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INTRODUCTION

Mussels (family Mytilidae) are a dominant compo-
nent of benthic biomass in the coastal zone (Seed &
Suchanek 1992), and are considered to be facilita-
tors, as they are habitat-forming organisms and pro-
vide shelter for other species (Bruno et al. 2003).
Mussels have a substantial grazing impact on phyto-
plankton biomass due to their high water processing
potential (Cloern 1982, Fréchette & Bourget 1985a,b,
Petersen 2004). In addition, they provide an impor-

tant source of food for human consumption with global
landings of 1.9 million tonnes in 2010 (FAO 2012).

The depletion by mussels of suspended particulate
matter and phytoplankton can influence downstream
food availability for other mussels and suspension-
feeders both within and beyond mussel beds (Twed-
dle et al. 2005, Simpson et al. 2007). Food depletion
in the benthic boundary layer (BBL) has been de -
tected both in the laboratory and in situ (Fréchette &
Bourget 1985a,b, Monismith et al. 1990, Fréchette et
al. 1993, Butman et al. 1994, O’Riordan et al. 1995,
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Dolmer 2000) as well as within mussel cultivation
areas (e.g. Petersen et al. 2008). Food depletion in
mussel beds will lead to a reduction in mussel sus-
pension feeding (Newell et al. 2001, Riisgård 1991,
Saurel et al. 2007) and eventually to reduced mussel
growth. The latter varies according to the position of
the mussel within the dense mussel bed (Fréchette &
Bourget 1985a, Svane & Ompi 1993).

Dense mussel beds can filter large volumes of wa-
ter, up to 170 m3 m−2 d−1 (Jørgensen et al. 1990, Prins
et al. 1996). Consequently, food supply is a product of
hydrodynamic transport processes that impact upon
food concentration that in turn is a critical factor that
determines mussel production and hence the extent
and density of a mussel bed (Larsen & Riisgård 1997).
Tidal advection and vertical turbulent flux are impor-
tant factors that affect the supply of food to the BBL.
Mussel beds impact upon these processes as they
modify water flow at different scales: (1) at a micro
scale (mm to cm) by increasing bed roughness via
both biomixing created by the jet of water from the
exhalant siphons (Monismith et al. 1990, Lassen et al.
2006, van Duren et al. 2006) and via the mussel shell
shape and dense and extensive mussel aggregations
(Butman et al. 1994), and (2) at a macro scale (tens of
meters), via the topographic variation of the mussel
bed, e.g. alternation between mussel patches and
bare patches of sediment (Butman et al. 1994).

In many coastal areas, hydrodynamics and food
availability change at many spatial and temporal
scales that are influenced by factors such as tides,
seasons, weather and geomorphology. These varia-
tions make it difficult to link mussel production to
local hydrodynamics and food availability. Some
studies have focused on bivalve feeding in the BBL
(Fréchette et al. 1993), but it is difficult to measure
fluxes of material over bivalve beds. One of the main
issues in the past decades is the level of intrusion and
detail of accuracy of the instruments used to make
such measurements. For instance, empirical meas-
urements and modelling undertaken in a flume (But-
man et al. 1994) were developed to understand the
physical and biological processes that occur at small
spatial and temporal scales to test and validate the
model of Fréchette et al. (1989). Nevertheless, as
 Butman et al. (1994) noted, natural conditions differ
considerably from controlled laboratory conditions.
More recent in situ studies have focused on the effect
of hydrodynamics on the supply of food to the ben-
thos (Jones et al. 2009, Monismith et al. 2010)
through the comparison of feeding rates to hydrody-
namics using non- invasive in situ methodologies (e.g.
acoustic Doppler current profiler, acoustic Doppler

velocimeters, in situ fluorometer, phytoplankton sam-
pling devices.). However, such studies often lack the
appropriate biophysical measurements in a control
site without filter-feeding bivalves to confirm that the
food depletion close to the bed is due to bivalve filtra-
tion per se and not from other processes (e.g. hydro -
dynamic).

In this study we used the concept of ‘ask the animals
— ask the water’ (Petersen 2004) and simultaneously
measured (1) water column parameters such as
hydrodynamic forcing and seston composition above
a mussel bed and nearby bare sand using  non-
intrusive instrumentation, and (2) mussel parameters
such as clearance rate and feeding behaviour using
in situ defecation methodology (Kotta & Møhlenberg
2002, Kotta et al. 2005, Saurel 2008) and continuous
video recording of mussel feeding behaviour (Saurel
et al. 2007). We tested 2 hypotheses: (1) mussel filtra-
tion is the factor responsible for food depletion in the
BBL above a mussel bed, and (2) mussel bed self-
organisation (Gascoigne et al. 2005, van de Koppel et
al. 2008, de Jager et al. 2011) is directly related to the
interaction between feeding rates and the hydro -
dynamic processes that spatially affect food supply
(i.e. phytoplankton) (Butman et al. 1994). Ultimately,
we aimed to generate the empirical evidence to sup-
port a conceptual model of food supply dynamics
in relation to mussel bed patchiness. Furthermore,
we aimed to calculate how the interaction between
hydrodynamics, food supply and animal feeding con-
trols the production capacity of mussels in commer-
cially laid intertidal mussel beds.

MATERIALS AND METHODS

The study site was located in the Menai Strait,
North Wales, United Kingdom where the annual
mussel production of ~10 000 t represents half the UK
annual production and come from a growing area of
~700 ha. Experiments were undertaken during July
2006 (Fig. 1) when the immersion time of the mussel
beds due to the tide was ~6 h. The mussels are culti-
vated on a mud substratum. The seed mussels
(<15 mm length) are generally collected from subtidal
ephemeral mussel beds and then re-laid intertidally
or subtidally (Beadman et al. 2004, Saurel et al. 2004,
2007). In this system, food concentration is low for
most of the year (~1 µg chl a l−1 ) but can vary from 0.5
up to 5 µg l−1 during the spring/summer  season.

We measured the chlorophyll a concentration
[chl a] in the water column at different heights above
the seabed using a repeated-measures design across
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a single tidal cycle at each of the following 3 contrast-
ing sites. The null hypothesis tested was that there
was no difference in the vertical gradient of chl a
concentrations between 2 different mussel coverage
conditions (mussels present or mussels absent) at
each time of sampling. Site 1 was a control treatment
(no mussels) and was characterised by a sandy
seabed, Site 2 was a relatively new mussel bed (with
mussels and bare substratum patches) and Site 3 an
older mussel bed (with mussels and bare substratum
patches) (Figs. 1 & 2). The distance between the sites
is given in Table 1. Mussels from Sites 2 and 3 were
composed of a single cohort. Three sets of experi-
ments designed to study the interactions be tween
hydrodynamics, mussels and seston were set up at
different spatial scales (Fig. 2).

Hydrodynamics

The spatial difference in the water
velocity that occurred over the inter-
tidal commercial mussel bed (over the
3 sites) was mapped with a roving
RDI 1.2 MHz Workhorse acoustic
doppler current profiler (ADCP) dur-
ing a survey on 30 June 2006. The
ADCP was attached to the side of a
5 m long boat and bottom tracking
was used to account for the motion of
the boat and hence calculate the true
water current velocity. A GPS unit
was used to determine the position of
velocity measurements. Initial analy-
ses from the roving ADCP data
showed that spatial variation oc cur -
red in current direction and speed
over the entire intertidal bed but that
similar types of current regimes oc -
cur red at the 3 sites chosen for the
experiment.

Time series of vertical velocity pro-
files were measured using a bottom
mounted RDI 1.2 MHz ADCP. The
ADCP was initially buried into the
sediment at Site 2 (July 14, 15) and

then at Site 3 (July 16–18; Fig. 1). The ADCP sampled
current velocities at 1.25 Hz with a vertical bin size of
0.25 m. The variance method (Stacey et al. 1999) was
used to estimate Reynolds stresses from the ADCP
data. An averaging period of 8 min was used. Be -
cause the measured Reynolds stresses were close to
the noise threshold (Williams & Simpson 2004), the
velocity shear and Reynolds stresses were split into
segments of 24.84 h and tidally phase-averaged to
create one 24.84 h time series. The 24.84 h averaging
period was used as the tide had both a diurnal and
semidiurnal component, i.e. the amplitude of the
later tide was smaller than the earlier tide. The data
were rotated into ‘along stream’ and ‘across stream’
components that varied throughout the tide (see
Fig. 3). The vertical diffusivity (diffusion coefficient
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Site                    % mussel                     Position                          Area covered      Mussel       Time from      Distance between 
                              cover                                                              by mussels (m2)        age          re-laying              sites (km)

1 Sand                    NA             53°14’54”N, 4°05’46” W                     NA                  NA               NA                1 to 2 = 0.588
2 Mussel bed         63.3            53°14’43” N, 4°06’12” W                  36 714              ~1 yr            ~1 mo              2 to 3 = 0.668
3 Mussel bed         40.3             53°14’45’’ N, 4°05’36’’ W                  18 538              >1 yr             ~1 yr               3 to 1 = 0.333

Table 1. Site descriptors. NA: not applicable

Site 2 

Site 1

Site 3

Menai Strait 

Lavan Sand 

N

UK

Caernarfon Bay 

Liverpool Bay  

Gallows Point 

4°4’58.6” 4°4’52.5”W  

53°15’
13.8”

N

53°14’
41.3” 

Fig. 1. Experimental sites and the position of the instruments during July 2006.
Site 1: bare substrate (sand); Site 2: a young mussel bed; Site 3: an old mussel
bed. s: siphon mimics, j: acoustic doppler current profiler (ADCP); Q: cam-
era; n: fluorometer; dotted line: mean low water; grey area: intertidal area; 

striped area: mussel bed
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Kz) was estimated for the bottom 4 bins (at heights
0.49, 0.74, 0.99 and 1.24 m above the bed) of the
ADCP data using the measured Reynolds stresses
and velocities (Rippeth et al. 2002). In this near-bed
region, both the phase-averaged Reynolds stresses
and velocity shear were above the ADCP noise
threshold. Kz was estimated from the ADCP data
according to:

Kz ~ Nz = τ/(du/dz) (1)

where Nz is the eddy viscosity, τ is the Reynolds’
stress and du/dz is the variation of velocity with
height (Rippeth et al. 2002). A straight line was then
fitted to the Kz values (forced through 0 at the bed) in
order to obtain a value for Kz at 0.05 m above the bed.
This straight line fit near the bed is an approximation
on the parabolic curve as given in Rippeth et al.
(2002). The eddy diffusivity Kz is assumed to be equal
to the eddy viscosity (Fréchette et al. 1989).

A completely independent estimate of Kz was made
from the animal (mussels) and seston concentration
[chl a] according to:

Kz(d[chl a]/dz) = feeding (2)

where d[chl a]/dz is the variation of chl a concentra-
tion with height.

The time for vertical mixing (tv) was estimated
using Lewis (1997) (this equation refers to the diffu-
sion of a spreading patch of dye):

tv = σ2
z/2Kz = (0.8h)2/2Kz = 0.32h2/Kz (3)

Vertical mixing is assumed to be complete when
the standard deviation (σ) of a distribution of tracer
(e.g. phytoplankton) equals 0.8 h, where h is the total
water depth (Lewis 1997).
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Experiment 1 - Large scale
14–15 July 2006 

1 

Sand 

2 

Mussel bed 
Young      

3 

Mussel bed 
Old 

Samples collected: Vertical profiles Vertical profiles + Horizontal profiles 
Experiment objective:  Bare patch vs. mussel patch 

Vertical profiles 
Sand vs. mussel patch Mussel patch vs. Bare patch 

A
C D E

B

BA

S3

S2S2

S1

A BC D E
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25
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11

25

1 3 611
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1 3 611
25

80

1 3 611
25

80

B

Site           Experiment 2 - Small scale
16–18 July 2006  

Experiment 3  - Small scale
19–20 July 2006  

Fig. 2. Experimental set up at the 3 sites (S1–3). White areas: sandy or bare sediment patches; dotted areas: mussel patches.
Siphon mimics (SM; A–E) are represented by vertical bars, indicating the height (cm) of sampling above the bed (white:
above bare/sandy patch; black: above mussel patch; grey: horizontal profile). Grey arrows: SM sampling above bare/sandy 

patch; black arrows: above mussel patch; broken arrow: above the edge of the mussel patch

N 

Phases 1&2
SE 

13:00 14:00 15:00 16:00
Time

0.2 m s–1

17:00 18:00 19:00

Phase 3
SSW 

Phase 4
WSW 

Phase 5
NW 

Fig. 3. Example of depth-averaged current velocity and direc-
tion (m s−1) time series from the ADCP represented by vectors
over Site 2 on July 17 with arbitrary determined phases of the
tide in function of current direction (see Table 7). The origin of
the vector is on the horizontal line. Over the whole sampling 

period, similar data were measured



Saurel et al.: Turbulent mixing and mussel feeding rate 109

Seston concentration: 
vertical and horizontal [chl a] profiles

Three sets of experiments were carried out on the
intertidal area (Figs. 1 & 2). Water samples were col-
lected by pumping water at a flow speed of 90 ml
min−1 through mussel siphon mimics (SM) consisting
of plastic tubing with an open diameter of 2 mm.
Each siphon (tube length <20 m) was buried in the
sediment for a length of ~5 m to avoid interference
with current flow and re-suspension of material. The
free end of the SM tubes were attached to a buoy to
enable collection of samples via a peristaltic pump
mounted onboard an anchored boat.

For Expts 1 and 2 (Fig. 2), 2 sets of 6 tubes were
positioned at 0.5, 3, 6, 11, 25 and 80 cm above the sur-
face of the seabed and 3 replicates samples of water
from the 2 sets were collected simultaneously from 2
small boats for ~5 min every 30 min for 3 to 4 h. For
Expt 3 (Fig. 2), 2 sets of siphons were positioned at 1,
3, 5, 11 and 25 cm above the surface of the seabed,
1 set located in the middle of the mussel patch and
the other in the adjacent bare patch; 3 additional
siphons at 5 cm height above the seabed were posi-
tioned in between the 2 sets of siphons: in the edge
zone of the mussel patch, at the interface be tween
the mussel and sand patch and in the edge zone of
the sand patch. Each of these 5 siphons at 5 cm
height was approximately 50 cm from its nearest
neighbour(s). Using this arrangement of the SMs, a
horizontal transect with 5 SMs at height of 5 cm and
separated by ~50 cm intervals was established
between the 2 sets of vertical profiles.

A SCUFA (Self-Contained Underwater Fluores-
cence Apparatus) submersible fluorometer (Turner
Designs) was positioned in the middle of the mussel
bed at Site 2 to record the pattern of fluorescence as
a measure of [chl a] above the mussel bed.

Mussels

Feeding behaviour

A waterproof digital camera (NIKON 4500) to -
gether with a timer (Digisnap) was deployed on the
seabed next to the ADCP on Site 2 for the whole
period of the experiment (Fig. 1). Mussel feeding
behaviour of approximately ~30 ind. was determined
from still images taken every 10 min and measured
with an image analysis program, analySIS©. Varia-
tion in feeding behaviour was ex pressed as the mean
percentage valve gape aperture, exhibited by the
mussels in the field of view (Saurel et al. 2007).

Mussel population parameters

Three replicate mussel samples were taken using a
15 cm diameter cylindrical core at the middle and
edge of patches next to the SM. A subsample of 30
mussels was taken and shell length (L, mm) for each
mussel measured. The dry weight (DW, g) of mussel
flesh was obtained by drying for at least 24 h at
90°C. The density of the mussel was then calculated
(Table 2). Mussel size (shell length) was used as a
proxy for growth, as mussel seeds from the same
cohort were randomly distributed in the bed 1 mo
prior to the sampling at Site 2 or the year before at
Site 3. Mortality was not taken into account in this
study.

The percentage of mussel cover at each of the dif-
ferent sites (Table 1) was calculated from aerial photo -
graphs taken at low tide using a helium inflatable
 balloon fitted with a camera and connected by a rope
to the photographer located within the mussel bed
a couple of days prior to the experiment. A known
length of tape provided a means of scaling the images
from the photographic survey. Fourteen pictures from
Sites 2 and 3 were analysed with ImageJ v1.37 free-
ware: images were RGB colour split, and mussel
 percentage cover were calculated automatically.

Clearance rate

Mussel in situ clearance rate was estimated using
the defecation method (Saurel 2008). Mussels from
the mussel-covered intertidal area in Site 2 were col-
lected from the boat using a rake after the sampling
occurred using the SMs. They were then placed indi-
vidually in 1 l buckets filled with seawater and
allowed to defecate for 1 h. Faecal pellets were col-

Parameter        Density (ind. m−2)     L (mm)             CI

Site 2
Edge                      3640 ± 605         34.5 ± 4.0     15.1 ± 2.4
Middle                   5847 ± 481         30.9 ± 2.4     10.7 ± 1.7
Mean                   4744 ± 1305       32.8 ± 3.8     12.9 ± 3.0

Site 3
Edge                    3282 ± 1519       42.9 ± 3.0      6.6 ± 1.3
Middle                 4281 ± 1133       43.0 ± 4.2      6.3 ± 1.1
Mean                   3781 ± 1318       43.0 ± 3.6      6.5 ± 1.2

Table 2. Results of morphometric measurements at the dif-
ferent sites and positions within Mytilus edulis mussel beds
(±1 SD). Shell length (L), n = 30; Condition Index (CI) = 

(DW/L) × 1000, n = 20 ind. 
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lected with a plastic pipette after 0.5 and 1 h and
placed onto a GF/C filter (Advantix) to remove
excess water. Subsamples of 100 ml were filtered
through a GF/C filter soaked in 10 ml of 90% ace-
tone, then placed in a cool, dark room for extraction
for 18 h. Subsequently, chl a and phaeopigment
 concentrations were measured on a Turner Designs
10-AU fluorometer (method adapted from Parsons et
al. 1984). Clearance rate standardized to 1 g tissue
dry weight animal (l g−1 DW h−1) was calculated ac -
cording to Saurel (2008) (Note: The range of vari-
ables that apply to Eq. (5) are temperature 6−19°C,
[chl a] 2−32 µg l−1):

CR = [DR × 100 / (100 – DF)]/chl aeq (4)

DF = –16.90 × ln(chl aeq) − 8.962 × Tw

+ 0.3962 × Tw
2 + 128.70

(5)

where DR is the defecation rate (µg chl aeq h−1),
chl aeq is the chl a equivalent concentration (chl aeq =
chl a + 1.52 Phaeo, µg l−1) in the surrounding water
2 h prior to the experiment (to take into account
the gut residence time) and DF is the digestion
 factor (%). Tw is the mean seawater temperature
 during the experiment. Clearance rate estimations
were standardized to a 1 g mussel using an allometric
 factor of 0.67 according to the following equation:

Ys = (Ws/We)0.67 Ye (6)

where Ys is the standardised parameter, Ws is the
standardised weight (1 g), We is the weight of the
experimental animal and Ye is the uncorrected
parameter (Hawkins et al. 1996).

Data analysis

Paired t-tests, 2-sample t-tests and ANOVA were
used to test for significant differences among data -
sets, after checking that the data met the assump-
tions of normality and homogeneity of variance,
applying the appropriate transformation (log10 or
square root) when necessary. When significant dif-
ferences were detected, a post-hoc Tukey’s multiple
comparison test was performed. Statistical analyses
were undertaken using Minitab® (v14) and R
(www.r- project. org/).

For the analyses of the vertical profile of [chl a]
above the 2 different treatments (bare or mussel cov-
ered substratum), following interpretation of the
interaction plots (Fig. 4) a factorial analysis of vari-
ance with interaction was applied using the follow-
ing model:

(7)
or

(8)

where Chl is the replicate observation of the re -
sponse variable chl a concentration, μ is the overall
population mean of the response variable, α, β, γ are
the fixed effect associated with the different factor
treatments, height (above the bed) and time, and εijkl

is the error (or residual). An unbalanced design was
chosen for the factorial analyses on July 15, 17 and 19
due to some missing samples and an ANOVA model
type III SS was applied (Quinn & Keough 2002). The
statistical null hypothesis ‘there are no 2- or 3-way
interactions between the factors (height, time and
treatment)’ was rejected for the experiments for July
15 and 17, and was only rejected for the interaction of
height and time for the experiment on July 19. A fur-
ther analysis of the simple main effect to test the
effect of height for each treatment separately (bare or
mussel substratum) was also conducted. The residu-
als for the linear model were normally distributed
(>95% data) and Cook’s distance was <0.5.

RESULTS

General description of the system

Hydrodynamics

The flow direction above the mussel bed was multi -
directional (note that at low tide, the study area was
dried out). The flow turned consecutively in 3 differ-
ent directions: flow was to the south-east direction
when the tide was flooding, then as the tide changed,
the direction veered toward the south-west and
eventually had a north-westerly direction (Fig. 3).
The roving ADCP data revealed that similar types of
current regimes occurred at the 3 sites chosen for the
experiment. It is important to note that in this system,
high water and low water do not coincide with the
lowest current velocities.

Seston

The pattern of chl a concentration over the mussel
bed was correlated with water depth, however this

Chl ( ) ( ) ( ) ( )ijkl i j ij ij ik jk ijk

ijkl

= μ +α +β + γ + αβ + αγ + βγ + αβγ
+ε

(Chl) (treatment) (height) (time)

(treatment height) (treatment time)

(height time) (treatment height time)

ijkl i j k

ij ik

jk ijk

ijkl

= μ + + +

+ × + ×

+ × + × ×

+ε
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was probably related to tidal advection, i.e. chl a rich
water entering the Menai Strait from Liverpool Bay as
a result of the residual flow to wards the south west
and by the tidal advection of chl a depleted water from
the Caernarfon Bay end of the Strait during the flow to
the north east (Tweddle et al. 2005) (Figs. 5 & 6). The
water transported from the intertidal region that had
already passed over the mussel beds had depleted chl

a concentration when it passed back over the experi-
mental mussel bed (Saurel et al. 2007) (Figs. 5 & 6).

Mussels

Overall mussel length was density-dependent al -
though this varied among sites (ANOVA F1,36 = 5.04;
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Fig. 4. Mean chl a concentration at different depths (0.5−80 cm above the bed) for 2 treatments: with mussel (mdate, left panel)
or with bare substratum (sdate, right panel) with repeated samples over tide (Time) for 4 experiments: comparison between
Site 1 (S1, bare substratum) and S2 (mussel patch) on (a) July 17 and (b) July 15; and between adjacent mussel and bare sub-

stratum patches on (c) S2 on July 18 and (d) S3 on July 19. Arrows as in Fig. 2
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p = 0.031). Shell length was negatively correlated
with mussel density in the patch sampled at Site 2
(Pearson Site 2 r = –0.56, p ≤ 0.001) but not at Site 3
(Pearson r = 0.013, p = 0.936) (Table 2). There was no
significant difference in density (2-sample t-test: t3

= –0.91, p = 0.428) and shell length between the edge
and the middle of the patch at Site 3 (2-sample t-test:
t34 = 0.08, p = 0.936). The mean percentage valve
gape aperture showed a similar pattern for each day
at Site 2, where mussels were observed filter-feeding
with a valve aperture of >60% for 90% of the time
during which observations were made (Fig. 5). The
general pattern observed was for mussels to open
rapidly (40 to 80% valve aperture in <1 h) as soon as
the water flooded onto the intertidal bed and the flu-
orescence increased in the water column. Then, a
constant aperture of between 60% to a maximum
aperture width of 80% occurred during the remain-
der of the tide while there was a high level of fluores-
cence (Fig. 5), until one hour before low tide when
fluorescence was reduced (Fig. 5). In the last hour
of the ebb, there was a reduction in the valve gape
until total closure occurred when the mussels were
exposed to the air at low tide.

Comparison of turbulent mass transport and
feeding rate

Vertical mixing

The mean vertical diffusivity estimated from the
ADCP at 0.05 m above the mussel bed was 2.03 ×
10−4 ± 1.03 × 10−4 m2 s−1 for the first 12.4 h from low
tide on the first sampling day (July 15, Site 2) and
2.253 × 10−4 ± 8.3 × 10−5 m2 s−1 for the first 12.4 h from
low tide on the second day (July 17, Site 2). Kz de -
creased with time from the low tide (Fig. 7)

Feeding rate

The mean clearance rate calculated from the defe-
cation method on mussels from site 2 was high: 2.93 ±
1.56 l ind.−1 h−1, or 7.40 ± 3.52 l g−1 DW h−1 (mean
water temperature 17.2°C; 1.0 < [chl a] < 3.15 µg l−1).
The volume of water filtered by the mussels adjusted
to the calculated mussel population on both sites
 varied from 107 to 211 m3 m−2 d−1 (Table 3).

Food depletion

With no mussel filtration (bare substratum), no food
depletion occurred close to the bed, while there was
food depletion vertically in the water column above
mussel patches (Figs. 4 & 8).

On four sampling occasions, the comparison of the
vertical profiles above the mussel bed with the ver tical
profiles above a sandy site or between the mussel
patch and an adjacent bare patch showed that there
were interactions between the height, time and treat-
ment used on both the mussel covered and bare sub-
stratum (see Fig. 4). From the analysis of the main
model effects, we concluded that only the mussel sub-
stratum had an effect on the chl a concentration with
height, and that this was only statistically significant
for 2 out of the 4 experiments for which sig nificant food
depletion was measured at a height of <11 cm above
the mussel bed (July 17, F5,109 = 4.71, p ≤ 0.001; July 19,
F1,94 = 17.58, p ≤ 0.001) (Tables 4 & 5, Fig. 4). On July 15
and 18, the pattern was similar, but not  statistically sig-
nificant (July 15, F5,116 = 2.08, p = 0.07; July 18, F1,8494 =
1.83, p = 0.115). In general [chl a] at 80 cm above the
bed was greater than [chl a] at 0.5 cm above the bed for
the mussel treatment, while the reverse was observed
for the bare substratum treatment. Nevertheless, the
statistical results showed that there was no significant
difference in the chl a concentration with height above
the bare substratum (Tables 4 & 5, Fig. 4). 
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Comparison

The results of the Kz estimated from the ADCP
were of the same order of magnitude as the Kz calcu-
lated from the variation of chl a concentration with
height (d[chl a]/dz) and the mean feeding rate of the

mussels (Fig. 7). There was consider-
able variation in the results for meas-
ures of both the turbulent transport
and feeding rate (see Table 6) that
may be attributable to the varying
environmental conditions of the tidal
cycle (direction of the current, food
concentration, velocity).

Bare patch replenishment and
 re-suspension

A key finding was that food replen-
ishment took place above the bare
patch at both Sites 2 and 3. There

was a higher concentration of chl a at the be ginning
of the tide (first sampling) at the bottom of the sam-
pled water column above the bare patches than at
the top which indicated that re-suspension of the
sediment and chl a may have occurred (Fig. 4). These
results were confirmed from the horizontal profile
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                Individual Est. population         Mussel cover       CR                    CR Volume filtered (m3 m−2 d−1)
                    DW (g)                   N                 DW (g)             (%)        (l ind.−1 h−1)     (l g−1 DW h−1)         Mean       if 100% cover

Site 2      0.255 ± 0.083    174.171 × 106    36.576 × 106          63          2.93 ± 1.56        7.40 ± 3.52          211.17              333.6
Site 3      0.268 ± 0.061    70.092 × 106    18.785 × 106          40          2.93 ± 1.56        7.40 ± 3.52          107.15            265.88

Table 3. Estimated volume of water filtered by the mussel populations at Sites 2 and 3 (assuming same individual specific 
clearance rate [CR] for both sites). Values are ± SD, where applicable. DW: dry weight
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undertaken on July 19 at Site 3 (with samples taken
at 5 cm above the bed) between the mussel patch and
the adjacent bare patch. This survey showed a lower
concentration of chl a at the centre of the mussel
patch with an increasingly higher concentration to -
ward the middle of the adjacent bare patch (Table 5,
Figs. 4d & 8d).

Using the SM, the vertical profiles of chl a and
phaeopigments concentrations measured over the
mussel patch and the bare patch at Site 3 suggested

that re-suspension occurred at the beginning of the
flood tide (first sampling 14:48 h, GMT i.e. 1.7 h after
flooding) when the current velocity was strongest
(u = 0.35 m s−1, direction 204°) and at a height of
<5 cm above the seabed. A high concentration of
phaeopigments occurred at 3 cm above the mussel
bed during the first sampling period (ANOVA F4,9 =
8.32, p ≤ 0.001) while no significant difference in
phaeopigment concentration was found between the
5 heights measured after the first sampling period
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(ANOVA F4,10 = 1.59, p = 0.251). During the first sam-
pling period there was a significantly higher concen-
tration of phaeopigments at 1 and 3 cm above the
bare patch, in comparison to the rest of the water col-
umn (ANOVA F4,10 = 33.7, p ≤ 0.001).

DISCUSSION

Our study has provided new empirical data on the
interaction between the processes that determine car-
rying capacity for mussel production (seston, hydro-
dynamic and mussel feeding). The combination of in
situ measurements of vertical gradients of chl a, ver -
tical diffusivity, mussel clearance rate and a simple

model (Eq. 2) enabled us to demonstrate that feeding
rates closely matched the rates of turbulent transport
of [chl a] to the mussel bed, and that the food
depletion in the BBL was due to mussel filtration. It
also showed that the mussel bed patterning, i.e. the
presence of bare patches within the mussel bed, facil-
itated the replenishment of seston and could thereby
increase mussel carrying capacity. The dual ‘ask the
animals — ask the water’ approach suggested by Pe-
tersen (2004) used in this study gave similar rates of
chl a transport to the mussel bed and mussel feeding,
indicating that the methodologies used are robust and
applicable to other systems. Either approach could be
used to estimate the feeding rate or to calculate the
potential food availability within a system.
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(a) Full model with interactions                                                                   (b) Simple main effect
Source                           df               SS              F                 p                                                   df            SS             F               p

July 17 − No transformation
Intercept                        1              4.71        202.39        ≤0.001                   Mussel                                                                   
Height (H)                     5              2.11          18.16         ≤0.001                   Intercept            1          29.16      130.83       ≤0.001
Treatment (Treat)         1              0.67          28.88         ≤0.001                   Height                5            5.25        4.71       ≤0.001
Time                              5              0.78          6.67         ≤0.001                   Residuals          109          2.54                              
H × Treat                       5              1.75          15.04         ≤0.001                                                                                                  
H × Time                      25             6.32          10.87         ≤0.001                   Bare                                                                       
Treat × Time                 5              3.25          27.94         ≤0.001                   Intercept            1          87.57      247.66       ≤0.001
H × Treat × Time         25             4.88          8.39         ≤0.001                   Height                5            1.40        0.79         0.56
Error                            109            2.54                                                          Residuals          109          2.54
Total                             180          27.02  

July 15 − Square root transformation
Intercept                        1              3.74        672.13       ≤0.001                  Mussel                                                                   
Height                           5              0.07          2.36         <0.05                    Intercept            1          22.73      520.39       ≤0.001
Treatment                     1              0.09          15.51        ≤0.001                  Height                5            0.45        2.08         0.07
Time                              6              0.84          25.01        ≤0.001                  Residuals          116          0.65                              
H × Treat                       5              0.08          2.80         <0.05                                                                                                   
H × Time                      30             0.37          2.20         <0.01                    Bare                                                                       
Treat × Time                 6              0.22          6.47        ≤0.001                  Intercept            1          42.48      646.80       ≤0.001
H × Treat × Time         30             0.58          3.44        ≤0.001                  Height                5            0.23        0.70       0.628
Error                            116            0.65                                                          Residuals          116          0.65                              
Total                             200            6.61                                                                                                                                        

July 19 − No transformation
Intercept                        1              2.17          52.64        ≤0.001                  Mussel                                                                   
Height                           4              1.07          6.49         <0.01                    Intercept            1            6.35      63.094     ≤0.001
Treatment                     1              0.67          16.18         <0.01                    Height                4            7.08      17.581     ≤0.001
Time                              4              0.89          5.38        ≤0.001                  Residuals           94           3.87                              
H × Treat                       4              1.01          6.15        ≤0.001                                                                                                 
H × Time                      16             1.41          2.14         <0.05                    Bare                                                                       
Treat × Time                 4              0.17          1.02        0.401                  Intercept            1          29.30      320.891     ≤0.001
H × Treat × Time         16             0.74          1.12        0.350                  Height                4            0.12      0.318     0.865
Error                             94             3.87                                                          Residuals           94           3.87                              
Total                             144          11.98  

Table 4. ANOVA (type III test for unbalanced design) on July 15, 17 and 19: (a) the full model with the interactions and (b)
analysis of the simple main effect to test the effect of height for each treatment (bare or mussel substratum) separately
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Ecological consequences

Growth in the intertidal mussel bed was limited by
the hydrodynamic conditions at Site 2 in the Menai
Strait. This conclusion is based on the observed food
depletion at the site with concentrations near the
mussel bed ~1 µg chl a l−1. Further, calculating the
food supply to a homogenous mussel bed knowing
the measured combination of Kz (0.1 < Kz < ~0.4 ×
10−4 m2 s−1) and chl a concentration (~1.88 µg chl a l−1

at h > 11 cm and 1.30 µg chl a l−1 at h < 6 cm) would
allow for the mussels to reach a clearance rate of
4 l h−1 and would support an optimal population den-
sity of 800 to 3200 ind. m−2. However, the actual den-
sity at Site 2 was 4744 ind. m−2. We conclude that the
mussel growers had greatly over-stocked this area.
Growth limitations became apparent as the mussels
at the Site 2 were from the same cohort with a similar
size, were re-laid randomly at the same time but
still showing differences in shell length between the
edge and the middle of the patch. Similar differences

between location in mussel beds have been recorded
before and attributed to density-dependence (e.g.
Svane & Ompi 1993, Okamura 1986, Fréchette et al.
1992), however in this study it is apparent that the
density-dependence is driven by a lack of food,
whereas at Site 3 no such growth gradient is seen
due to a high availability of food. However, at Site 3
the total mussel coverage (i.e. the percentage occu-
pied by mussel patches) was only 40% compared to
63% coverage at Site 2. With less coverage, more
gaps between mussel patches are possible; hence,
more seston can be replenished in the gap and
 sustain smaller mussel patches with large mussels
at a higher high density. The mussel farmers who
utilise this area of seabed have typically attempted
to stock the area with as many mussels as possible
to counteract the effects of predation, however the
present study strongly suggests that such an ap -
proach merely leads to poor growth and potential
starvation through competition within monocultures
of mussels.
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(a) Full model with interactions                                                                   (b) Simple main effect
Source                           df               SS              F                 p                                                   df            SS             F               p

July 18 − Square root transformation
Height (H)               5          0.09       2.20        0.058                  Mussel                                                             
Treatment (Treat)      1          0.27       32.14      ≤0.001                 Height           5        2.63       1.83       0.115
Time                     4          3.79      112.10      ≤0.001                 Residuals        84       24.14                         
H × Treat                5          0.48       11.31      ≤0.001                                                                                                
H × Time                20         0.56       3.35       ≤0.001                 Bare                                                                
Treat × Time            4          0.23       6.68       ≤0.001                 Height           5        1.05       1.18       0.327
H × Treat × Time      20         0.32       1.89       <0.05                  Residuals        84       15.08                         
Error                    120         1.01                                                                                                                                    
Total                    180         6.75                                                                                                                                    

Source                           df               SS              F                 p                        Tukey               diff.            p
                                                          
July 19 − No transformation, horizontal transect
Treatment                     2              0.71          32.53         ≤0.001                    M vs. I             –0.04      0.446                            
Time                              4              0.97          33.35         ≤0.001                    S vs. I              0.17      ≤0.001                            
H × Treat                       5              0.09           1.14          0.351                    S vs. M            0.21      ≤0.001                            
Error                             59             0.64                                                                                                                                        
Total                              73

Table 5. ANOVA (type II for balanced design) on July 18 for the vertical profile and on July 19 for the horizontal transect: (a)
the full model with the interactions and (b) ANOVA of the simple main effect height for each treatment separately for July 18,
and Tukey post-hoc analysis for July 19. M stands for mussel substratum, I for interface mussel/bare substratum and S for bare 

substratum

                                                         Water                                                                           Animals

Measured (sampled)                                          From ADCP                                                        From mussels and seston
                                                         Kz = 2.03 × 10−4 ± 1.03 × 10−4 m2 s−1                                   CR = 2.93 ± 1.56 l ind.−1 h−1

Calculated                                               From Kz ADCP and seston                                            From mussels and seston
                                                                CR = 2.36 ± 1.77 l ind.−1 h−1                                   Kz = 2.08 × 10−4 ± 1.52 × 10−4 m2 s−1

Table 6. Comparisons of diffusion coefficient Kz and CR measured or calculated via ADCP, mussel and seston at Site 2
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The physical and biological processes that occur
in the intertidal bed were altered by bed morpho -
logy and patterning. In contrast to systems with
 natural mussel settlement (e.g. the Wadden Sea,
van de  Koppel et al. 2005; Maine, USA, Snover &
Commito 1998), the bed patterning in the Menai
Strait evolves during the culture process and is
influenced by natural processes (self-organisation/
intraspecific facilitation, van de Koppel et al. 2008;
dislodgement/ erosion, Bert ness & Grosholz 1985,
Murray et al. 2002; predation, Okamura 1986) but
also by the mussel re-laying process, i.e. flattening
of the bed prior to the re-laying, and the pattern of
relaying from vessels. Within discrete mussel beds,
mussel-covered and mussel-free patches of substra-
tum were similar in size (~5 m wide) compared with
those found in other studies (Wadden Sea, ~6 m,
van de Koppel et al. 2008; Menai Strait, 2.3−3.1 m,
Gascoigne et al. 2005). The shape of the bare
patches in the Menai Strait was approximately cir-
cular, in comparison to the banded pattern ob served
in the Wadden Sea (van de Koppel et al. 2005). This
could be explained by the manner in which the
mussels are relaid by the mussel farmers as well
as the influence of tidal currents that transport
food from 3 main directions. The bare patches
that occurred within the mussel bed allowed ses-
ton replenishment due to vertical mixing and also
increased the food source derived from the re-
 suspension of  microphytobenthos adjacent to the
mussels.  Re-suspension of microphytobenthos is
likely to be an important source of food only at the
beginning of the flood tide when current velocity
and vertical mixing were highest (Widdows et al.
2009).

BBL and methods limitations

Measuring in or within the BBL in situ is challeng-
ing, as it is difficult to avoid interference of the instru-
ments with the natural processes and at the same
time sample sufficient data to cover natural oceano-
graphic variations. To obtain an ac cept able compro-
mise on this issue, we used non-intrusive equipment
such as the self-logging ADCP, SCUFA and siphon
mimics to avoid interference with the BBL structures.
However, variability will still be present in the data
due to the inherent fluctuations of turbulence. In con-
trast to some previous in situ studies (e.g. Fréchette
& Bourget 1985b) we sampled at a control site with-
out mussels. The vertical profiles at the control site
showed neither deposition nor depletion (Table 4),

which supported our conclusion that the food de -
pletion in the BBL was due to mussel filtration only.
Jones et al. (2009) considered 2 other alternative
mechanisms for food depletion in the BBL: (1) the
 turbulent deposition and (z) near-bed aggregation
or near-bed ‘fluff layer’. Turbulent deposition of the
phytoplankton cells to the sediment can be discarded
as a plausible mechanism based on both our results
and those of Jones et al. (2009). Besides differences
between the study location of Jones et al. (2009) and
our study regarding substrate type (clay with high
organic content versus sandy-muddy substrate in
Menai Strait) and fauna (infaunal clams and poly-
chaetes versus epifaunal mussels in Menai Strait),
the main difference is that Jones et al. (2009) did not
sample between 0 and 10 cm above the mussel bed.
Using the siphon mimic technique we were able to
sample 0.5, 3, 6, 11 cm above the bed and we did not
find an increase in the local concentration of chl a
below 10 cm (see Fig. 4). It thus does not seem that a
near-bed ‘fluff layer’ exists at our site and depletion
of food can be attributed to mussel filtration.

Our ability to sample very close to the bed may also
have affected calculated mass transfer velocity of
phytoplankton to the bed (i.e. α, the flux to the bed
normalized by near-bed concentration). Using Eq. (8)
in Monismith et al. (2010) to compare our results with
other recent studies, our calculated α (median Site 2:
98.4 ± 75.1 m d−1; median Site 3: 337.8 ± 92.8 m d−1)
was higher than the value found by Monismith et al.
(2010) and Jones et al. (2009) (medians 48 ± 20 m d−1

and ~50 to 60 m d−1, respectively). We attribute
this difference to the high bed shear stress (from 7 ×
10−3 m s−1 to 2.25 × 10−2 m s−1) and the fine-scale sam-
pling of seston in the BBL close to the bed ([chl a] at
0.5 or 1 cm and [chl a] at 25 or 80 cm) in our study.

Feeding rate

When comparing our rates of turbulent transport of
chl a to the mussel bed or the mass transfer velocity
of phytoplankton to the bed calculated as α accord-
ing to Jones et al. (2009) and Monismith et al. (2010)
with feeding rates estimated from the defecation
method, the results were in the same range (α from
filtration rate ~245−420 m d−1). Mussels fed at high
rates (mean CR = 2.9 l ind.−1 h−1) and the clearance
rates were comparable to that measured in the labo-
ratory under optimal conditions (Møhlenberg & Riis-
gård 1978, Riisgård & Møhlenberg 1979, Riisgård
2001), demonstrating that the high clearance rate
measured in the field is possible as long as environ-
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mental conditions such as turbulent mixing prevent
re-filtration (O’Riordan et al. 1995). Further, feeding
was constant over the entire tidal cycle as is evident
from measurements of valve aperture that were
>70% open during the entire tidal cycle, which indi-
cated a potentially high CR (Riisgård et al. 2003,
2006, Saurel et al. 2007). Previous studies in the sub-
tidal areas of the Menai Strait demonstrated that at
chl a concentrations <1 µg l−1, valve aperture was
reduced which indicated reduction in filtration rates
as also ob served in other systems (Saurel et al. 2007).

The total volume filtered by the population (Fpop) at
Sites 3 and 2 adjusted to the calculated mussel per-
centage cover was 107.15 m3 m−2 d−1 and 211.17 m3

m−2 d−1 respectively; these high values are compara-
ble to the higher limit of previous studies in micro-
and macro-tidally driven systems such as Kerte-
minde, Denmark (38 < Fpop < 166 m3 m−2 d−1; Riisgård
et al. 2006) and Oosterchelde, the Netherlands (31 <
Fpop < 170 m3 m−2 d−1; Prins et al. 1996).

Conceptual model

A modified conceptual model of the concentration
boundary layer, which develops over a mussel bed
with a bare patch in the middle in a unidirectional
flow (adapted from Wildish & Kristmanson 1997), is
presented in Fig. 9. In this model, water flowing

above a mussel bed is depleted of seston in the
boundary layer. Once this body of water encounters a
bare patch, the lack of a benthic chl a sink (i.e. mus-
sels) allows vertical mixing of the near-bed water
 column, resulting in food replenishment. Therefore,
the same body of water is richer in food when it
encounters the next mussel patch. Simple calcula-
tions can illustrate this model: the bare patches used
during the measurements taken with SM were ~5 m
wide (almost circular shape), and the food depletion
was mainly localised in the water column from the
bed to a height of 11 cm. The time necessary to mix
this near-bed zone is tv = 0.32 × 0.112 / (2.03 × 10−4) =
19 s. The time necessary the water to flow across this
bare patch with a mean current speed of 0.25 m s−1

(with unidirectional flow) is tx = 5/0.25 = 20 s. There-
fore, there is sufficient time for mixing and food
replenishment of the <11 cm zone during the transi-
tion across a bare patch where no mussel filtration
occurs. The implication of this calculation is that the
minimum [chl a] threshold (<1 µg l−1) at which filtra-
tion is reduced or ceases due to valve closure (Riis-
gård et al. 2003, Saurel et al. 2007) with the same
velocity conditions is reached after a water mass has
passed across 5 m of mussel bed. Note however, that
a threshold of 1 µg chl a l−1 may not be representative
for other bivalve species and in systems with lower or
different food concentrations (e.g. Maire et al. 2007,
Trottet et al. 2007, Strohmeier et al. 2008).
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Steady-state over a tidal period

The system steady-state was adjusted tempo-
rally during the tidal cycle due to the succession
of different food sources and hydrodynamic pro-
cesses (re-suspension, vertical mixing and advec-
tion). The tide could be arbitrarily decomposed
into 5 phases (Table 7) depending on the pro-
cesses occurring above the bed. When the water
was on the flood (Phase 1) with recycled water
from the NE end of the Menai Strait, velocity
and vertical mixing were at their highest values,
and re-suspension was the main source of food
with an increase in phaeopigment concentration
near to the bed. In response, the mussels opened
their valves rapidly and began filter-feeding.
After the initial flood (Phase 2), water velocity
decreased and the main supply of food occurred
through vertical mixing. Although food concen-
tration was low, the mussels were wide open. In
Phase 3, before high tide when the current di -
rection turned and vertical mixing was still the
main agent of food supply, the food concentration
in the water column started to rise due to the
advection of fresh chl a-rich new water from
 Liverpool Bay (Gowen et al. 2000, Tweddle et al.
2005, Saurel et al. 2007, Simpson et al. 2007).
At high tide (Phase 4) advection led to the input
of a new body of water, vertical diffusion was
still strong, and the velocity was low. Eventually
the water level declined (Phase 5), the current
direction turned, and food depleted water that
had already been over the mussel beds was
advected above the bed and the strength of the
vertical mixing reduced, such that the mussels
started to close until the bed was uncovered by
water.

SUMMARY

The present study demonstrated that with accurate
physical and biological measurements a better under -
standing of the processes occurring at culture-units
(mussel feeding and growth, food concentration,
hydrodynamic supply) can be obtained and used
for future basin-scale production carrying capacity
modelling (Fréchette 2010).

Future management decisions can be based on the
simple conceptual model (Fig. 9): knowing the turbu-
lent mixing and chl a available to the mussels, density
and bare patch size can be modelled for optimising
the food availability to the mussel and hence a better
production. The optimal size for mussel and patches
of bare sediment can therefore be calculated together
with the amount of food consumed by the mussel in
other systems. Understanding the scale of ap propriate
patch size to maximize production would improve
management decisions about stocking density and
would reduce excessive and wasteful initial re-laying
of mussel seed. At Site 2 (July 2006), 1 mo after being
re-laid the mussel bed appeared to be almost opti-
mally self-organised with (1) the optimal circular bare
patch diameter for the turbulent mixing condition of
the system (~5 m), and (2) a high density (>4000 ind.
m−2), and (3) a high mussel filtration rate (2.9 µg l−1).
However, the difference in condition index (CI) be-
tween middle and the edge of the mussel patch indi-
cates that growth could have been limited and that a
bed with lower density would have been more pro-
ductive. In contrast, at Site 3 with lower mussel den-
sity (<4000 ind. m−2) and percentage cover (40%)
than Site 2 (63%), there was no difference in size,
density or CI of the mussels at the edge compared to
the middle of the patch, indicating that more mussels
could have been re-laid on the site.
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                                                    Phase 1                    Phase 2                    Phase 3                    Phase 4                    Phase 5
                                                    Flooding                 After flood               Before HT                High tide                   Ebbing

Hydrodynamics =                 Re-suspension                                                 Adv.                         Adv.                         Adv.
Main food supplier                  VM high                 VM high                      VM                           VM                   VM reduces

Velocity                                         High                     Medium                      Low                         Low                      Medium

Current direction                            SE                             SE                         Turn S                       WSW                     Turn NW

Food (chl a) concentration            Low                         Low                        Rising                       High                   Decreasing
                                                      (RW)                         (RW)                        (NW)                        (NW)                        (RW)

Phaeopigments                             High                       Reduce               Low constant           Low constant           Low constant

Feeding behaviour                 Fast opening             Wide open               Wide open               Wide open             Slow closing

Table 7. Summary of the hydrodynamics, food concentration and composition, and mussel feeding behaviour in function of the
arbitrary determined phases of the tide (tide decomposed into 5 phases). Adv.: advection; HT: high tide; VM: vertical mixing; 

RW: recycled water; NW: new water
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