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Chapter 5

TURBULENCE LEVELS IN A FLUME COMPARED TO THE FIELD 
IMPLICATIONS FOR LARVAL SETTLEMENT STUDIES

Iris E. Hendriks, Luca A. van Duren and Peter M.J. Herman
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ABSTRACT
The settlement stage of shellfish larvae is an important factor determining distribution patterns of adults. 

In order to reach the substratum, the larvae need to cross the benthic boundary layer near the sediment 
surface. Suspended larvae reach the substratum by a combination of passive sinking, turbulent advection 
and possibly through active swimming. Flumes are commonly used experimental set ups to study larval 
settlement in flowing water. Since turbulence plays an important role in the vertical transport of larvae, 
such experiments must take turbulence scaling into account. This study aims to compare turbulence 
characteristics in the flume at the NIOO-CEME to field conditions encountered by intertidal bivalve 
larvae at their settlement stage. Turbulence in the flume was manipulated throughout the water column 
using a grid and in the benthic boundary layer by introducing roughness structures. Hydrodynamic 
parameters such as shear velocity (u*), roughness height (z0), turbulence intensity (TI) and Reynolds stress 
were determined. We used the dimensionless Péclet number to scale the ratio between advective motion 
and random (turbulent) motion. The Péclet numbers in the flume under normal conditions are relatively 
high compared to field values. The use of a grid close (3m) to the test-section lowers the Péclet number to 
~1. In the Oosterschelde, where flow is tidally driven, a Péclet number of the same order of magnitude is 
calculated for flow velocities around 0.35 ms-1. In this situation, where advection and random motion are 
balanced, a small change in directional movement (e.g. by swimming) may have an effect on settlement 
success of larvae. Turbulence introduced by bottom roughness has a different effect from that introduced 
by a grid. The grid has a modifying effect on mixing throughout the water column, but very close to 
the bottom, turbulence intensities are similar to the situation without a grid. Turbulence introduced by 
bottom roughness has only minor effects on mixing higher up in the water column, but has dramatic 
effects on near-bed turbulence. Both the use of grids and bottom roughness to induce turbulence in the 
flume are valuable tools in scaling turbulence parameters for quantitative research on larval settlement.

Submitted to the Journal of Sea Research (Special issue BIOFLOW workshop)
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INTRODUCTION
Distribution patterns of benthic populations of shellfish are largely determined by settlement and 

recruitment of their pelagic larvae. Many benthic organisms have a free-swimming pelagic larval stage, 
and their larvae need to settle at the sediment surface before their metamorphosis and the start of their 
adult life. The settlement process may involve active and passive processes acting at different spatial scales 
(Butman 1987, Harvey and Bourget 1997). Large-scale dispersal is mostly a passive process. The small 
veliger larvae are transported over long distances during their approximately three-week stay in the water 
column. When the veligers become competent to settle and metamorphose into the sessile adult stage of 
life, they need to cross the velocity gradient layer (benthic boundary layer) near the sediment in order to 
reach the bottom. This near-bottom layer is a region of primary ecological concern, controlling nutrition 
of suspension and deposit feeders and the settlement of larvae and bacteria (Nowell and Jumars 1984). 
Suspended larvae settle on the substratum by a combination of passive sinking, turbulent advection 
and possibly through active swimming. Turbulence also controls the probability of hydrodynamic 
resuspension during the critical period between larval touchdown and successful attachment to the 
substratum (Crimaldi et al. 2002). Therefore near-bed turbulence structure, in the benthic boundary 
layer, is important for settlement studies.

The benthic boundary layer develops between the free stream velocity in the water column and the 
boundary (sediment surface) where the no-slip condition applies (i.e. at z = 0, U = 0). Within the lower 
part of turbulent boundary layer, the velocity profile is logarithmic and it is feasible to apply the Prandtl 
von Karman equation or “law of the wall”:

u z u z
z

( ) ln*=








κ 0

Where u(z) is the velocity at height z above the bed, κ is von Karman’s constant (~0.4), z0 is roughness 
height and u* is shear velocity.

To study small-scale biological processes in near-bed waterflow flumes can be used. A flume provides 
a means of conducting experiments under controlled and repeatable circumstances, which lead to better 
understanding of field processes. Near-bottom flow conditions can be simulated while organisms can be 
maintained under circumstances close to their natural habitat (Muschenheim et al. 1986). Differences in 
scale render mesocosms and flumes distinct from the natural ecosystems they represent (Muschenheim et 
al. 1986, Sanford 1997, Petersen and Hastings 2001). The purpose of a flume is to simplify field conditions 
so that the flow characteristics can be summarised in a small number of parameters (Nowell and Jumars 
1987). When water flow is adequately scaled, results obtained in a specific flume can be compared to 
other experimental set-ups and, more importantly, to the field (Nowell and Jumars 1984, 1987, Petersen 
et al. 1999, Jonsson et al. in prep). An important size-scaling parameter is the dimensionless Reynolds 
number:

Re=UL
ν

Where U is the velocity, L is a length scale, and ν is the kinematic viscosity.
The Reynolds number may be thought of as the ratio of destabilizing inertia to stabilizing viscosity 

(Sanford 1997). All incompressible flows with the same Reynolds number and the same flow geometry 
should have the same flow properties when measured in the appropriate units. This Re scaling is of great 
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engineering importance (Nelkin 1992, 1994). It is also the basis for flume design. When a flume is 
built, not all scaling laws can be satisfied in one design. Besides the Re scaling, other important scaling 
parameters depend on the specific hypothesis tested in the experiment (Jonsson et al. in prep).

If we consider the case of a small bivalve larva, just above the benthic boundary layer, which is settling 
on the sediment surface then the probability of settlement is influenced by the ratio between advective 
motion (directional motion towards sediment) and turbulent diffusion inside the boundary layer. The 
dimensionless number we use in scaling this ratio is the Péclet number (formula modified after Massel 
1999, p. 261, formula 8.21):

Pe w l
Kz

=
⋅

Where w is the vertical velocity, l is a relevant length scale and Kz is the turbulent mixing coefficient. 
The vertical velocity for a larva depends on its passive sinking velocity and its swimming speed. A relevant 
length scale for this process is the distance the larva has to travel through the boundary layer in order to 
settle, i.e. the thickness of the benthic boundary layer. Kz can be calculated from the momentum flux in 
the boundary layer and the steepness of the velocity gradient:

K u w
dU dzz =−
' '
/

If Pe >> 1 the probability of ending up on the sediment is high – the bias is towards sinking. Conversely 
when Pe << 1, the larva is likely to remain in suspension (Vogel 2002).

In flume studies the turbulence intensity is generally artificially lowered, and we expect Péclet numbers 
to be biased towards the advective term. Studies based on models to predict flow over an intertidal flat, 
showed that the Péclet number is around one for field situations with 0.3 ms-1 flow over a sand bottom 
outside the boundary layer (Bouma et al. 2001). In this situation directional motion and turbulence are 
roughly balanced. If this holds for the boundary layer as well, small changes in vertical velocity (e.g. by 
swimming) could have an impact on the probability of settlement.

Proper Reynolds number scaling should produce proper turbulence scaling, provided that any turbulence 
introduced by the mechanism propelling the water (paddle wheel or propeller engine) is completely 
removed using collimators. However, in the field turbulence is not only generated at the bottom-water 
interface but also generated by (wind-induced) shear at the surface and wave action. Therefore, turbulence 
intensities in the field may be significantly higher than in a well-constructed flume tank (Sanford 1997).

Boundary layer theory of flow over a flat plate assumes turbulence is generated at the bottom-water 
interface, either by viscous drag (in hydraulically smooth flow) or by a combination of viscous drag and 
form drag (caused by big roughness elements) (Chriss and Caldwell 1982). Both types of turbulence 
generation at the sediment will affect settlement, but the way they influence settlement may be different. 
Hence, we simulated turbulence generation in a flume tank in two different ways: 1) using a grid, thereby 
influencing general turbulence intensity throughout the water column and 2) placing large roughness 
elements on the bottom (a ridge of pacific oysters Crassostrea gigas), thereby introducing form drag in the 
boundary layer.
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The flume results will be compared to turbulence measurements over a sandy bottom in the field at a 
wind-driven site (Knebel Vig) and a tidal driven site (Oosterschelde). These field measurements are the 
conditions encountered by intertidal bivalve larvae at their settlement stage. Our aim is to investigate 
appropriate turbulence scaling techniques in flume tanks at relevant spatial scales for issues such as larval 
settlement.

METHODS
Flume measurements

The NIOO Flume in Yerseke, the Netherlands consists of a racetrack shaped channel with a straight 
channel length of 17.55 m (Figure 5 in Chapter 1). The channel is 0.6 m wide and the water dept during 
experiments was 0.4 m. The test section with a length of 2.1 m is situated at the end of a straight working 
section of 10.8 m. Flow generated in the flume is unidirectional and generated by a conveyer belt. A 
Nortek ADV was used with a sampling volume of 9 mm high and 6 mm diameter located 0.10 m below 
the sensor head. The ADV was mounted on a computer controlled positioning system that permitted 
the ADV measuring volume to be positioned anywhere in the test-section, with an accuracy of < 10 µm. 
Time series of velocities were measured at a series of vertical positions, ranging from close to the bed (z 
= 0.01 m) to outside the boundary layer (z = 0.22 m). Step size was 0.01 m for 0.01 - 0.12 m and 0.02 
m the last part of the profile outside the boundary layer (0.12 - 0.22 m). For each position in the flow 
profile, three-dimensional flow velocity measurements were sampled at a rate of 25 Hz over a period of 
330 seconds. Turbulence is fully developed over the test section for the used free-stream velocities at a 
Reynolds number in the horizontal direction of Rex = 400000 - 1200000 and in the vertical direction Rez 
= 14000 - 60000.

Measurements of flow under ‘normal’ turbulence levels in the flume were compared to increased 
turbulence levels generated either by a grid throughout the water column or a live oyster (C. gigas) ridge 
(Fig. 1) on the sediment surface of the test section. The dimensions of the pvc grid were 0.6 m width 
(flume width) x 0.5 m height (0.4 m water depth), thickness 0.01 m. 8 rows of 9 holes of 0.05 m 
diameter were drilled at regular intervals in the grid to let the water flow through it. The grid was placed 
at different distances (three, six and nine meters) from the test section to increase the turbulence intensity 
in the experimental treatments. Measurements were taken one meter into the test-section, adding this to 
the distance of the grid to the measuring site. The oyster ridge was constructed on the sediment surface 
and was 0.18 m long in the x-direction, while stretching the whole width of the test section. The ridge 

Figure 1 b) Turbulence grid Figure 1 a) oyster ridge.
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protruded on average 0.04 (SE 0.002) m into the water column and had a maximum height of 0.06 
m. Measurements were taken at two free stream velocities, U∞ = 0.05 and U∞ = 0.15 ms-1. The flume is 
situated in a climate-controlled room. Throughout all experiments the water temperature was maintained 
at 14.4 ± 0.1 °C, salinity 33.9 ‰.

Field measurements

We measured velocity profiles and ambient turbulence levels in two systems, a wind driven system in 
Knebel Vig, Denmark (N 56° 13’14.5”, E 10° 26’ 41.9”) from the 3th - 7th of September 2001, as well as 
a tidally driven system in the Oosterschelde (N 51° 29’35.2”, E 04° 03’44.7”), the Netherlands from the 
23rd - 28th of May 2002.

Measurements were taken removed from the shore either from a boat (Knebel Vig) or from scaffolding 
(Oosterschelde). For an overview of locations see figure 2, for an overview of wind speeds see table 1. 
Water depth in Knebel Vig was fairly constant around 1.3 m. Depth in the Oosterschelde was dependent 
on tidal phase and measured between 0.25 - 3.55 m. depending on measuring day and time.

We measured flow structure with an array of three Nortek Acoustic Doppler Velocimeters (ADVs). 
Sampling occurred at 25 Hz for 330 seconds at each measuring point. Points were measured simultaneously 
with two ADVs at different heights within the boundary layer and one at 0.3 m. The ADVs were adjusted 

Figure 2. Locations a) Knebel Vig, b) Oosterschelde.

Sample day Knebel Vig Oosterschelde

1 - 3.4 - 5.4

2 ~ 1 8.0 - 13.8

3 < 1 5.5 - 7.9

4 5 10.8 - 17.1

5 - 3.4 - 7.9

Table 1. Wind speed (ms-1) at 
sample sites.
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and measurements repeated to obtain a velocity profile in one location. The ADVs were intercalibrated 
both in the field and in the flume tank. An additional shorter (30 seconds per measurement) profile, used 
for u* and z0 calculations, was made in the Oosterschelde to obtain a realistic flow profile at a steady tidal-
stage to prevent accelerative effects to cause misleading values for u* and z0 (Soulsby and Dyer 1981). In 
Knebel Vig water levels were constant (1.3 m.) while in the Oosterschelde water levels dropped by less 
than 3% (from 3.5 m to 3.4 m) and flow velocities during this profile varied between 0.34 and 0.37 ms-1 
(i.e. no more than 10%).

Data processing

Values for shear velocity u* and roughness length z0 were determined from the log profile relationship 
(described in Gross and Nowell 1983). Intuitively, z0 is the height at which the mean velocity would 
drop to zero if the log-linear relation between z and U held so close to the bed. A plot of uz vs. ln (z) 
produces a straight line of slope κ/u* for the near bed region of a steady, uniform boundary layer flow. 
The intercept of the graph is used to estimate the roughness height (z0). Eight points from within the log 
layer were used for each regression from flume measurements. These (flume) measurements were taken in 
the boundary layer, at least 0.04 m away from the substrate, to avoid boundary effects in measurements. 
For field data, only 3 heights (in duplicate, 6 measurements) could be used for the Knebel Vig data, while 
17 measurements were used for the Oosterschelde profile. Additionally, u* values were also estimated 
using the covariance method (Kim et al. 2000) where the near-bed Reynolds stress (for the flume taken at  

z = 0.01 m) is assumed to be close to the value of bed (shear) stress, τ ρ0 = −( )u w' ' . Shear stress is easily 
convertible to shear velocity by the formula (Denny 1988 p. 126, formula 9.17):

where ρ is fluid density. Turbulence Intensity (TI) (modified after Gambi et al. 1990) was calculated 
according to the formula:

TI estimates are based on the standard deviation (s) of velocity measurements. Here, in the boundary 
layer, these estimates should be fairly accurate and the influence of noise produced by the measuring 
device as described by Nikora and Goring (1998) should be limited.

Reynolds stresses are calculated directly from the velocity – time records from the ADV. Values for du/
dz were calculated from log profiles fitted to the measured data. Péclet numbers were calculated averaged 
over the boundary later. The sinking speed of a bivalve larva was estimated as 1.7 mms-1 (Jonsson et al. 
1991).

Statistical analyses

We performed a homogeneity of slopes model on ln(z) – u data to find differences between slopes 
(and thus shear velocity) of semi-logarithmic velocity profiles generated by the grid or the oyster ridge. 
When slopes were similar, we checked whether the intercept (z0) differed. Autocorrelation spectra for 
the horizontal velocity component u were calculated by using a Fourier transformation. All data points 
analysed consisted of a series of 8192 measurements.



Chapter 5

94

Turbulence levels in flume and field

RESULTS
Shear velocity and Roughness length

Shear velocity and roughness length for all experiments are given in table 2. Only a few resultant  
ln(z)-u profiles are shown (Figures 3a and b) but all had common features. The slopes of the semi-
logarithmic plots of the grid experiment differed (Fd.f = 3,24 = 16.05, p > 0.001) for the flume at high 
velocity, but not at the low velocity treatment (Fd.f = 3,24 = 2.26, p = 0.11). After analysis of covariance, the 
intercepts were found to differ in the low velocity treatment (Fd.f = 2,18 = 6.53, p = 0.007). In the oyster ridge 
treatment, all slopes differed for the high (Fd.f = 2,18 = 54.52, p < 0.001), as well as the low velocity treatment 
(Fd.f = 2,18 = 41.50, p < 0.001). In short, this means that the shear velocity changed when turbulence was 
artificially increased, except for the low velocity experiment with a grid in the flume. There, only the 
estimated roughness height (the intercept) changed. The estimate of z0 was related to the distance at which 
the grid was placed from the test section.

Covariance estimates of u* are similar compared to u* from grid-treatments calculated with the ‘law-of-
the-wall’ method. But covariance estimates are generally smaller compared to ‘law-of-the-wall’ calculations 
when an oyster ridge is present in the flume (Table 2).

Table 2. Roughness height (z0 , mm) and shear velocity (u* , mms-1) calculated for flume and field measurements.

Velocity Treatment z0 u* r2 u*(covariance)

GRID

0.05 ms-1 NO 0.22 3.04 0.93 1.92

9 m 0.01 2.09 0.84 2.04

6 m 0.05 2.56 0.97 1.32

3 m 0.04 2.48 0.83 2.03

0.15 ms-1 NO 0.23 9.11 0.99 4.28

9 m 0.18 9.53 0.98 5.78

6 m 0.01 6.51 0.94 5.81

3 m 0.00 5.77 0.98 6.09

OYSTER RIDGE

0.05 ms-1 in front 3.12 5.19 0.99 2.63

100 mm 33.05 17.08 0.97 2.93

500 mm 25.69 13.23 0.96 3.67

0.15 ms-1 in front 2.49 14.14 0.99 8.56

100 mm 34.16 51.25 0.99 6.47

500 mm 25.25 37.27 0.93 10.13

OOSTERSCHELDE

0.35 ms-1 0.03 15.19 0.86

KNEBEL VIG

0.031 ms-1 day 3 30.27 5.47 0.77

0.029 ms-1 day 3 28.79 5.39 0.65

0.071 ms-1 day 3 13.93 9.32 0.85

0.064 ms-1 day 4 0.92 4.71 0.67

0.089 ms-1 day 4 1.07 6.72 0.94
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Shear stresses measured here are generally below critical erosion shear stress values for comparable 
sediments in literature (Table 3). Only behind the oyster ridge τ0 (calculated with u* values from the 
‘law-of-the-wall’ method) is very high and erosion of the sediment is likely. The estimate of τ0 for the 
Oosterschelde site is high, since the vertical profile was made during high velocity currents. The z0 is very 
small, reflecting the smooth sand bed at the measuring location. Flow direction and speed changed during 
the five-day measuring period in Knebel Vig. Measurements in Knebel Vig are very variable caused by the 
continuously changing circumstances.

Turbulence Intensity

Introducing a grid in the flume results in increased TI levels throughout the water column for both 
velocity treatments (Figure 4a - b). The effect diminishes with decreasing distance to the sediment surface. 
The effect also decreases with distance of the grid from the test-section. Even with a grid at 3 m turbulence 
levels at the two field sites are still higher than in the flume tank.

Figure 3. Semi-logarithmic plot of ln (z) versus U at 0.15 ms-1 free stream velocity in the flume for a) a grid 
where circles represent control circumstances, triangles, squares and diamonds a grid placed three six 
and nine meters from the test-section respectively. b) an oyster ridge where circles represent conditions 
in front of the oyster ridge and triangles and squares 0.5 and 0.1 m behind the ridge respectively.

A

U (ms-1)

0.04 0.06 0.08 0.10 0.12 0.14 0.16

ln
 z

 (m
)

-6

-5

-4

-3

-2
No grid
3 m
6 m
9 m

B

0.04 0.06 0.08 0.10 0.12 0.14 0.16
-6

-5

-4

-3

-2

In front
100 mm behind
500 mm behind

Reference τc

Amos et al. (1997) 0.20

0.11 - 0.25

Austen et al. (1999) 0.16 - 1.27

Houwing (1999) 0.11 - 0.18

Peterson (2000) 0.1

Widdows et al. (1998) 0.17 - 0.18

This study τ0

Flume – control 0.01 - 0.08

Flume – grid 0.01 - 0.09

Flume - oyster ridge 0.03 - 2.17

Oosterschelde 0.24

Knebel Vig 0.02 - 0.09

Table 3. Literature values for field 
measurements of critical erosion 

stress (τc, in Pa) for sediments.
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Introducing an oyster ridge in the flume leads to highly increased turbulence in the boundary layer 
(Figure 4c - d). This effect diminishes at higher levels in the water column. A maximum of turbulence 
intensity occurred 0.1 m behind the oyster ridge at 0.01 - 0.02 m height. Turbulence levels are comparable 
and sometimes exceed natural turbulence intensities in the field over a smooth sediment surface, away 
from large objects.

Reynolds stress

When the transport of momentum is directed to the bottom, Reynolds stress is negative. For both 
velocity treatments, (absolute values of) Reynolds stress increases when a grid is placed in the water column 
(Figure 5a - b). The closer the grid is to the test section, the higher the flux of momentum to the bottom. 
Measured stresses in the flume are low compared to field measurements at similar flow velocities.
A biogenic obstacle (oyster ridge) increases Reynolds stress tremendously in the test section behind the 
ridge (Figure 5c – d). Stresses are comparable to the field in the BBL.

Figure 4. 
a) Turbulence intensity (%) in the flume with a grid and field locations at U∞ of 0.04 - 0.06 ms-1. 
b) Turbulence intensity (%) in the flume with a grid and field locations at U∞ of 0.14 - 0.16 ms-1. 
c) Turbulence intensity (%) in the flume with an oyster ridge and field locations at U∞ of 0.04 - 0.06 ms-1. 
d) Turbulence intensity (%) in the flume with an oyster ridge and field locations at U∞ of 0.14 – 0.16 ms-1.
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Figure 4. 
a) Turbulence intensity (%) in the flume with a grid and field locations at U∞ of 0.04 - 0.06 ms-1. 
b) Turbulence intensity (%) in the flume with a grid and field locations at U∞ of 0.14 - 0.16 ms-1. 
c) Turbulence intensity (%) in the flume with an oyster ridge and field locations at U∞ of 0.04 - 0.06 ms-1. 
d) Turbulence intensity (%) in the flume with an oyster ridge and field locations at U∞ of 0.14 – 0.16 ms-1.

A

0.0
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0.6
No grid
3 m
6 m
9 m
Knebel Vig
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D
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in front 
100 mm 
500 mm
Oosterschelde 

Figure 5. 
a) Reynolds stress (Pa) in the flume with a grid and field locations at U∞ of 0.04 – 0.06 ms-1. 
b) Reynolds stress (Pa) in the flume with a grid and field locations at U∞ of 0.14 – 0.16 ms-1. 
c) Reynolds stress (Pa) in the flume with an oyster ridge and field locations at U∞ of 0.04 – 0.06 ms-1. 
d) Reynolds stress (Pa) in the flume with an oyster ridge and field locations at U∞ of 0.14 – 0.16 ms-1.

A

0.0

0.1

0.2

0.3

0.4

0.5

0.6
No grid
3m
6m
9m
Knebel Vig
Oosterschelde

B No grid 
3m 
6 m
9 m 
Oosterschelde

C

Reynoldss stress (Pa)

-0.04 -0.03 -0.02 -0.01 0.00

z/
h

0.0

0.1

0.2

0.3

0.4

0.5

0.6
in front oysters
100 mm 
500 mm 
Knebel Vig
Oosterschelde

D

-0.25 -0.20 -0.15 -0.10 -0.05 0.00

in front oysters
100 mm 
500 mm
Oosterschelde

velocity treatment average BL

GRID 0.05 ms-1 No 12.5

9 m 9.8

6 m 8.5

3 m 4.3

GRID 0.15 ms-1 No 2.8

9 m 1.8

6 m 1.4

3 m 0.8

OYSTER RIDGE 0.05 ms-1 In front 8.8

0.1 m 7.3

0.5 m 3.1

OYSTER RIDGE 0.15 ms-1 In front 4.0

0.1 m 3.6

0.5 m 1.4

OOSTERSCHELDE 0.35 ms-1 0.4

Table 4. Péclet numbers averaged over 
total boundary layer height (0.12 m).
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Péclet number

Generally the Péclet number decreases when a grid is placed in the flume (Table 4). The effect is more 
pronounced when the grid is close to the measuring equipment in the test-section. Behind the oyster 
ridge Péclet numbers also decrease. Directly behind the ridge the effect is not as strong compared to 0.5 
m behind the ridge. An abrupt change in bottom roughness results in an internal boundary layer growing 
from the leading edge of the roughness (Chriss and Caldwell 1982). There is a delay in effect behind the 
obstacle. Péclet numbers in the flume under normal conditions are high when compared to the field. 
When a grid is placed close to the test-section Péclet numbers are of the same magnitude compared to 
the Oosterschelde.

Spectral analysis

Autocorrelation spectra indicate that the 25 Hz sampling rate is adequate to resolve the turbulent 
fluctuations relevant to this study. Isotropic turbulence was observed. In general all spectra revealed the 
existence of the inertial subrange at high frequencies, where they follow the “-5/3” law (Tennekes and 
Lumley 1999). Only a few resultant spectral density profiles are shown (Figures 6a, b and c) but all had 
common features. Spectral density (m2s-1) increases in the low frequency region when a grid is placed in 
the water column for both velocity treatments (0.05 and 0.15 ms-1) at measuring heights of 0.05 and 
0.12 m (Figure 6a). This effect generally is stronger when the grid is closer to the test-section. At 0.05 m 
height, the increase is 1.2 to 3.0 fold, while higher up in the water column at 0.12 m the spectral density 
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is 2.7 to 3.6 times higher. When the oyster ridge is acting as an obstacle, spectral density also increases in 
the low frequency region (Figure 6b), at 0.50 m behind the ridge this effect is stronger than at 0.10 m. 
The increase at 0.05 m height is 1.8 - 3.0 times at 0.10 m behind the ridge, while 0.50 m downstream 
the spectral density increases 7.0 - 7.8 fold. At 0.12 m height the increase is 0.8 - 2.5 and 2.2 - 2.9 times 
respectively. Also shown are spectral densities at the field sites at 0.12 m height (Figure 6c).

DISCUSSION
Field vs. flume measurements

Proper Reynolds number scaling assures that a comparison between a flume and field sites is possible 
(Nowell and Jumars 1984, 1987, Petersen et al. 1999, Jonsson et al. in prep). Reynolds numbers calculated 
for our laboratory set-up and field sites are comparable. For the flume in the vertical direction (where L is 
water depth), the Rez values are 14000 (0.05 ms-1) and 60000 (0.15 ms-1). For estuaries such as Knebel Vig 
a channel Reynolds number is not really appropriate. However, a Reynolds number with the water depth 
as the characteristic length should give an order of magnitude value to which we can compare the values 
from the flume for scaling purposes. For Knebel Vig Rez ranged between 30000 (0.02 ms-1) and 98000 
(0.09 ms-1). The situation in the Oosterschelde is extremely dynamic, particularly over the intertidal flats. 
At certain stages in the tidal cycle there may only be a few cm of slow flowing water over the bottom, 
preventing development of turbulence completely. The vertical Reynolds numbers for the Oosterschelde 
ranged between 60000 and 300000 (0.15 ms-1) and around 810000 (0.35 ms-1), depending on the tidal 
stage.

Flow over a surface at a particular point will be affected by the bottom surface structure upstream. 
Depending on flow velocity, even moderately large roughness structures may have noticeable wake effects 
several meters downstream (Chriss and Caldwell 1982). Wake effects at high velocity reach quite far, at low 
velocity they dissipate quickly. This is a problem with interpreting field measurements where roughness is 
seldom uniform and not all physical structures upstream are characterised in detail. Patchiness on many 
scales is the norm.

The flume tank produces a continuous uniform flow. But ecological dynamics might not be determined 
by average input. Instantaneous stresses and events might be more important; variability might be a bigger 
influence on processes than assumed under experimental set-ups.

Comparison of results among experimental ecosystems and extrapolation of results to nature will remain 
difficult until the ecological consequences of these differences in scale are understood and addressed. 
Results should be interpreted in light of the scaling decisions made in the experimental design (Petersen 
et al. 1999).

Boundary layer structure

For an estimate of z0 and u* from the logarithmic profile, at least three and preferably four or five 
simultaneous measurements at different elevations are necessary (Xu et al. 1994). We use eight measurements 
and thus should have a reliable estimate. In macro-rough flows, an internal boundary layer may exist with 
friction velocities not easily related to those of outer logarithmic layers (Gust 1988). Behind the oyster 
ridge there is clear evidence of an internal boundary layer, as described by Chriss and Caldwell (1982). 
The internal boundary layer is caused by form drag induced by large roughness structures. Methods used 
to estimate z0 and u* rely on boundary layer theory based on a single log-layer. In the case of an internal 
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boundary layer, using the law of the wall to estimate u* will lead to estimation errors instead of reliable 
calculations. Shear velocity estimates are much larger than expected based on the rule of thumb, which 
estimates u* to be of an order of magnitude between 1/15 and 1/20 of U∞. The covariance method, which 
assumes a more or less constant measure of Reynolds stress throughout the boundary layer (Kim et al. 
2000), seems to yield a more realistic u* estimate in this case (Table 2) even though conditions are not met 
(Figures 5c and d). Applying different methods to calculate u*, as suggested by Kim et al. (2000), seems a 
good way to reach a valid estimate of u*.

Over a flat (sand bed) in a flume we expect a smooth, continuous viscous sublayer (Schlichting 1979, 
Nowell and Jumars 1984) at our flow velocities. In this case the roughness length is not related to the 
height of the roughness elements, but to the thickness of the viscous sublayer. Induced turbulence in the 
water column of the flume might cause erosion of this layer. An indication for this erosion process is the 
decreasing roughness height (z0) calculated at the same effectual bed roughness in the test section when a 
grid is placed throughout the water column (Table 2). This indicates a decrease in height of the viscous 
sublayer caused by increased turbulence. A proposed mechanism is more frequent sweep and burst events, 
due to increased turbulence intensity, disrupting the continuity of the layer and thus causing erosion of 
the viscous sublayer. A decrease in thickness or erosion of the layer would promote more transport into the 
region. This could result in more transport of larvae to the bottom, increasing probability of settlement. 
On the other hand it could also complicate settlement at a site through resuspension of larvae.

Turbulence

Using turbulence intensity enables a comparison between situations with different flow velocities since 
it takes local flow speed into account. Placing a grid perpendicular to the flow direction of the flume is 
a valuable tool to increase the turbulence intensity throughout the water column in a controlled way. 
Bottom roughness can increase turbulence intensity dramatically in the lower part of the boundary layer 
but has little effect on turbulence intensity in the water column (Figure 4). This means that it is possible 
to adjust turbulence intensity in a flume.

At maximum boundary layer height, spectral density increases 2.7 - 3.8 fold compared to normal 
turbulence levels. The oyster ridge shows that an obstacle in the boundary layer can increase local turbulence 
up to 7.8 times at peak turbulence height. This is due to flow disruption by the obstacle. Gambi et al. (1990) 
showed a similar effect of flow disruption by a seagrass canopy. Chriss and Caldwell (1982) demonstrate 
different logarithmic parts in the boundary layer above the viscous sublayer created by flow obstruction. 
Protruding structures (roughness elements) affect the hydrodynamic environment near the bed (Crimaldi 
et al. 2002). Their size, geometry and numerical density will determine the properties of near-bed flow, 
including the magnitude of the shear stress exerted on the bed, the rate of fluid, or momentum, transport 
and the production of turbulence (Eckman et al. 1981, 1983, this study). The rate of fluid transport to the 
bed will affect immigration rates of animals dispersed passively by lateral advection. Protruding structures 
are an additional or alternative hypothesis to explain the difference in roughness height between day 3 and 
4 in Knebel Vig. Although measurements were always conducted several meters away from nearby mussel 
beds or seagrass clumps we cannot completely exclude wake effects on the flow profiles. Certainly wind-
driven waves had a pronounced effect. Compared to field turbulence levels in Knebel Vig day 4 (0.12 m 
height, app. 0.05 ms-1 flow velocity), the turbulence levels in ‘normal’ flume settings are 7.5 - 38.4 times 
lower. That day had wave action generating turbulent energy with waves penetrating down to the bottom. 
These values are derived from 0.12 m height, so above the boundary layer. It might be more relevant for 
studies into larval settlement to concentrate on the turbulence in the lower part of the boundary layer. 
As shown in figure 6c wind induced waves generate turbulent energy in the field, wave frequencies show 
up in the inertial subrange. Studies of turbulent dissipation rates should include measurements of wind 
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speed and, if possible, wave height prior to and during the sampling interval. This improvement in data 
reporting would facilitate comparisons of turbulence measurements across environments and of in situ 
dissipation rates with estimates derived from theoretical and empirical models (MacKenzie and Legget 
1993).

Sinking vs. mixing

We use the Péclet number to estimate the ratio between advective motion and turbulent diffusion. 
These two processes are important because they determine the position of a small larva in the boundary 
layer. Since the boundary layer is an important velocity gradient layer, which the larvae have to pass 
before ending up on the sediment, this is the most relevant length scale for this process.

The introduction of a grid or oyster ridge, generating turbulence with different origin and magnitude, 
results in similar Péclet numbers. Turbulence affects (lowers) the Péclet number.

The Péclet number in the flume under normal circumstances is relatively high compared to similar 
flow velocities in the field despite the fact that the similarity in Reynolds numbers suggests a similarity 
in turbulence levels and the spectral analysis indicates that even at the lower flow velocity the flow in 
the flume is fully turbulent. Placing a grid at 3 meters in front of the test-section lowers the Péclet 
number to field values. The presence of the oyster ridge on the bottom lowers the Péclet number in the 
boundary layer. Higher values found for the Péclet number under normal flume conditions point to a 
bias towards sinking under laboratory conditions in the flume. This bias is most likely caused by the fact 
that flow in the flume will have gone through diffusers, collimators and laminisers in the bends to break 
up undesired cross-stream or circulation of the water flow (Nowell and Jumars 1984). A diffuser tube 
grid (honeycomb) acting as a collimator can tailor the flow and incoming turbulence (Laws and Livesly 
1978). In a well-constructed flume tank the primary source of turbulence is the bottom shear in the BBL. 
In the field waves, wind induced surface shear and upstream obstacles add to the turbulence levels. Péclet 
numbers (and thus the ratio between directional motion and turbulent motion) can be influenced by  
(re-)introducing turbulence into the water column.

Predictions of Péclet numbers for a field situation with a horizontal current velocity of 0.30 ms-1 with 
a modelled Kz estimate this ratio to be around one at z = 1 m height (outside the boundary layer) (Bouma 
et al. 2001). Neither sinking, nor dispersion through turbulent motion would be dominant according to 
these calculations. Our measurements in the Oosterschelde for similar flow velocities (0.36 ms-1) at 0.12 
m height above the sediment surface confirm that the Péclet number calculated from velocity profiles 
in the boundary layer are of the same order of magnitude (Table 4). For the Péclet estimates we took 
measured values (either in the flume or in the field) for the turbulence component, but we used only one 
estimate of the advective component (the sinking velocity). This estimate is based on sinking velocity of 
dead cockle larvae (Jonsson et al. 1991). There might be a difference in sinking velocity between dead 
and actively swimming larvae, even species-specific differences (pers. observation). Rather than through 
directional swimming (which is doubtful in a turbulent environment), larvae could affect their vertical 
velocity by either active swimming (non directional) or refraining from swimming. This would change 
the Péclet number. In this situation swimming would affect settlement success of larvae. This could be 
an alternative or additional hypothesis to explain the discrepancy between the mostly passive deposition 
of larvae in flume studies (Butman et al. 1988, Snelgrove et al. 1993, Harvey et al. 1995, Harvey and 
Bourget 1997), and the observed selection of recruitment sites in the field (Gregoire et al. 1996). Previous 
flume studies were probably biased towards directional sinking and thus more or les passive settlement of 
larvae. In the case of designing experiments to study settlement of bivalve larvae care should be taken to 
scale turbulence in the experimental set-up the same as in field sites. Flumes are useful tools in settlement 
experiments as long as turbulence is properly scaled. We suggest that the use of a turbulence grid or 
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obstacle to generate flow with turbulence scales similar to field conditions will add to the understanding 
of settlement processes of invertebrate larvae in the field. The Péclet number is a scaling parameter we 
should take into account when using a flume to study settlement of small planktonic larvae.

Implications for larval settlement studies

For other invertebrate larvae like barnacle cyprids (Grosberg 1982, Mullineaux and Butman 1991), 
cercariae (flatworm larvae) (Fingerut et al. 2003), and polychaetes (Butman et al. 1988, Butman and 
Grassle 1992) it is known that interactions between larval behaviour and the flow regime can result in local 
(centimeters to meters) variations in settlement. Previous flume studies on bivalve larvae however, pointed 
to at least partly passive settlement (Butman et al. 1988, Harvey et al. 1995, Harvey and Bourget 1997, 
Snelgrove et al. 1993,). Oyster larvae are known to exhibit active substrate choice in flow (Turner et al. 
1994, Zimmer-Faust and Tamburri 1994, Finelli and Wethey 2003) but these larvae are better swimmers 
than soft-sediment bivalve larvae (pers. observation). In the field a dominant effect of hydrodynamics 
(ranging in ms-1) is presumed over the weak swimming capabilities (in mms-1) of bivalve larvae (Nowell 
and Jumars 1984, Snelgrove et al. 1993, Koehl and Powell 1994, Bouma et al. 2001).

The results of this study present evidence for the hypothesis that the settlement phase for weakly 
swimming bivalve larvae as well could be more dependent on active behaviour in the field than 
previously presumed according to flume studies. We hypothesise that, unlike in previous flume studies, 
in field circumstances turbulence and advection are roughly balanced (Bouma et al. 2001) and (vertical) 
swimming or deliberate sinking, which influences the advection component, could make a difference in 
settlement probability for small bivalve larvae. These vertical movements might be triggered by external 
cues (Turner et al. 1994, Kingsford et al. 2002). Planktotrophic bivalve larvae only profit from bottom-
directed cues, after they become competent to metamorphose (Thorson 1964). Swimming capabilities 
of competent larvae decrease with age. This is caused by disintegration of the velum and development 
of a foot. Diminished swimming capabilities combined with a higher body weight will result in a higher 
sinking velocity and cause hydrodynamics to have more influence (Snelgrove et al. 1993). Influence on 
settlement site through active swimming probably decreases when the need to settle becomes more urgent. 
An additional mechanism for selection of sites through active swimming could be active acceptance or 
rejection of touchdown sites (Butman and Grassle 1992). If these processes interact then bivalve larvae 
might be able to influence transport rate to the bottom by swimming, where they could sample the 
habitat and choose to stay or swim up again and thus actively influence settlement site.
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