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Abstract

Suspension feeders may deplete the near-bed layer of food particles, limiting growth of downstream individuals.
In a field experiment, we examined food depletion above a bed with bivalves (Cerastoderma edule) compared to
beds devoid of suspension feeders and how depletion depended on boundary-layer flow. Water above the test plots
was sampled with an array of artificial siphons mimicking bivalve inhalant flow. Along the 3-m bed with bivalves,
chlorophyll a (Chl a) in the near-bed layer was depleted by 5–30%. Contrary to expectations from turbulent mixing,
Chl a depletion increased with friction velocity. To explore the possibility that the bending of the exhalant jet in a
strong boundary-layer flow could lead to this depletion, we studied the advection and turbulent diffusion of exhalant
water by the injection of fluorescent dye through artificial siphons. The plume of fluorescent dye indicated that the
interaction between the exhalant jet and horizontal water flow strongly affected the near-bed mixing of depleted
water. At high ratios between jet and friction velocities (VR), the vertical momentum of the exhalant jet reduced
the proportion of exhalant water reaching downstream neighbors. A hydrodynamic model incorporating inhalant
and exhalant flows in the boundary layer predicted that exhalant jet flow lines reach the bed immediately downstream
when the VR ratio is ,20, potentially increasing refiltration at higher flow speeds due to jet bending. However, the
model could not reproduce the observed increase in refiltration with increasing friction velocity in simulations of
aggregated filtration in a bed of bivalves.

There is a strong sense that beds of benthic suspension
feeders have a profound effect on water column character-
istics (Petersen 2004) and that the removal of suspended
particles also has implications for ecosystem functions such
as water visibility (Cloern 1982), bloom formation (Koseff
et al. 1993), nutrient regeneration (Asmus and Asmus 1991;
Dame 1996), oxygen deficiency (Jørgensen 1980), and sed-
iment erosion (Paterson and Black 1999). Benthic suspen-
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sion-feeders can thus act as a filter with respect to eutro-
phication of shallow estuaries (Cloern 2001). Dense beds of
suspension-feeding bivalves, e.g., blue mussels (Mytilus ed-
ulis), cockles (Cerastoderma spp.), and clams (Mya aren-
aria) have been shown to have the potential to clear the
water column of particles on time scales of ,1 d (Cloern
1982; Muschenheim and Newell 1992; Petersen et al. 2002).

The activity of benthic suspension feeders has been shown
to result in a near-bed layer depletion of particles (Wildish
and Kristmanson 1979; Fréchette et al. 1989; Dolmer 2000).
Elaborate laboratory studies of flume flow have demonstrat-
ed that, under realistic flow regimes, a concentration bound-
ary layer may build up, indicating significant refiltration in
dense bivalve beds (Monismith et al. 1990; O’Riordan et al.
1995; Sobral and Widdows 2000). The coupling between
water column seston and benthic suspension feeding is, how-
ever, still poorly understood, particularly in quantitative and
predictive terms (e.g., Koseff et al. 1993; Petersen 2004).
The impact of dense beds of bivalves, i.e., the realization of
the benthic grazing potential, will depend on the mixing
characteristics of the area investigated.

Another aspect of the formation of a particle-depleted
near-bed layer is that the growth rate for downstream indi-
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Fig. 1. (A) Schematic drawing of relative positions of the ex-
perimental plots and artificial siphons collecting water for Chl a
measurements. In each group of siphons (5 cm within-group dis-
tance), the three siphons were adjusted to a height of 0–0.5, 2, and
8 cm above the bed, respectively. From all siphons, plastic tubes
were connected to a bank of peristaltic pumps on shore. (B) Close
view of an artificial siphon buried in the sediment. (C) Positions of
the experimental plots and artificial siphons for the experiments
with the release of fluorescently marked exhalant water. The filled
circles in front of each test plot represent the siphons releasing the
fluorescent dye. The open circles within the test plots represent in-
halant siphons (20 cm within-group distance) collecting water from
a height of 0–0.5 cm above the bed.

viduals may be affected. Bivalves are dependent on the flow
of water to supply them with food, i.e., they are hydrody-
namically limited (Wildish and Kristmanson 1997). Food de-
pletion is thus hypothesized to be a key factor explaining
spatial patterns of growth rate and bed geometry (Peterson
and Black 1987; Herman et al. 1999). Improved predictions
of food limitation and spatial variability in the production of
suspension feeders will require better models based on a
mechanistic understanding of how individual feeding char-
acteristics interact with food composition and near-bed flow.
For bivalves, it is of particular interest how the exhalant
current is mixed in the boundary-layer flow and how this
controls the refiltration proportion for downstream individ-
uals.

To our knowledge, no study has yet investigated food de-
pletion and the mixing of exhalant water under field condi-
tions with often unsteady flow and complex bed roughness.
Previous studies have focused either on correlative field
measurements in order to test for the presence of near-bed
food depletion (Wildish and Kristmanson 1984; Muschen-
heim and Newell 1992; Dolmer 2000) or on laboratory ex-
periments with the objective of describing the mechanisms
involved in the development of a food-depleted near-bed lay-
er (O’Riordan et al. 1993, 1995). The objective of this study
was to better understand how siphon flow affects refiltration
for downstream individuals under field conditions. This was
achieved by combining field experiments using food deple-
tion in a manipulated bed of the bivalve Cerastoderma edule
with field studies of the distribution of fluorescently marked
exhalant water using artificial siphons. Data are then inter-
preted using a numerical model that explicitly solves for the
concentration field around inhalant and exhalant siphons as
a function of friction velocity and siphon flow.

Materials and methods

Study site—Field experiments were carried out in a nar-
row channel between the islands of Tjärnö and Saltö close
to the Tjärnö Marine Biological Laboratory (588539N,
11889E). The channel is 100 m long and ca. 8 m wide with
a maximum depth of 0.5–1.5 m, depending on tide, wind,
and air pressure. The tidal amplitude is only ca. 0.3 m, and
geostrophic and wind-forced flows also contribute signifi-
cantly to the water current through the channel. The channel
bed consists of sandy sediment with dead bivalve shells and
low densities of the cockle C. edule (Linneaus 1758) and
the clam M. arenaria Linneaus 1758.

Experimental plots—To study the effect of bivalve sus-
pension-feeding on the near-bed concentration of chlorophyll
a (Chl a), the density of C. edule was manipulated in a 3-
3 1-m plot located in the middle and parallel to the channel.
The density in the experimental plot was increased to 540
individuals m22, which is a high density but typical of many
patches of C. edule (André and Rosenberg 1991). To make
sure that an upstream control was available regardless of
flow direction in the channel, two control plots (3 3 1 m)
without C. edule were marked on either side of the experi-
mental plot at a distance of 1.5 m (Fig. 1A). After the ex-
periments, three subsamples of 0.1 m2 each were removed

from the plots, and the number, size, and weight of the cock-
les were determined. The average shell length of the C. edule
population in the experimental plot was 32 6 4.5 mm (mean
6 SD, n 5 100) and the tissue dry weight (dried at 608C
for 24 h) was 1.4 6 0.23 g (mean 6 SD, n 5 100).

Near-bed Chl a—Samples were collected from the up-
stream control and the cockle plots by pumping seawater
through artificial siphons with an opening diameter of 3 mm,
similar to the inhalant opening of C. edule (Fig. 1B). The
siphon support with the collecting tube was buried in the
sediment with only the siphon protruding. Along the midline
of each test plot, three groups of artificial siphons were
placed at the leading, middle, and trailing edges, respectively
(Fig. 1A). The three siphons in each group were adjusted to
open 0–0.5 (natural height), 2, and 8 cm above the seabed,
where 0–0.5 cm was regarded as flush with the sediment
(considering the roughness of the bed). Above each test plot,
one siphon was attached to a buoy 50 cm above the bed.
The polyethylene tubes (diameter: 3 mm, length: ,20 m)
were buried in the sediment to avoid interference with the
flow. All tubes were brought to the shore, where they were
connected to peristaltic pumps. The pumping rate through
each siphon was ca. 50 mL min21, which is similar to the
water-processing rate of a large C. edule (André et al. 1993).
Simultaneous samples from all the siphons in the experi-
mental plot with C. edule and the siphons in the upstream
control plot were collected for 6 min (ca. 300 mL), discard-
ing more than the initial 100 mL that represents the tube
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Table 1. All experimental series and the measured flow conditions (some series share flow measurements). Flow speed is given as the
result of x, y, and z components at a height above the bed of 20 cm, except for 24 November, which refers to a height of 10 cm. RMS is
the standard deviation of the resultant flow speed over a 3-min sampling period (25 Hz). Friction velocity ( ) was calculated from averageu*
Reynolds stress at the heights of 4 and 8 cm (see Eqs. 2, 3). Dates refer to the year 1998.

Experimental series Samples (No.) Date
Flow speed

(cm s21) RMS (cm s21) (cm s21)u* Time (hh : mm)

Chl a reduction 20 4 Sep 17.3

20.4

20.6

2.94

3.45

3.71

1.15

1.19

1.75

10 : 00
10 : 30
11 : 50
12 : 20
13 : 00

26.0 4.00 2.01

13 : 30
14 : 00
14 : 30
14 : 50
15 : 20

5 Sep

29.3

19.9

4.49

3.90

2.04

1.19

16 : 00
16 : 30
9 : 50

10 : 20
10 : 40

6 Sep
19.9
16.6

13.6

3.90
2.77

2.63

1.31
0.89

0.46

11 : 00
6 : 50
7 : 20
7 : 40
8 : 00

8.70 1.80 0.68

8 : 30
9 : 00
9 : 20
9 : 50

10 : 20

7 Sep 10.8

7.10

1.77

1.31

0.74

0.87

10 : 40
18 : 50
19 : 20
20 : 00
20 : 30

Dye release 27 10 Sep 22.0

27.5

4.30

4.73

1.64

2.06

13 : 50
14 : 30
15 : 10
15 : 40
17 : 00

Dye release, local 28
12

18 Nov
24 Nov

4.40
5.00

0.67
0.65

0.30
0.45

13 : 50
14 : 00

volume (error of between-sample contamination was
,10%). Immediately after collection, a subsample of 100
mL from each siphon was first prefiltered through a 100-mm
sieve to remove zooplankton and macrophyte parts. The
sample was then filtered through a GF/C filter, soaked in 10
mL of 96% ethanol, and placed in a cool, dark location for
24 h. After extraction in ethanol, the Chl a content was mea-
sured fluorometrically (Turner Design 450). Fluorescence
units were converted to weight of Chl a (mg L21) by cor-
relation with standards. For 4 d, 30 series of samples from
each siphon were collected (a total of 600 samples, see Table
1).

Release of fluorescent dye in the near-bed layer—To ex-
plore the effect of bending of the exhalant jet in the bound-
ary-layer flow, we performed a series of field experiments
in which advection and turbulent diffusion of bivalve ex-

halant water in the near-bed layer was mimicked. The gen-
eral design in these experiments involved the injection of
fluorescently marked seawater through an artificial siphon
and downstream sampling of the plume of the fluorescent
marker. Fluorescently marked seawater was prepared by dis-
solving ca. 1 g of either rhodamine B or fluorescein in 2.5
liters of near-bed seawater and keeping this at field temper-
ature to minimize density differences.

In the first series of experiments, one dye-injection siphon
was mounted with its opening 0–0.5 cm above the sediment
25 cm upstream of the first control plot and connected to a
peristaltic pump on shore with a 20-m polyethylene tube
(Fig. 1C). The tube diameter was 3 mm (similar to cockle
exhalant openings), and injection rates ranged from 26 to 54
mL min21, which give realistic exhalant velocities for C.
edule. A second injection siphon was placed 25 cm upstream
of the experimental plot with C. edule, and a third injection
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siphon was placed 25 cm upstream of the second control
plot. The first and third siphons injected water marked with
rhodamine B, and the second siphon (C. edule plot) released
water with fluorescein (Fig. 1C). The use of two separate
dyes prevented contamination from the first to the second
plume, and when the first rhodamine B plume encountered
the second control plot, its concentration was two orders of
magnitude lower than in the second downstream plume of
rhodamine B. The uncontaminated fluorescein plume could
be monitored along two test plots for a total of 6.75 m. In
each test plot, nine artificial siphons collected water at a
height of 0–0.5 cm above the sediment as described above.
The nine siphons were distributed in three groups placed at
the leading, middle, and trailing edge, respectively. In each
group, one siphon was placed at the test plot midline, and
the two others on each side of the midline were placed at a
distance of 20 cm (Fig. 1C). To ensure sampling of the
plume core, which varied slightly in direction on short time
scales, the sample with the maximum concentration at each
distance was selected for analysis of turbulent diffusion (Eq.
1). Collection of near-bed water was set to ca. 50 mL min21

and carried out as described for the Chl a samples above.
This was repeated five times, making a total of 135 samples
(Table 1).

The experiments described above on the distribution of an
exhalant plume only considered distances between exhalant
and inhalant siphons .25 cm. In many natural populations
of C. edule, adjacent individuals may be considerably closer.
To investigate local effects of the flow-induced bending of
the exhalant jet, a second series of experiments was per-
formed. Four artificial siphons that collected water 0–0.5 cm
above one of the control plots were placed 6, 11.5, 16.3, and
25.5 cm downstream of the siphon injecting a fluorescent
marker (fluorescein). Water was collected as described
above, and the experiment was repeated three, four, and three
times with injection rates of 54, 29, and 26 mL min21, re-
spectively (40 samples, Table 1). These flow rates corre-
spond to jet velocities between 6 and 13 cm s21. As sug-
gested by O’Riordan et al. (1995), the downstream
distribution of the exhalant water was plotted as a function
of the ratio between the exhalant jet speed and the friction
velocity and was termed the velocity ratio (VR). The con-
centrations of fluorescent markers in all samples were mea-
sured on a spectrofluorometer (Shimadzu RF-510) using ex-
citation wavelengths of 546 and 494 nm and recording
emission at 578 and 520 nm for rhodamine B and fluores-
cein, respectively. To describe the plume of exhalant water,
a plume model for a point source in a boundary layer was
used (Okubo 1980):

2Q n22 2 2 2 22x [(y /c )1(z /c )]y zC 5 e (1)(x,y,z) 22npUc c xy z

where C(x,y,z) is the concentration downstream located in
space by the Cartesian coordinates x, y, and z; Q is the emis-
sion rate of the exhalant water; U is the flow speed; and cy,
cz, and n are empirical constants. From the data on the dis-
tribution of exhalant fluorescent marker obtained from the
field experiments, the constant n was fitted from the slope
of the logarithmic concentration against the logarithmic dis-

tance. The constants cy and cz were coarsely fitted to the
initial width of the plume (estimated with a ruler 0–3 m
downstream) and given the values 0.3 and 0.4, respectively.
The fit to experimental data was excellent for distances
.0.25 m (see ‘‘Discussion’’ for deviations close to the ex-
halant jet).

Flow measurements—At regular intervals during the col-
lection of seawater samples from the artificial siphons, the
instantaneous flow speed was measured with an acoustic
Doppler velocimeter (ADV; Nortek AS). The ADV probe
measures all three velocity components in an active volume
(ca. 6 3 6 3 6 mm3) located 5 cm below the receivers.
Velocity measurements were recorded by a computer (sam-
pling frequency: 25 Hz) and corrected for temperature and
salinity. The ADV probe was mounted on a vertical steel
pole attached to an aluminum tray that was placed on the
seabed between the control and experimental plot. The active
volume of the ADV probe was initially adjusted to ca. 0.5
cm above the bed, and a 3-min sample of current velocity
was collected. This was then repeated to obtain flow speeds
from six heights up to 20 cm above the bed. To obtain mea-
surements within a short time interval, friction velocity was
calculated from the Reynolds stress (tR) as:

tRu* ø (2)! r

where r is the seawater density. Reynolds stress was cal-
culated from the correlation between the turbulent velocities
u9 and w9 as:

rR 5 u9w9r (3)

Reynolds stress was similar at 4 and 8 cm above the bed,
which is 5–10% of the boundary-layer thickness, indicating
that there is a constant stress layer (Schlichting 1979) and
that Reynolds stress dominated the total stress. When com-
parisons were possible (steady flow conditions), the friction
velocities were also estimated from the velocity gradient in
the logarithmic layer according to Schlichting (1979):

u* z
u 5 ln (4)z 1 2k z0

where uz is horizontal velocity at depth z, z0 is the roughness
height, and k is the von Karman’s constant (0.4). Estimates
of friction velocity from Reynolds stress and from the ve-
locity gradient showed good agreement.

Model of refiltration in beds of C. edule—In an attempt
to test the hypothesis that increasing the bending of the in-
halant jet at higher boundary-layer flow speeds caused en-
hanced refiltration in beds of C. edule, we formulated a hy-
drodynamic model based on the Reynolds averaged Navier–
Stokes (RANS) equation for the siphon velocity field in a
turbulent boundary layer and an advection-diffusion equa-
tion. Initially, a fully three-dimensional model was formu-
lated, but the numerical solutions were too demanding in
terms of computational power requirements. Instead, the ad-
vection-diffusion equation describes the two-dimensional
concentration field (in the x–z-axes) of a particulate, neu-
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trally buoyant marker advected by the velocity field along a
bed of C. edule of infinite width (along the y-axis). The
Reynolds average of a quantity u is the same as the time
average for our purposes and is designated with a capital U.
The RANS equation is (e.g., Tennekes and Lumley 1972):

]U ]U 1 ]P ] ]Ui i i1 U 5 2 1 n 2 u9u9j i j1 2]t ]x r ]x ]x ]xj i j j

]Ui 5 0 (5)
]xi

Here, Ui is the velocity component along the xi-axis (x1 5
x, x2 5 z), r is the water density, n is the kinematic viscosity,
and 2u u is called the specific Reynolds stress tensor. The9 9i j

specific Reynolds stress tensor needs to be modeled. Here,
a nonlinear k-«-model was used, resulting in two extra equa-
tions to solve simultaneously with the RANS equation (Craft
et al. 1996). The influence of cockles on the boundary layer
flow entered the model as boundary conditions for Eq. 5.
The siphonal openings were modeled as parabolic inflow and
outflow profiles on the bottom with the exhalant siphon 1.8
cm downstream of the inhalant siphon. To obtain a realistic
boundary-layer profile, the flow was modeled for a length
of 0.5 m in front of the leading edge of the bivalve bed.

The cockles are assumed to clear the fluorescent marker
from the water with 100% efficiency. Advection is computed
using the obtained Reynolds averaged velocity field. The
time course of advection over the length of the cockle bed
is considered sufficiently short to ignore internal sources and
sinks of the particulate marker. On the basis of the assump-
tions above, the balance between advection and turbulent
diffusion is described as follows:

]C ]C ] ]C ]
1 U 5 G 2 (u9c9), (6)j j1 2]t ]x ]x ]x ]xj j j j

where G is the diffusion constant, the turbulent mass flux
u cj accounts for the extra transport of C due to turbulence,9j
and C is the Reynolds averaged mass concentration of the
marker. The turbulent mass flux is modeled as follows:

]C
9u c9 5 2G , (7)j t]xj

where Gt is the turbulent diffusion and can be obtained from
the k-«-model. The partial differential equations (Eqs. 5, 6),
including the extra turbulence equations, were discretized
over a two-dimensional domain, including the bivalve bed,
using finite difference methods and were solved numerically.
The model was solved using parallel computing on an IBM
SP with multiple computational nodes (16 processors per
node). A description of the software used in the discretiza-
tion and solution step can be found in Nilsson (2002). In a
series of simulations, we explored the effects of friction ve-
locity (0.001–0.04 m s21), exhalant jet velocity (0.025–0.1
m s21), and bivalve density (intercockle distance: 0.05 and
0.1 m) on both local effects (reattachment distance of flow
lines) and aggregated refiltration along the bed.

Statistical methods—If not otherwise indicated, data are
reported in the text, tables, or figures as means with a 95%

confidence interval. Analysis of variance (ANOVA) was
used to test for differences in Chl a and the % reduction of
Chl a. Changes in Chl a concentration were tested in a three-
factor ANOVA, with the plot type and distance from the
leading edge as fixed factors and the date as a random factor.
In a two-factor ANOVA for each date, we tested for differ-
ences in % Chl a reduction with the plot type and height
above the bed as fixed factors. Tests for homogeneity of
variances were performed using Cochran’s test (Underwood
1996). Tests of correlation between Chl a depletion and fric-
tion velocity were performed with the nonparametric Spear-
man’s correlation. In all tests, a type I error (a) of 0.05 was
used.

Results

Flow regime—The water current through the channel
flowed north during all experiments, although the speed var-
ied on short time scales. The velocity profile in the near-bed
layer was approximately logarithmic on most occasions (r2

. 0.9). Table 1 shows a summary of the ADV measurements
and calculations of root-mean-square (RMS) and friction ve-
locity (u*) for the sample occasions. During the measure-
ments of Chl a depletion the flow speed at a height of 20
cm varied between 7 and 30 cm s21 (u* 5 0.9–2 cm s21),
and during the experiments with the release of fluorescent
markers, the flow speed varied between 1.5 and 27 cm s21

(u* 5 0.25–2.1 cm s21). RMS and friction velocity were ca.
20% and 7% of the velocity at a height of 20 cm, respec-
tively.

Near-bed Chl a—The Chl a concentration was ca. 1 mg
L21 throughout the experimental study, and no marked dif-
ference between near-bed concentrations and the bulk water
at 50 cm was detected at the control plot (data not shown).
Table 2 shows the near-bed Chl a concentrations for the
control and the experimental plot stocked with C. edule (540
m22). Estimated concentrations of Chl a are given for three
distances downstream from the leading edge of each test plot
and for three heights above the bed. Over all dates, there
was a significant interaction for Chl a concentration between
plot type and distance from leading edge (three-factor AN-
OVA, F2,6 5 5.7, p , 0.05), demonstrating a reduction in
Chl a over the experimental plot with C. edule.

Chl a concentration and flow conditions changed over
time scales of some hours, adding variability to replicates
within 1 d and among dates. To improve the power of the
test for the near-bed depletion of Chl a above the experi-
mental plot with C. edule, we calculated the reduction in Chl
a from the leading to the trailing edge for each replicate in
each test plot. Over the 3-m length of the experimental plot
containing C. edule, the near-bed concentration of Chl a de-
creased significantly more than over the control plot without
bivalves on 4, 6, and 7 September 1998 (two-factor ANO-
VA, F1,66 5 73.5, F1,54 5 8.95, F1,18 5 34.2, p , 0.05,), while
on 5 September, this effect was significant only at an 8-cm
height above the bed (two-factor ANOVA, F2,7 5 5.15, p ,
0.05). Statistically significant depletion rates of Chl a above
the experimental plot were between 5 and 30% (Fig. 2) and
differed significantly from depletion above control plots
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Table 2. Chlorophyll a concentrations (mg L21, mean 6 SD) for the upstream control plot without bivalves and the experimental plot
with Cerastoderma edule (540 ind. m22). Samples were collected on four dates in 1998 from the leading edge, from the middle (1.5 m),
and at the trailing edge (3 m) of each plot and at three heights (0.5, 2, and 8 cm) above the bed (data from 50-cm height are not shown).

Date Bed position

Control plot

0.5 cm 2 cm 8 cm

C. edule plot

0.5 cm 2 cm 8 cm

4 Sep
n 5 12

Leading
Middle
Trailing

1.17 6 0.18
1.16 6 0.19
1.23 6 0.16

1.12 6 0.18
1.16 6 0.20
1.13 6 0.17

1.13 6 0.18
1.10 6 0.17
1.12 6 0.16

1.16 6 0.20
1.20 6 0.19
1.07 6 0.23

1.17 6 0.20
1.10 6 0.19
1.00 6 0.18

1.48 6 0.18
1.10 6 0.14
1.05 6 0.20

5 Sep
n 5 4

Leading
Middle
Trailing

0.85 6 0.08
0.90 6 0.07
0.86 6 0.04

0.84 6 0.06
0.83 6 0.05
0.84 6 0.06

0.87 6 0.07
0.88 6 0.03
0.87 6 0.06

0.86 6 0.06
0.72 6 0.20
0.83 6 0.04

0.86 6 0.05
0.83 6 0.04
0.85 6 0.04

0.90 6 0.05
0.81 6 0.06
0.84 6 0.05

6 Sep
n 5 10

Leading
Middle
Trailing

0.81 6 0.08
0.79 6 0.08
0.80 6 0.08

0.78 6 0.03
0.78 6 0.06
0.80 6 0.04

0.78 6 0.04
0.82 6 0.09
0.78 6 0.08

0.80 6 0.07
0.76 6 0.10
0.76 6 0.08

0.82 6 0.04
0.80 6 0.06
0.77 6 0.06

0.85 6 0.07
0.82 6 0.04
0.80 6 0.07

7 Sep
n 5 4

Leading
Middle
Trailing

0.71 6 0.13
0.74 6 0.04
0.72 6 0.04

0.71 6 0.06
0.75 6 0.03
0.75 6 0.02

0.76 6 0.07
0.78 6 0.02
0.83 6 0.03

0.69 6 0.06
0.62 6 0.02
0.64 6 0.04

0.78 6 0.05
0.70 6 0.02
0.65 6 0.04

0.86 6 0.06
0.78 6 0.01
0.74 6 0.03

Fig. 2. Calculated reduction of Chl a (%) over the length (3 m) of the upstream control and C.
edule plots for all dates and all sample heights above the bed. Sample sizes are 12, 4, 10, and 4
for 4, 5, 6, and 7 September, respectively.

(two-factor ANOVA, F1,172 5 59.4, p , 0.05), except on 5
September. Depletion of Chl a was significantly less at the
sampling depth of 0–0.5 cm above the experimental plot
than at 2 and 8 cm on 4 September (one-factor ANOVA,
SNK, F2,33 5 15.4, p , 0.05).

Unexpectedly, a positive correlation (Spearman’s corre-
lation, z 5 2.36, p , 0.05) was found between friction ve-
locity (u*) and Chl a depletion (Fig. 3). This observation
was puzzling, since the increase in turbulent diffusion is ex-
pected to reduce Chl a depletion along the cockle bed
through vertical mixing. The empirical studies of the exhal-
ant jet flow and the numerical model, presented and dis-
cussed below, were included to explore possible explana-

tions for this positive correlation between friction velocity
and Chl a depletion.

Near-bed dilution of fluorescent markers—The interaction
between the exhalant jet flow from an artificial siphon and
the near-bed flow resulted in a plume advected downstream
along control plot 1, the experimental plot stocked with C.
edule, and control plot 2. The slope of the decreasing pro-
portion of exhalant dye concentration with distance was fit-
ted to Eq. 1 and represents the rate of turbulent diffusion.
An example is shown in Fig. 4 (filled symbols). The average
slopes were 21.77 6 0.05, 21.66 6 0.2, and 21.25 6 0.18
for the C. edule and the control plots 1 and 2, respectively.
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Fig. 3. Chl a reduction (%) over the experimental plot stocked
with C. edule as a function of the friction velocity (cm s21). Data
on Chl a reduction were averaged over all three sample heights.

Fig. 4. Plot of the logarithm (ln mean, n 5 5 for filled circles
and n 5 3 for open circles) of concentration of the fluorescein
marker of exhalant water as a function of the logarithm of distance
downstream from the exhalant siphon. The concentration of the
marker is expressed as the proportion of the concentration released
from the exhalant siphon and sampled with the downstream siphons
in the middle of the test plots. The two lines represent fits to the
plume equation (Eq. 1), with the solid line representing the cockle
plot (slope 5 21.77) and the dashed line representing the control
plot (slope 5 21.66). The open circles show concentrations sam-
pled close (,0.25 m) to the exhalant siphon. The friction velocities
were 1.64 and 0.45 cm s21 for the filled and open circles, respec-
tively.

Fig. 5. Concentration (mean 6 SE) of fluorescent marker from
an exhalant siphon sampled at short distances (6–26 cm) down-
stream of the source. Concentration is expressed as the proportion
of the concentration released from the exhalant siphon. Data are
shown for three different ratios between jet velocity and friction
velocity (VR). Jet and friction velocities are indicated in the panel
as cm s21 (n 5 3 for VR 5 43 and 13, and n 5 4 for VR 5 23).

Typical slopes for turbulent diffusion of point source plumes
are around 21.75 (Okubo 1980).

The second series of experiments focused on the local
effect (5–25 cm) of jet bending in the near-bed flow. The
concentration of exhalant water close to the release point
(Fig. 4, open symbols) was much less than expected from
the distribution of exhalant water measured further down-
stream in the first series of experiments (Fig. 4, filled sym-
bols). Figure 5 shows the strong relation between the con-
centration of exhalant water sampled and the ratio between
exhalant jet speed and friction velocity (VR).

Model of refiltration in beds of C. edule—The numerical
model of inhalant/exhalant flow in a turbulent boundary lay-
er produced a clear deflection of the exhalant jet in the
boundary-layer flow, seen as a recirculation zone of water
on the downstream side of the exhalant jet (Fig. 6). The
reattachment distance of exhalant flow lines was used as a
measure of possible local refiltration for downstream cockles
(Fig. 7). The VR ratios from a range of friction and jet ve-
locities fall on an approximately common curve, and the
reattachment distance increased with VR. When the siphon
flow of a series of downstream bivalves is simulated, a con-
centration boundary layer builds up (Fig. 8A). After a short
distance downstream from the leading edge of the cockle
bed, the fraction of refiltered water reached an asymptotic
value (Fig. 8B). As expected, aggregated refiltration in-
creased with cockle density, but in contrast to the observed
field data, the model predicted a monotonic decrease in re-
filtration with friction velocity (Fig. 9).

Discussion

The field experiment where an experimental plot was
stocked with the bivalve C. edule showed a significant de-
crease in Chl a from the leading edge to the trailing edge,
an effect that was absent in a similar control plot without
bivalves. This result strongly suggests that the reduction in
Chl a was caused by the feeding activity of C. edule. The

statistically significant depletion rates of Chl a found in the
near-bed layer differed among sampling occasions and were
between 5 and 30% over the length of the 3-m plot. It is
difficult to compare these rates with other field studies of
food depletion because of differences in suspension-feeder
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Fig. 6. Time-averaged flow field showing modeled inhalant and exhalant siphon currents interacting with the turbulent boundary-layer
flow. The position of the siphons is indicated by the block arrows below the x-axis. Exhalant jet, free-stream, and friction velocities are
0.05, 0.12, and 0.005 m s21, respectively.

Fig. 7. The downstream distance from the exhalant siphon to
the point of modeled flow-line reattachment as a function of the
nondimensional jet speed (VR). The legend indicates the absolute
jet speeds. The inset shows some flow lines of the deflected exhalant
jet in the boundary-layer flow (VR 5 10, u* 5 0.005 m s21). The
reattachment distance is defined as the distance from the flow line
leaving the downstream end of the exhalant siphon to the position
where it comes within 1 mm of the bed.

Fig. 8. Modeled concentration boundary layer along a bed of
cockles (10 cm between individuals) depicted as (A) downstream
isolines of relative particle concentration (bulk concentration 5 1)
as a function of the height above the bed (u* 5 0.01 m s21) and
(B) downstream particle concentration at a height of 0.005 m above
the bed (u* 5 0.01 m s21). The exhalant jet velocity is 0.05 m s21.

abundance, bed size, height of measurements, and hydro-
dynamic conditions. Muschenheim and Newell (1992) found
a 60–85% depletion of diatoms in near-bed water 11 m
downstream in a bed of M. edulis. In a Danish fjord, Riisgård
et al. (1998) measured a 50% reduction in Chl a 400 m
downstream over a bed of the ascidian Ciona intestinalis.
Butman et al. (1994) found a Chl a reduction of 60% in
slow flow and 45% in fast flow 5.5 m downstream over a
M. edulis bed in a laboratory flow tank. In an excellent series
of experiments, the mixing of exhalant water in the near-bed

flow was studied in a flow tank with artificial inhalant and
exhalant siphons, mimicking infaunal bivalves (Monismith
et al. 1990; O’Riordan et al. 1993, 1995). For siphon con-
figurations similar to C. edule, they found that 7–18% of the
exhalant water accumulated in the near-bed layer 2.8 m
downstream of a bed with 625 siphons m22. There are also
studies in which significant food depletion was not found,
often in strong tidal flows (e.g., Roegner 1998). In conclu-
sion, the evidence from our studies and previous studies is
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Fig. 9. Proportion of refiltered water as a function of friction
velocity over modeled beds of cockles separated with a distance (d)
of 0.05 and 0.1 m. Refiltration rate is the near-asymptotic value at
the downstream end of the bed. The exhalant jet velocity is 0.05
m s21.

strong for the presence of near-bed depletion, although the
rates differ. Empirical relationships or models are required
in these situations to better predict the intensity of food de-
pletion, mainly as a function of flow regime and suspension-
feeder density.

Our field results, however, failed to support our expecta-
tion that food depletion should be less severe when flow
speed increased above a bed of suspension-feeding bivalves.
The more intense turbulent mixing should erode the concen-
tration boundary layer of exhalant water (Dade 1993). In-
stead, we found a positive correlation between food deple-
tion and friction velocity, although this correlation is
unavoidably confounded by sampling on different dates (Fig.
3). For some combinations of jet and friction velocities
O’Riordan et al. (1993), in a flume study with artificial bi-
valves, also found that refiltration of depleted water in-
creased with friction velocity (for siphons flush with the
bed). They explained that this effect was caused by hydro-
dynamic bending of the exhalant jets in the boundary-layer
flow that expelled food-depleted water into the near-bed lay-
er. The exhalant jet has a vertical momentum when it is
injected into the near-bed flow through the siphon. In the
near-bed flow, the jet will bend over downstream and un-
dergo turbulent mixing with ambient water. If the jet speed
is sufficiently high compared to the boundary-layer flow
speed, the exhalant water will initially mix higher up above
the bed, reducing refiltration for neighbors immediately
downstream. At high bed flow speeds (low VR), the jet flow
is deflected downstream in the near-bed layer, potentially
increasing the concentration of exhalant water in the near-
bed layer. In our experiments with fluorescent markers re-
leased from artificial siphons, refiltration was lower close to
the release point (Fig. 4, open symbols) than expected from
the turbulent diffusion rate measured further downstream.
We interpret this result as the effect of the vertical momen-
tum in the jet that expels exhalant water to some height
where it passes over the inhalant siphons of close neighbors
before it reattaches to the bed. This effect was evident only
at a distance less than ca. 0.25 m, after which the exhalant

water is inhaled at concentrations declining with distance in
accordance with turbulent diffusion of a point source plume
(Okubo 1980). Figure 5 shows that local refiltration changed
by a factor of about 100 when the ratio was changed between
the jet speed and the friction velocity of the flow (VR).
O’Riordan et al. (1993) described a reduction in whole-bed
refiltration in this range of increasing VR in flume experi-
ments for siphons flush with the bed.

The simulation of our numerical model of exhalant jet
flow in a turbulent boundary layer was partly in conflict with
the results of the field experiment. Compatible with the field
results, the model predicted a rapid decrease in reattachment
distance of the exhalant jet (Fig. 7) in the same range of VR
where local refiltration has been found to increase (Fig. 5,
present study; O’Riordan et al. 1993). However, despite the
strong deflection of the jet predicted by the model, the sim-
ulated refiltration along a cockle bed decreases monotoni-
cally with friction velocity (Fig. 9). Thus, within the param-
eter space tested, the model does not reproduce the empirical
results in the present study or in some of the experiments
by O’Riordan et al. (1993). It may be speculated that the
relationship between refiltration and friction velocity chang-
es from positive to negative depending on jet penetration
into the log layer and bivalve density, as indicated by the
results obtained by O’Riordan et al. (1995). In the field,
roughness elements may also cause skimming flow (Fried-
richs et al. 2000), reducing turbulent mixing of the near-bed
layer. The numerical model formulated in the present study
solves the Navier–Stokes flow equations (within a parame-
terized turbulent boundary layer) using parallel code and
very powerful computers. This is, to our knowledge, the
most advanced attempt to model bivalve siphonal flow.
However, the computing task was so demanding that it was
not practical to solve the fully three-dimensional case. The
two-dimensional representation presented implies that si-
phons have infinite width along the y-axis. Several known
three-dimensional turbulent flow structures observed for si-
phon flow in the boundary layer can thus not be resolved,
e.g., horse-shoe eddies. The two-dimensional model also
means that water cannot flow around siphonal jets and that
the refiltration rate is likely overestimated by the model. Oth-
er features are better reproduced by the model, such as the
strong concentration boundary layer in beds of bivalves, at
least for low friction velocities (Fig. 8A). The asymptotic
refiltration rate is reached at a short distance downstream of
the leading edge (Fig. 8B), as also found experimentally by
O’Riordan et al. (1993). Large-scale growth of the concen-
tration boundary layer is similar to what is predicted by sim-
pler models previously published, e.g., the advection-diffu-
sion model used by Fréchette et al. (1989).

The main conclusion from the field studies, as well as
from previous laboratory experiments, is that the relative
strengths of boundary-layer flow and bivalve exhalant cur-
rents determine the intensity of refiltration. The exhalant wa-
ter undergoes rapid mixing in the downstream flow (concen-
tration falls as distance21.75). However, the number of
upstream bivalves acting as sources of exhalant water only
increases approximately linearly with distance. This implies
that the contribution of exhalant water from the nearest up-
stream neighbor dominates and that local flow phenomena,
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e.g., jet bending, may scale up to whole-bed refiltration.
However, this occurs only when jet bending (e.g., evident as
reattachment distance in Fig. 7) overlaps with interindividual
distance, and this is expected only in dense beds where the
distance among individuals is less than ca. 20 cm and for a
VR ,10. The surprising positive correlation between friction
velocity and refiltration observed in the present field study
and in previous laboratory experiments (O’Riordan et al.
1993) could not be reproduced with our numerical model. It
is likely that a fully three-dimensional model is required to
determine if the observed interaction between boundary-lay-
er flow and exhalant currents can be simulated using only
information about friction velocity and exhalant flow speeds.
With an expected rapid increase in computational power, the
model presented here will easily be extended to three di-
mensions and may be used to predict critical bed sizes under
a range of flow regimes where refiltration restricts positive
growth. This is expected to contribute to an improved un-
derstanding of the geometry of natural bivalve beds, an op-
timization of aquaculture management, and predictions of
the turnover of nutrients in coastal areas.
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