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INTRODUCTION

Mussel cultivation is an extensive form of aquacul-
ture, which is entirely dependent on natural resources
for feeding and recruitment. Mussel cultivation can
take place in benthic cultures, where mussels are
placed on the seabed at convenient sites. It can also
take place in long-line culture units, where mussels
hang suspended from artificial structures such as rafts.
In the former situation, mussels can deplete the lower
water layers and they depend on horizontal advection
and vertical mixing to transport material from the sur-
face to the bed (Petersen 2004). In the latter situation,

mussels have direct access to the whole extent of the
water column that is spanned by the mussel ropes. In
this latter case, they depend mostly on advection to
access suspended plankton. Mussel cultivation has
increased dramatically since the middle of last century
(Smaal 2002) and has gained increasing international
importance (Gibbs 2004).

Since mussel cultivation depends on a natural, exter-
nal supply of food (primarily phytoplankton) there is a
risk that production may fail or decrease if the natural
food resources are depleted. For individual mussel
farmers it is therefore important that the culture sites
are optimally exploited. By increasing the mussel stock
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ABSTRACT: Food depletion in mussel cultivation has been rarely studied and seldom demonstrated.
In this study, concentrations of phytoplankton in and around a blue mussel Mytilus galloprovincialis
raft culture unit in the Ría de Vigo were measured during a 2 wk study period in July 2004. Flow direc-
tion and current speed were measured using an Aanderaa current meter and fine-scale Acoustic
Doppler Velcimeter probes at different positions in the raft. Flow speeds were reduced compared to
outside the raft, but a clear tidal signal and significant flow velocities could still be observed inside the
raft. At the upstream corners of the raft, a zone of high turbulence but reduced advection was
observed. Concentrations of chlorophyll a (chl a) were measured on 3 different spatial scales. On a
macro-scale, fluorescence profiles were taken inside and outside the raft on several occasions and
there was depletion of chlorophyll inside the raft corresponding to ~80% of the outside concentration,
whereas there was no depletion below the ropes. On a meso-scale, from just upstream to just down-
stream of the raft, fluorescence profiles, as well as water samples, at several depths revealed similar
depletion, however, with larger depletion of size-fractionated chl a >2 μm. On a micro-scale, water was
sampled within 20 cm of the ropes using siphon mimics. In the middle of the raft, concentration profiles
towards the mussel ropes could be observed at 2 depths, whereas less clear profiles were observed on
the turbulent upstream corner. The present study documents food depletion in a mussel culture and
emphasizes the importance of physical forcing and phytoplankton composition for food availability.
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in the allotted culture sites, there is a risk that the
carrying capacity of the site may be exceeded and
production will be reduced to local overgrazing.
There are few reports on actual depletion of seston
within culture units (Perez Camacho et al. 1991,
Heasman et al. 1998, Strohmeier et al. 2005), and
some have questioned whether depletion can actu-
ally be observed (Ogilvie et al. 2000). Depletion
will depend not only on the stocking density of the
mussels, but will also depend on the nutrient load
and physical forcing (Pilditch et al. 2001). Thus,
in a nutrient-rich system with high current speeds
or wind-driven mixing, depletion will be difficult to
detect, and generally mussels can be stocked den-
sely. However, for practical reasons, mussel culti-
vation often takes place in protected areas with
low physical forcing, and depletion may therefore
occur in such areas, causing a lower production or
individual growth rate of mussels (Strohmeier et al.
2005). However, little is known about the degree of
depletion and on what scales depletion can be
detected in mussel cultivation rafts.

In the present paper we report measurements of
depletion of phytoplankton on different scales us-
ing different methods inside and around a long-
line culture unit for production of blue mussels
Mytilus galloprovincialis. Our hypotheses were:
(1) that phytoplankton depletion takes place on
different scales in mussel culture units, (2) that de-
pletion will be minimal in upstream parts of a cul-
ture unit and maximal at the downstream end, and
(3) that depletion is dependent on current speed.
We chose Ría de Vigo, NW Spain, as the study area,
since it hosts many culture units and constitutes, to-
gether with the other Galician rías, one of the most im-
portant areas for mussel production in the world (Perez
Camacho et al. 1991). The measurements of phyto-
plankton depletion are linked directly to hydrodynamic
parameters measured in the same unit at the same time,
allowing direct coupling of physical and biological pro-
cesses. In the companion paper by Maar et al. (2008,
this issue), the depletion of zooplankton within a cul-
ture unit and more detailed budget calculations for
groups of rafts are demonstrated and discussed.

MATERIALS AND METHODS

Study site. A raft culture unit situated in the Ría de
Vigo (Fig. 1) was used as study site. The raft studied
was a standard Spanish unit (Perez Camacho et al.
1991) consisting of a 27 × 20 m wooden raft equipped
with 551 ropes of 12 to 14 m each, holding blue mussels
Mytilus galloprovincialis of different sizes and at an
estimated density of 750 ind. m–3 corresponding to a

biomass of 15 kg m–1 rope (Perez Camacho et al 1991).
Size and number of mussels on a raft varies with sea-
son and between the ropes on the raft, but generally
size ranges between 20 and 60 mm (Babarro et al.
2000). The ropes were unevenly spaced, with a larger
distance between ropes holding larger mussels. The
raft was located in a farm of 68 rafts arranged in a poly-
gon on the northern shore of the Ría de Vigo, close to
the village of Cangas (Fig. 1B). Approximate depth of
the site was 25 m. The tidal elevation in the area is
around 2.5 m, and current velocities outside the raft
are in the range of 0.1 to 0.2 m s–1 (Riethmüller et al.
2006). Ingoing currents were deflected in the direction
of the isobaths, whereas outgoing current direction
was highly variable within and around the mussel raft.
Intensive and detailed studies were carried out during
a study period from 19 to 28 July 2004.

This mussel production area is known to be
extremely productive due to predominant upwelling
conditions from April to September stimulating phyto-
plankton production and supporting the high produc-
tion of blue mussels (Navarro et al. 1991). During the
rest of the year, downwelling conditions prevail. Dur-
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Fig. 1. Map of: (A) the position of the rafts (j) and (B) the Ría de Vigo in
NW Spain. The studied raft is sixth from the right in the marked polygon
in Panel A (black arrow). Units on the scale bar in Panel A are metres
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ing the study period, water column conditions were
influenced by a relaxation between the summer
upwelling events and characterised by stratification
and low phytoplankton concentrations (Arbones et al.
2008). Inside the ría, wind speeds were <5 m s–1 most
of the time during the study period. It is important
to note that the average conditions during the study
period are not quite representative of the average con-
ditions during summer in most years.

Physics. A current meter (Aanderaa RCM9) equipped
with sensors for pressure, temperature, salinity, and
current speed and direction was submerged from the
centre of the raft at 2 m depth and sampled mean val-
ues with 10 min intervals. A thermistor string with
Ebro thermo-loggers was deployed to sample at 6
depths (surface, 3, 6, 9, 12 and 15 m). Additionally, 4
Acoustic Doppler Velocimeters (ADVs) were positioned
at different locations on the raft at 3 to 4 m depth
(Fig. 2). A self-contained ADV system, the ‘Vector’
(Nortek), was placed at the centre of the raft close to a
mussel rope (approx. 10 cm). This system was pro-
grammed to record bursts of 8192 samples at 32 Hz.
The first 2 d, this system recorded at 15 min intervals;
during the subsequent days, it was set to record at
40 min intervals. In addition to the self-contained ADV,
a linked set of 3 Sontek ADVs were operated from a
laptop on the raft. Probe 1 was placed lateral to a rope
with respect to the main flow, near the corner of the
raft, a few ropes from the edge (approx. 6 cm from the
rope). Probes 2 and 3 were placed on the side of the
raft, 1 to 1.5 m from the raft’s edge, sampling, respec-
tively, between mussel ropes at a distance of >50 cm
from any rope (Probe 2) and very close (approx. 6 cm)
to a mussel rope (Probe 3). The length of cable be-

tween the probes largely dictated the relative place-
ment of these 3 probes. All Sontek ADVs sampled at
25 Hz. This set of ADV probes was also set to record
bursts of a minimum of 8192 samples. All ADVs were
mounted on frames that were attached to the raft. All
probes were deployed at a depth of 4 m. The 3 probes
that were very close to a rope (the Vector, Probe 1 and
Probe 3) were positioned laterally to the ropes with
respect to the main flow, i.e. they never were set to
measure in the wake of a rope. The x-beams were
positioned parallel to the main flow through the raft
(i.e. 120° from north). The ADV frames had a ring-
shaped guard around the ADV to prevent damage to
the probe sensors during deployment. As the measur-
ing volume of an ADV is located underneath the probe
(15 cm for the Vector and 5 cm for the Sontek system),
these guards did not interfere with the measurements.

From each burst, average velocities as well as turbu-
lence characteristics were calculated. Turbulent kinetic
energy (TKE) was calculated as:

(1)

with u’, v ’ and w ’ being the fluctuating components of
the velocities in x, y and z. The x direction was aligned
with the main flow direction through the raft. An ADV
works on the basis of detecting the backscatter signal
from suspended particles. There is a linear relationship
between the amplitude of the backscatter signal and
the particle concentration (Voulgaris & Meyers 2004).
The signal is strongly influenced by the particle com-
position, in particular the fraction of inorganic material
in the particles. However, since flow rates in the raft
are rather low and the measurements were taken far
away from the influence of the bed, this was assumed
not to vary too much. In all ADV measurements, the
amplitude of the ADV signal was corrected with the
‘signal-to-noise-ratio’. For each burst an average ‘cor-
rected amplitude’ value was calculated. The Vector
and Probe 1 were both located close to a mussel rope
where siphon mimic measurements were also taken.
This allowed us to convert the amplitude of the back-
scatter into chlorophyll a (chl a) concentrations, by
calibrating the backscatter signal with simultaneous
samples from the siphon mimics (see ‘Materials and
methods–Siphon mimics’).

During the study period, a standard program con-
sisting of CTD-casts (ME-profiler from Meerestechnik)
measuring temperature, salinity and fluorescence was
carried out as synoptically as possible, starting 20 to
30 m upstream of the raft (reference station), then in
front of and behind the leading edge, in the centre, just
in front of and behind the trailing edge and 20 to 30 m
downstream of the raft (Fig. 2; standard CTD station).
Sampling was performed on 12 occasions during the

TKE . ( ’ ’ ’ )= + +0 5
2 2 2

u v w
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study period according to the tidal cycle of incoming
oceanic water or outgoing estuarine water, and 2 of
these occasions (22 and 28 July) were detailed for hor-
izontal and vertical spatial resolution of fluorescence
within the raft (Fig. 2; extra CTD stations). Depletion
of phytoplankton was defined as the proportion of
fluorescence in comparison with a reference station
(100%) that was 20 to 30 m upstream of the raft
(macro-scale), just in front of the leading edge of the
raft (meso-scale), or between ropes (micro-scale).

Size-fractionated chl a. Water for estimation of chl a
was sampled at 3 depths (3, 9 and 18 m) using 5 l
Niskin bottles at selected stations, i.e. the standard
program for CTD-casts: upstream, just in front of the
raft; at the centre of the unit; at the trailing edge; and 2
to 3 m downstream of the raft. Additional samples for
estimation of total chl a concentrations were taken at 2
depths in the nearby canal also hosting mussel farms
and in the open part of the Guia not influenced by
mussel farms (Fig. 1). Water samples were analysed
for size-fractionated chl a (<2, 2 to 20, 20 to 200 and
>200 μm) on 100 ml triplicate sub-samples filtered onto
Whatman G/FF, 2, 20 and 200 μm filters. The filters were
extracted in 96% ethanol and analysed on a Turner
770 fluorometer, calibrated against a chl a standard,
before and after acidification (Yentsch & Menzel 1963).

Siphon mimics. To resolve depletion patterns at the
near-rope (micro) scale, the ‘siphon mimic’ technique
was applied on 4 occasions (21, 23, 24 and 27 July) in
the boundary layer surrounding 2 mussel ropes, 1
located at the corner and 1 in the middle of the raft.
Both ropes fitted with siphon mimics were located
immediately adjacent to ropes with ADVs (Fig. 2).
Black plastic tubing (inner diameter = 0.3 cm) was
attached to a stick and protruded 0.1, 3, 10 and 20 cm
from the surface of the ropes. Sticks were mounted on
the mussel rope at depths of 3 and 9 m, using plastic
cable ties assuring that the surface of the stick was
more or less flush with the surface of the clump of mus-
sels. Water was pumped to the surface using a peri-
staltic pump with a pumping rate of 4.8 l h–1, corre-
sponding to the pumping rate of a 40 to 50 mm mussel
(Riisgård 2001). Sampling of 3 replicates took place
within 20 to 30 min, simultaneously at 2 depths at each
locality (corner and middle). Water samples (3 repli-
cates) were pre-filtered on an 80 μm screen in order to
avoid faecal pellets in the sample and were analysed
for chl a as described above, but without size fraction-
ation. Pre-filtering was necessary for siphon mimic
sampling due to low sampling volume and the close
proximity to the mussels.

Depletion model. In order to test if the observed
depletion rates were consistent with mussel clearance
rates from the literature, we applied a 1-dimensional
(1D) depletion model. The model describes horizontal

advection and consumption of food by mussels in the
surface layer, where vertical mixing prevents a vertical
gradient of food concentration (Bacher et al. 2003):

(2)

where u (m s–1) is the current speed, C is food con-
centration, x (= 27 m) is the distance along the main
current direction, N (ind. m–3) is the abundance of
mussels and CR (m3 ind.–1 d–1) is the individual clear-
ance rate. Eq. (2) can be solved analytically assuming
steady state conditions (e.g. ∂t = 0), and CR can then be
estimated as:

(3)

where we have measurements of the upstream, C0,
and downstream, Cx, concentrations of food (chl a) at
the distance x = 27 m, current speed, and mussel abun-
dance N = 750 ind. m–3. Average chl a concentration
could be estimated as:

(4)

Ingestion rate of phytoplankton was then calculated
as the CR multiplied by the average chl a concentra-
tions converted to carbon biomass (mg C m–3) using a
C:chl a ratio of 58 (Cermeño et al 2006). For additional
budget calculations we refer to the companion paper
by Maar et al. (2008).

RESULTS

Physical properties

The water column was stratified during the study pe-
riod. Temperature ranged from 13°C at 15 m depth to
21°C at the surface. Salinity ranged between 34.8 and
35.5 during the study period (data not shown). From the
daily CTD casts, 2 or 3 separate layers within the upper
13 to 14 m of the water column could be identified and
the depth extension of each layer varied between days.
This stratification was confirmed by the temperature
measurements. Current speeds inside the raft were low
and varied from <0.01 to just above 0.08 m s–1, with an
average (±SD) velocity during the study period of 0.019
± 0.012 m s–1. Current direction was dominated by the
tide and highly bi-directional (Fig. 3B). The ADVs mea-
sured velocities of roughly the same order of magnitude
as the current metre. The Vector gave an average (±SE)
speed of 0.020 ± 0.005, with maximum speeds at incom-
ing and outgoing tides of ~0.06 and ~0.05 m s–1, respec-
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tively (Fig. 3A); Probes 2 and 3 also showed a clear
tidal signal, with maximum speeds around
0.07 m s–1 (Fig. 4A, for clarity this figure only
shows a short time sequence, but this pattern was
consistent over time). During flood tide, higher
velocities were reached than during ebb tide.
Average velocity magnitudes were similar: they
were higher between mussel ropes at Probe 2 than
near a mussel rope at Probe 3 during flood tide
(Probe 2: 0.030 ± 0.016 m s–1; Probe 3: 0.029 ±
0.015 m s–1). The same was true during ebb tide
(Probe 2: 0.016 ± 0.008 m s–1; Probe 3: 0.021 ±
0.011 m s–1). Peak velocities at flood tide ranged
around 0.055 m s–1 at Probe 2 between the ropes
and 0.053 m s–1 at Probe 3 close to the rope. There
were therefore no discernable effects that could
be attributed to velocity boundary layer effects at
these distances from the ropes. At the rope on the
corner (Probe 1), the tidal signal was much less
pronounced. Advection in this area was very low,
and Probe 1 had consistently lower flow velocities
(flood: 0.012 m s–1; ebb: 0.010 m s–1; peak velocities
rarely exceeding 0.02 m s–1) than the other 2
probes. Levels of TKE were of a similar order of
magnitude between most of the measurements
except at Probe 1 (Fig. 4B), where, despite the
low velocities, levels of TKE were generally high.
This pattern results in much higher turbulence
intensities (here: TKE normalised with the
square of the velocity magnitude) around Probe 1
in comparison to other locations, apart from the
period around the turn of the tide, when flow is
near 0 everywhere (Fig. 4C). Diversion of flow
around and below the raft apparently creates
stable local vortices at the corners of the raft. In
these areas there is considerable random motion,
but little lateral exchange of water. It is debatable
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Fig. 3. (A) Link between tidal elevation and current flow at the centre of the raft. u: along raft flow; v : across raft flow velocity; 
w : vertical velocity. (B) Frequency plot of measured current direction during the study period

Fig. 4. (A) Velocities at 4 locations in the raft (only velocities along the main
flow are shown). (B) Turbulent kinetic energy (TKE) at 4 locations in the
raft. (C) Turbulence intensity, i.e. TKE normalised with the square of the
velocity magnitude (U2), at 4 locations in the raft. For clarity, only data for 

1 d are shown. Data for other dates are consistent with these
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whether the measurements around
this particular corner can directly
be extrapolated to the 3 other raft
corners. This will largely depend
of the flow pattern outside the raft,
and is therefore influenced by the
phase of the tide and wake forma-
tion behind other rafts situated
upstream.

Macro-scale depletion

From the CTD casts different patterns of phytoplank-
ton depletion emerged. On the macro-scale, there was a
significant (paired t-test, df = 10, p < 0.05) depletion of
phytoplankton levels of fluorescence in the middle of the
raft, in comparison with the reference station located 20
to 30 m upstream the raft (Fig. 5). This applies for the
entire vertical extension of the long-lines (average 82 ±
7%), as well as in the 3 different layers that could be
identified within the rope area from the density profiles.
There was no significant difference between stations
in the water column below the long-lines (15 to 19 m),
except on a few occasions, and no consistency was found
in the pattern between days. Depletion in the middle of
the raft ranged between 55 and 90% of the reference
concentration depending on depth and sampling day.
There was no significant correlation (Pearson; n = 10, p =
0.47) between current speed in the upper layer in the
centre of the raft, measured as an average during and
0.5 h before water sampling, and depletion of phyto-
plankton, measured as fluorescence.

Meso-scale depletion

At meso-scale, comparing within and just around the
raft, depletion of phytoplankton could be detected at 0

to 13 m depth along the central part of the axis at 5
stations from upstream to downstream of the raft,
whereas fluorescence increased along the central axis
below the raft (Fig. 6). When comparing mean fluores-
cence (0 to 13 m) for all days, there was always a signif-
icant depletion from upstream to the middle and fur-
ther downstream of the raft (Table 1). In contrast, there
was no significant depletion from upstream to the lead-
ing edge of the raft and from the middle and further
downstream. Below the long-lines, there was no sig-
nificant difference between stations (ANOVA, df = 9,
p = 0.52).

On the 2 d where intensive CTD casts (extra CTD
stations, Fig. 2) were performed, the most pronounced
depletion gradient was observed along the central raft
axis in the main current direction, while there was a
weaker trend perpendicular to the central axis (Fig. 7).
For all stations on both sampling days significant dif-
ferences in fluorescence occurred between the up-
stream station and all other stations, except for the
downstream and upstream edge stations on 22 July
(ANOVA followed by Fisher’s protected least signifi-
cant difference post hoc test, p < 0.05). On 22 July,
water was outgoing and had low concentrations of
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Fig. 5. Mean (±SE) depletion ratios based on fluorescence mea-
surements during the study period (12 sampling occasions) in the
middle of the raft and at a reference station (100%) outside the
raft area upstream (see Fig. 2). Mean fluorescence was calculated
for the part of the water column occupied by long-lines (0 to
13 m), the 3 identified water column layers (top, mid and bottom) 
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Fig. 6. Horizontal depletion of phytoplankton along the cen-
tral axis measured from upstream (–3 m), at the leading edge
(2 m), in the middle (13.5 m), at the trailing edge (25 m) and
downstream (30 m) of the raft, shown for the full extension of
long-lines (0 to 13 m) and below the long-lines (15 to 19 m).
The raft length extends from 0 to 27 m. Values are mean ± SD

Table 1. Paired t-tests comparing mean fluorescence (0 to 13 m) between different
stations from upstream to downstream of the raft for the study period. Significant 

difference for the study period is indicated by an asterisk (p < 0.05)

Leading edge Middle Trailing edge Downstream
df p df p df p df p

Upstream 6 0.10 10 0.010* 9 0.013* 10 0.006*
Leading edge 7 0.029* 6 0.031* 6 0.09
Middle 10 0.76 10 0.16
Trailing edge 9 0.14
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chl a; on 28 July, the water was incoming and the con-
centrations of chl a were higher.

Upstream concentrations of chl a at 3 and 9 m depth
varied from 0.5 to 4.4 mg m–3 and were in general lower
than the values at 18 m depth, except on 27 July (Fig. 8).
The >2 μm size fraction available to mussels contributed
on average (±SD) 72 ± 13% of total chl a. On 27 July, at
an ingoing tide, the downstream depletion was masked,
because water sampling accidentally overlapped slack
water in the tidal cycle. These values are, thus, not in-
cluded in calculations of depletion. There was significant
depletion of chl a in the size fractions 2 to 20 and >20 μm
in the middle, at the trailing edge and downstream of the
raft at 3 and 9 m depth compared to upstream concentra-
tions (Fig. 9, Table 2). Depletion of chl a >2 μm was not
correlated to current speed (Pearson; n = 5, p = 0.63).
There were no significant differences in phytoplankton
concentrations for any size fraction of chl a below the
long-lines (18 m) or for the size fraction <2 μm at any
depth. Total chl a concentrations were lower in the stud-
ied farm area and in the canal with mussel farms than in
the open Guia without mussel farms (data not shown).

Micro-scale depletion

On the micro-scale (around and inside the mussel
clumps) a gradient towards the mussel rope was found
when sampling in the middle of the raft (Fig. 10A). De-
pletion ratios close to the mussel rope were on average
(±SE) 63 ± 2% and 74 ± 15% at 3 and 9 m depths, re-
spectively, of concentrations between ropes (0.20 m
from rope). In general, depletion ratios were similar at
all depths and sampling occasions, except on 27 July
(9 m), when depletion was very high (18%). Depletion
rates calculated as the slope of the linear regression be-
tween the concentration of chl a (dependent variable)
and the distance, on a log-scale, from the mussel rope
(independent variable) varied between 0.03 and 0.39.
In contrast, depletion ratios measured at the corner of

the raft were less consistent between depths and sam-
pling occasions (Fig. 10B). Depletion close to the rope
ranged from 45 to 136% of concentrations between
ropes, and a clear gradient towards the mussel rope
could not always be detected. No significant gradients
were found on 1 occasion at 3 m and 3 occasions at 9 m;
for the remaining sampling occasions, significant de-
pletion was found, with depletion rates ranging from
0.03 to 0.12 and r2 ranging from 0.50 to 0.99.

The chlorophyll values derived from the ‘signal-to-
noise-ratio’ data from the ADV measurements support
the data on the meso- and micro-scales (Fig. 11). There
was a clear difference in particle concentration in
measurements from the centre of the raft (‘Vector’)
compared to measurements between ropes (Probe 2).
The reduction in derived chlorophyll concentration
amounted to about 20%. Similarly, concentrations were
lower close to a mussel rope (Probe 3) compared to be-
tween ropes at similar positions in the raft. Despite the
close proximity to the edge of the raft, derived chloro-
phyll concentrations were consistently relatively low at
the corner of the raft (Probe 1). These derived values
were generally of the same order of magnitude as the
derived values at the centre of the raft. This appears to
confirm the presence of more or less stagnant volumes
of water at this corner of the raft.

Depletion model

The mean individual clearance rate (CR) in the study
period estimated from Eq. (3) was 0.6 l h–1 ind.–1 based
on fluorescence depletion in the upper mixed layer
and 0.9 l h–1 ind.–1 if using mean fluorescence for the
entire extension of the mussel ropes. The correspond-
ing CR calculated using concentrations of chl a of
phytoplankton >2 μm are, respectively, 2.4 and 2.9 l
h–1 ind.–1. Ingestion rates were 2.3 and 3.2 mg C d–1

ind.–1, calculated, respectively, for the upper layer and
the entire extension of the mussel ropes.
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Fig. 7. Mean depletion of fluorescence upstream (100%), at 9 stations within the raft area, and downstream of the raft on (A) 22 July
and (B) 28 July. Depletion is calculated as a mean of the part of the water column occupied by mussels (0 to 13 m). The positions of the
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DISCUSSION

In the present study, we observed a clear depletion in
phytoplankton as the water masses passed through a
mussel cultivation unit, in agreement with our hypo-
thesis. Depletion was detected on different spatial scales,
under different hydrodynamic regimes and phyto-
plankton concentrations, and using different methods;
i.e. water samples, fluorescence measurements and

ADV backscatter. In general, there was consistency be-
tween estimates of depletion; inside the raft, chl a con-
centrations were on average ~60 to 80% of the reference
concentrations. Levels of depletion in the present study
are in accordance with previously reported levels of
phytoplankton reduction of ~30% from mussel rafts in
Spanish rías (Perez Camacho et al. 1991), although these
were estimated, rather than measured, reductions. In
comparison, measured levels of depletion in other areas

range from no depletion or enhance-
ment of food levels (Ogilvie et al. 2000)
to depletion of 30% of upstream con-
centration (Strohmeier et al. 2005), de-
pending on stocking density (Heas-
man et al. 1998) and size/orientation of
the cultivation unit (Strohmeier et al.
2005). However, depletion was most
significant in the centre of the unit and
not, as hypothesised, at the downstream
end. This might be caused by intrusion
at the downstream end created by

121

D
e
p

le
ti
o

n
 r

a
ti
o

 (
%

)

Up-
stream

Down-
stream

Middle Edge Up-
stream

Down-
stream

Middle Edge Up-
stream

Down-
stream

Middle Edge

Position on raft

Chl a < 2 µm
160

140

120

100

80

60

40

160

140

120

100

80

60

40

160

140

120

100

80

60

40

Chl a 2–20 µm Chl a > 20 µm

3 m

9 m

18 m

Fig. 9. Average depletion ratio of size-fractionated chl a across the raft for all sampling days. Values are mean ± SD

Table 2. One-sample t-tests of depletion ratios of size-fractionated chlorophyll a
(chl a) at the middle, trailing edge and downstream stations, testing whether they 

are significantly different (*) from the upstream value of 1 (p < 0.05)

Middle Trailing edge Downstream
p df p df p df

Chl a <2 μm (3 and 9 m) 0.056 9 0.496 9 0.074 7
Chl a 2–20 μm (3 and 9 m) 0.002* 9 0.001* 9 0.002* 7
Chl a >20 μm (3 and 9 m) 0.002* 9 0.001* 9 0.001* 7
Chl a <2 and >2 μm (18 m) 0.249 7 0.218 7 0.170 5
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vortices generated behind the raft (Riethmüller et al.
2006) of less depleted or non-depleted water from the
sides and below.

On a micro-scale, we used a novel technique sam-
pling undisturbed water and demonstrating depletion
close to mussel ropes. This is the food level that mus-
sels actually experience within a raft and that deter-
mine their growth. As seen from the present study,
the micro-scale measurements may reveal surprising
details, such as the low levels of food at the upstream
corners of the raft. The depletion on a centimetre scale
can be implemented into models of depletion on a raft
scale as either a reduction of food levels with a fraction
of the between rope concentration at a given position
or as a reduced filtration rate. Failing to account for
micro-scale depletion will overestimate actual food
availability to mussels in model calculations.

Since phytoplankton concentrations were mostly
depleted at the centre of the raft, it is supposedly most
profitable for a mussel to be placed at the edges of a
cultivation unit in a tidal system such as the Ría de
Vigo. However, due to a larger scale flow phenome-
non around the raft, at least 1 corner also proved to be
an unexpectedly unfavourable position. The station-
ary vortices around the corner provided a lot of very
local turbulence, but, on a slightly larger scale, there
was little exchange of water—and thus phytoplank-
ton—with the water masses passing by. The high
levels of turbulence at the corner resulted in less clear
concentration profiles on a micro-scale, but also in
lower overall concentrations of chl a at the corner.
This was particularly clear from the ADV measure-
ments. Turbulent eddies around the perimeter of cul-

tivation units have previously been de-
scribed (Boyd & Heasman 1998), but may,
in more open cultivation structures, facili-
tate intrusion of water into the unit at the
edges. Creation of eddies and their exact
nature will depend, not only on current
regime, but also on physical properties,
i.e. shape, dimensions and density of
ropes, design and orientation of the culti-
vation unit, and density and spacing of
the array of cultivation units.

A raft can be considered to be an ob-
stacle that causes the approaching water
to diverge to the sides and beneath it and,
thus, to reduce flow considerably inside
the raft, among the ropes. Diversion of
flow has also been observed in both the
investigated raft (R. Riethmüller pers.
comm.) and in other raft cultures (Boyd
& Heasman 1998). However, a clear tidal
signal could be detected inside the raft,
and peak velocities in the middle of the
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raft were around 50% of the peak velocities outside
the raft (R. Riethmüller pers. comm.). Average veloci-
ties were around 20 to 30% of outside velocities; these
values are slightly higher than previously measured
inside both raft cultures (Boyd & Heasman 1998) and
long-line units (Strohmeier et al. 2005, Aure et al.
2007). The fact that there is significant flow within the
raft is almost certainly due to 2 factors: (1) alignment of
the raft in the flow allows channelling of the flow and
(2) fairly slow flow reduces strong wake formation
behind the mussel ropes. In a higher flow area, the
relative flow reduction can be expected to be much
higher, due to the much higher form drag and inter-
action of the wakes behind the ropes. This implies that
a higher flow velocity in the area may not automati-
cally lead to higher levels of mussel production or that
maximum rope density can be much higher. A wake or
dead zone was observed downstream of the raft (Rieth-
müller et al. 2006), but it was of a small extension (30 to
50 m), as also seen from the fast recovery of upstream
chl a levels in the present study. With a wake of 30 to
50 m, the 100 m distance between rafts in the polygon
may thus represent an optimum distance for renewal
of food supply in relation to the demand for optimal
area use. Even though intrusion of water from below
and from the sides may lead to renewed food supply,
assemblage of rafts in polygons can be expected to
lead to an overall depletion affecting production in
individual rafts (Riethmüller et al. 2006), which can
also be seen from the general lower phytoplankton
concentrations at ebb tide compared to flood tide.
There are, however, to our knowledge, no published
data demonstrating differences in production in rela-
tion to polygon size or raft position within polygons.

In the meso-scale comparison from just upstream to
inside the raft there were some differences in results
both between methods and over time. Estimates of
depletion were higher (lower levels of phytoplankton
in the middle of the raft) using size-fractionated chl a
from water samples compared to fluorescence mea-
surements. The obvious explanation for this discrep-
ancy is the fact that Mytilus sp. have reduced retention
efficiency for particles <4 μm (Jørgensen 1990). The
fluorescence measurements encompassed all size frac-
tions of phytoplankton, whereas the water samples
could distinguish the ingestible fraction from the frac-
tion that was too small to be retained by the mussels.
Since almost 30% of the phytoplankton was <2 μm,
and there was no significant depletion of this size
fraction, the size-selective retention of mussels can
explain the entire difference between the 2 methods.
This result implies for measurements of depletion that
one cannot entirely rely on automatic equipment. In
terms of potential food sources, the picophytoplankton
(<2 μm) fraction has been measured to have a C:chl a

ratio of 76 during summer stratification, the small
nanophytoplankton fraction (2 to 5 μm) had a ratio of
44, whereas larger, 100% efficiently retained fractions
had ratios from 33 to 97 (Cermeño et al. 2006). The
food supply to mussels can thus roughly be assumed to
be reflected in the available chl a concentrations.

In contrast to our hypothesis, we could not detect any
effect of current speed on depletion, which can proba-
bly be attributed to little variance in current speed
inside the raft (0.015 to 0.04 m s–1). Furthermore, the
(in general) low phytoplankton concentrations, occa-
sionally <0.6 μg l–1, may have reduced the mussel
filtration rate (Riisgård et al. 2003) and thus the level of
depletion on specific days. This may also be the reason
for the difference in depletion rates within the raft
(meso-scale) on 2 different sampling occasions. In gen-
eral, water is depleted of phytoplankton on the falling
tide by outgoing water, and the very low concentra-
tions of chl a were recorded for outgoing water. A low
level of phytoplankton is not the normal situation for
the Ría de Vigo. This was undoubtedly a consequence
of the prolonged relaxation of the normal upwelling
condition that was characteristic of this area at the time
of the study.

The limited number of reported measurements on
food depletion within mussel cultivation units has
almost uniformly shown food depletion in the middle
or at the downstream ends of the unit, irrespective of
whether raft cultures (Heasman et al. 1998) or long-
line units (Strohmeier et al. 2005) have been studied.
The implication in a tidal system such as the Ría de
Vigo is that mussels in the middle of a raft should grow
less than mussels at the perimeter. Mussel farmers in
the area have, for the same reason, a culture practice,
whereby the positions of individual ropes are changed
during the growing phase. Such a practice will need
to be advanced if local authorities are to meet the
farmer’s wishes for larger rafts. Interestingly, there is
no firm evidence in terms of growth studies confirming
slower or less growth in the middle of cultivation units.
In a Galician raft using only 1 anchor, i.e. with perma-
nent upstream and downstream ends, 1 study showed
clear differences in growth between the positions
(Fuentes & Molares 1994), whereas the result was less
clear in a later study from the same area (Fuentes et al.
2000). Using the condition index as a proxy for growth,
Heasman et al. (1998) detected, in a similar type of raft
culture unit, reduced growth in the middle of the raft,
but, in some cases, no clear differences in growth
between different positions in the raft were found.
Density of mussels, and thus competition for food, is
important for growth (Heasman et al. 1998, Fuentes et
al. 2000) and may explain why some units experience
horizontal variation in growth/production. Density will
affect the level of re-filtration, and dense cultures
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with little distance between ropes may also affect flow
fields and water transport through the unit.

Using the advection depletion model, realised clear-
ance rates could be estimated to be a maximum of 2.9 l
h–1 ind.–1, which is 60 to 90% of the potential clearance
rates for mussels of an average size of 40 mm at 15 to
20°C (Riisgård 2001, Petersen et al. 2004). Reduced
realised clearance rates compared to maximum clear-
ance under controlled conditions in the laboratory may
be due to re-filtration of water, as seen at the corner of
the raft (Wildish & Kristmanson 1997) and, occasion-
ally, very low concentrations of chl a in the water (Riis-
gård et al. 2003). Taking these conditions into consid-
eration, the estimated clearance rates are in good
agreement with measured depletion. From the mea-
sured concentrations of ingestible phytoplankton car-
bon, growth rates of <0.6 d–1 can be estimated for the
study period (Maar et al. 2008), which is far below pre-
vious recorded growth rates (Navarro et al. 1991). The
study period was, however, characterised by a relax-
ation period and unusually low phytoplankton concen-
trations for the time of the year (Arbones et al. 2008)
and these growth rates cannot be considered typical.

In summary, depletion of food was documented on
different scales, and surprisingly this was not only
found in the centre of the raft, but also around up-
stream corners. Further, depletion was most significant
in the centre of the unit and not, as expected, at the
downstream end. The raft acted as an obstacle, and
there are indications of flow deflection, but significant
flow passed through the raft, probably due to its orien-
tation and geometry. Functional depletion was depen-
dent on current velocity and size of the phytoplankton,
and our study shows that it is important to include the
picoplankton fraction in the measurements in order to
estimate both the effect of mussel grazing on phyto-
plankton biomass and composition and food avail-
ability to mussels. We recommend that mussel farmers
perform model studies before raft production is in-
creased by increasing raft size, in order to avoid more
serious food depletion.
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