acro-tidal estu
aries, and rather limited in m ore sheltered environ
m ents. This is indicated by the fact tha t we observed 
m uch stronger relative effects in the high velocity 
experiments in the flume.

Reduction o f wave energy and/or current velocity 
enhances sediment accretion in sub- and intertidal 
vegetation, e.g. seagrass meadows and saltmarshes 
(Allen, 2000; K och, 2001; M adsen et al., 2001; 
Palm er et al., 2004). Such sediment accretion may 
be beneficial to  vegetation by: (a) enhancing 
nutrient availability in oligotrophic areas (Koch, 
2001; Hem m inga et al., 1998); (b) increasing light 
availability to  submerged vegetation (Koch, 2001; 
M adsen et al., 2001); and (c) reducing inundation 
stress to  intertidal saltm arsh species. The latter has 
been well docum ented for Spartina, where this 
process over time leads to  the form ation o f dome 
shaped tussocks (Castellanos et al., 1994; Sanchez et 
al., 2001), and eventually affects the saltm arsh 
dynamics (van de K oppei et al., 2005).

The present study identifies two aspects that are 
related to ecosystem engineering, tha t deserve m ore 
attention. Firstly, the m arkedly different sediment 
dynamics between our eroding H D  patches and 
nearby dom e-shaped Spartina tussocks, once again 
dem onstrates clearly the extent to  which organism  
traits such as stiffness and shoot density are 
essential for the ecosystem engineering effects o f 
an organism  (Bouma et al., 2005a). Hence, it m ay be 
speculated that the organism  traits which affect 
biophysical interactions are under evolutionary 
constraints (Bouma et al., 2005a; Odling-Smee et 
al., 2003). In  addition to  this ecological conclusion, 
the discrepancy in sedim entation patterns under
lines the lim itations o f using mimics for under
standing ecosystem engineering by real organisms. 
A lthough mimics m ay be highly relevant to  identify 
general mechanisms (Bouma et al., 2005a), flume 
studies on mimics are unlikely to  yield sufficient 
insight to  model correctly a real ecosystem. Sec
ondly, the spatial heterogeneity in sedim entation 
and hydrodynam ics found in the present study, 
underlines the need for studying ecosystem engi
neering in a spatially explicit context. T hat is, the 
effect o f an ecosystem engineer is likely to  depend 
upon the size o f its population, as well as the 
location within a patch. W hereas we observed high 
turbulence and erosion at the leading edge and the 
sides o f a patch o f epibenthic structures, strongly 
reduced velocities and resulting sedim entation were

shown further down stream. This type o f pattern  53 
m ay be typical for the configuration o f sub- and 
intertidal vegetation such as Spartina tussocks. To 55 
understand the developm ent o f unpopulated areas 
tow ards colonised areas, there is thus a need for 57 
spatially explicit and scale-dependent knowledge of 
biophysical interactions o f epibenthic structures. 59

61

5. Conclusions
63

Short-term  flume studies can provide useful 
inform ation on long-term  sedim entation and ero- ^
sion processes in the field provided that adequate 
spatial and hydrodynam ical scaling is taken into ^
consideration. We believe that modelling will offer a 
valuable tool to  provide further insight in up-scaling ^  
flume observations to  field m easurem ents. However,

71hydrodynam ic models require careful calibration 
with flume experiments. O ur results underline the 
im portance o f quantifying spatial heterogeneity ^
when studying small patches. This topic deserves 
m ore attention, regarding the im portance for ^
understanding the developm ent o f unpopulated 
areas tow ards colonised areas. The present study ^  
identifies the need for m ore spatially explicit and 
scale-dependent knowledge o f biophysical interac- ^  
tions, bo th  experimentally as well as from  hydro- 
dynam ic modelling. ^

83

7. Uncited reference g^

N epf et al., 1997. gy

89
Appendix

91
Sedim entation and erosion in the low density 

(LD) and the high density (H D ) bam boo patches at 93
the m uddy (M) and the sandy (S) site o f the 
M olenplaat. Elevation 0 indicates the height o f the 95
sediment before the bam boo patch was placed. The
bam boo patch was present between — 1 and 1 m  97
distance along the v-axis. D ata  points represent the 
average over 3 replicate bam boo patches per 99
treatm ent.

(See Fig. 13) 101

103
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