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Abstract 

Predation by adult bivalves on bivalve larvae has been 
suggested to reduce larval abundance in areas with high 
bivalve filter-feeder biomass. Although the occurrence of 
larviphagy is well-studied in the laboratory, its effects in 
the field have scarcely been studied. We studied 
larviphagy at different spatial scales in the Oosterschelde 
estuary. On the scale of individuals, we confirmed that 
larviphagy occurs in Crassostrea gigas and Mytilus edulis in 
the Oosterschelde estuary, by examining stomach 
contents of adult bivalves. On a local scale, we studied 
effects of larviphagy by a Pacific oyster (C. gigas) bed on 
presence of larvae in the overlying water column by 
sampling larvae with fixed plankton nets. Abundance of 
blue mussel (M. edulis) larvae was significantly reduced by 
the oyster. Abundance of C. gigas larvae did not seem to 
be reduced by the oyster bed, but spawning by the adult 
oysters during the sampling period may have affected the 
results. On estuary-scale, the effect of larviphagy on larval 
abundance of C. gigas and M. edulis was studied using 
existing monitoring data over 6 years for M. edulis and 13 
years for C. gigas. Numbers of M. edulis larvae showed no 
significant trend over the 6 years studied. Abundance of 
C. gigas larvae declined with an increasing filter-feeder 
stock (that was mainly caused by an increase in C. gigas 
stock). This decline may be due to direct effects of 
larviphagy or indirect effects such as lowered food levels, 
and was not compensated by an increased larval 
production. All results combined, complemented with a 
theoretical estimate of the effect of larviphagy on estuary-
scale, strongly suggest that larviphagy is major source of 
mortality for bivalve larvae in the Oosterschelde estuary. 
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6.1. Introduction 

 

Predation by adult bivalves on bivalve larvae seems a wide-spread phenomenon. It is 
suggested to reduce numbers of bivalve larvae in waters with a high adult bivalve 
filter-feeder biomass (Lehane and Davenport 2004) and it has been demonstrated to 
reduce settlement success of conspecific larvae in Cerastoderma edule (L.) (André and 
Rosenberg 1991). Timko (1979) defined the term ‘larviphagy’ as the feeding by adults 
on their own larvae. Some species have been shown to predate their own larvae: 
Mytilus edulis L. (Lehane and Davenport 2004), C. edule (Kristensen 1957; André et al. 
1993), Crassostrea virginica (Gmelin) (Tamburri and Zimmer-Faust 1996) and Dreissena 

polymorpha (Pallas) (MacIsaac et al. 1991). Lehane & Davenport (2004) already 
suggested that bivalves routinely filter larvae from the surrounding water. Because 
bivalve filter-feeders filter all particles above a certain threshold size (Møhlenberg and 
Riisgård 1978), they do not seem able to select certain particles above this threshold 
size. Selection only seems to occur afterwards by the gills, labial palps, stomach and 
guts (Shumway et al. 1985; Ward et al. 1998; Brillant and MacDonald 2002). Hence, 
we broadened the definition of larviphagy following Troost et al. (2008a, Chapter 3) 
to: filtration and ingestion of bivalve larvae by adult bivalves in general. Overall, 
larviphagy may pose a significant threat to larvae of all bivalve filter-feeders as well as 
other meroplankton with weak swimming and escape abilities (see Singarajah 1969, 
1975; Kiørboe and Visser 1999; Troost et al. 2008b, Chapter 4).  

Larviphagy has been demonstrated in laboratory experiments for M. edulis (Lehane 
and Davenport 2004; Troost et al. 2008a, Chapter 3), C. edule (Kristensen 1957; André 
et al. 1993; Troost et al. 2008a, Chapter 3), C. virginica (Tamburri and Zimmer-Faust 
1996), Crassostrea gigas (Thunberg) (Tamburri et al. 2007; Troost et al. 2008a, Chapter 
3), and D. polymorpha (MacIsaac et al. 1991).  Studying larviphagy in the laboratory 
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generally focused on clearance experiments in confined volumes of water (MacIsaac et 
al. 1991; Troost et al. 2008a, Chapter 3), analysis of stomach contents and excreta 
(MacIsaac et al. 1991; Tamburri et al. 1996; Lehane and Davenport 2004; Tamburri et 
al. 2007; Troost et al. 2008a, Chapter 3) and observations on larvae being sucked in by 
individual bivalves (André et al. 1993; Tamburri et al. 2007). In field experiments 
larviphagy has been shown to occur in M. edulis (Thorson 1946; Lehane and 
Davenport 2002, 2004; Maar et al. 2007) and Mytilus galloprovincialis Lamarck (Jasprica 
et al. 1997). In these experiments, stomach contents and excreta were analyzed 
(Jasprica et al. 1997; Lehane and Davenport 2002, 2004). Although previous 
laboratory and field studies convincingly demonstrated the occurrence of larviphagy in 
individual bivalves, effects of larviphagy on a larger scale in the field are still scarcely 
studied (André and Rosenberg 1991; Maar et al. 2007).  

In the Oosterschelde estuary (SW Netherlands), larval mortality due to larviphagy 
is expected to have increased over the last three decades due to rapid expansion of the 
introduced Pacific oyster C. gigas. After being first introduced in 1964 (Drinkwaard 
1999b) these oysters started to expand rapidly throughout Dutch estuaries in 1975. 
They  developed large and dense oyster reefs in the intertidal and subtidal 
(Drinkwaard 1999b; Wolff and Reise 2002; Dankers et al. 2006), and are now 
potentially in competition with native bivalve filter-feeders. In the Oosterschelde 
estuary the share of the soft-bottom intertidal area (118 km2) occupied by oyster beds 
is estimated to have increased from 0.25 km2 in 1980 to 8.09 km2 in 2003 and a similar 
cover and absolute increase was estimated for subtidal soft bottoms  (Geurts van 
Kessel et al. 2003; Kater 2003; Kater and Baars 2004; unpublished data Wageningen 
IMARES). Oyster cover on hard substrates (mainly consisting of 160 km of dikes and 
sea walls, area estimated at 2 - 4% of the total Oosterschelde area, Leewis et al. 1994) 
generally increased from 0 – 10% in 1985 to 50 - 60% in 2002, and even to 90% on 
some locations (AquaSense 2003). Within this period, stocks of the native blue mussel 
M. edulis and common cockle C. edule showed a slight decrease (Geurts van Kessel et 
al. 2003; Dankers et al. 2006). The total stock of C. gigas, M. edulis and C. edule 
combined was estimated to have increased from 150 million kg fresh weight 
(including shells) in the early 1990s to 255 million kg around 2000. As a consequence, 
the filtration pressure in the Oosterschelde estuary was roughly estimated to have 
increased from 289 million m3 water day-1 in 1990 to 398 million m3 day-1 in 2000 
(Geurts van Kessel et al. 2003; Kater 2003). This may have resulted in a considerable 
increase in larviphagy and hence a reduction in larval numbers on estuary scale. 
Moreover, the increased filtration pressure may not only have affected bivalve larval 



EFFECTS OF AN INCREASING FILTER-FEEDER STOCK 

 123 

numbers, it may have affected populations of benthic species with pelagic larval stages 
in general.  

The aim of this study was to find field-evidence for effects of larviphagy on 
numbers of bivalve larvae. We considered the potential impact of larviphagy on three 
scales. First, we tested the hypothesis that individual bivalve filter-feeders in the 
Oosterschelde estuary ingest bivalve larvae by analyzing stomach contents of bivalves 
from the field. Additionally, we sought evidence for larviphagy in C. gigas, M. edulis and 
C. edule in literature. Second, we studied local effects of a dense bed of filter-feeding 
bivalves (C. gigas) on bivalve larval abundance in the overlying water column. We 
tested the null-hypothesis that larval abundance was unaffected by the presence of 
adult filter-feeding bivalves. We expected to find reduced numbers of bivalve larvae 
above the oyster bed, in comparison to a nearby bare reference site. Third, we related 
existing time-series of larval abundances of C. gigas and M. edulis in the Oosterschelde 
estuary to the increase in total filter-feeder stock (≈ filtration pressure). Our null-
hypothesis was that larval abundance remained the same throughout the years and 
showed no relationship with an increased filter-feeder stock. Since the increase in total 
bivalve filter-feeder stock was mainly due to an increase in C. gigas stock, our 
expectations are different for larvae of C. gigas and M. edulis. Numbers of M. edulis 

larvae were expected to decline with an increase in total bivalve filter-feeder stock. 
Production of C. gigas larvae and the total volume of water filtered by the oyster 
population were both expected to increase proportionally to the increase in oyster 
biomass. Since part of the filtered water will be re-filtered inside oyster beds (see 
Jonsson et al. 2005), and since filtration is a dilution process (Riisgård 2001; Riisgård 
et al. 2004), a potential increase in larval production of  C. gigas was expected to be 
higher than, or at least compensate for, a potential decrease in larval numbers due to 
larviphagy. Our expectations about larval numbers in the estuary are based on the 
assumption that larvae are distributed homogeneously over the water mass. If, 
however, in the Oosterschelde estuary early stage larvae occupy higher water layers, as 
described for M. edulis by Bayne (1964b), this behaviour may offer the larvae a refuge 
from predation by benthic filter-feeders. We therefore used existing monitoring data 
to test the null-hypothesis that young M. edulis larvae are distributed homogeneously 
over the water column. We expected to find a homogeneous distribution since the 
Oosterschelde estuary is vertically well mixed (see Hendriks et al. 2006). 
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6.2. Methods 

 

6.2.1. Study area 

 
The Oosterschelde estuary (SW Netherlands; Figure 6.1) is a macrotidal system where 
tidal currents force an extensive vertical mixing. The estuary has a mean tidal volume 
of 880 million m3, a total volume at half tide of 2,750 million m3, and a surface area of 
351 km2 of which 118 km2 tidal flats. Salinity is high, generally > 30 psu, throughout 
the estuary. Freshwater discharge into the estuary is very limited (1 million m3 per tide) 
and does not cause salinity stratification. Water residence time is 10 – 150 days. The 
mean tidal amplitude ranges from 2.47 m near the mouth to 2.98 m in the most 
northern part (near Krammer locks) and 3.39 m at the southeast end. The maximum 
current velocity is about 1.0 m s-1. The water temperature varies over the season from 
0 - 5 to 18 - 22 °C (Nienhuis and Smaal 1994a). The average annual chlorophyll-a  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.1. Larvae sampling locations in the larvae monitoring programme (A) and the local-scale 
experiment with plankton nets (B). The western and central compartments of the Oosterschelde estuary 
are separated by a bridge (grey dashed line). The estuary is separated from the North Sea by a storm surge 
barrier (grey dashed line). Black dotted lines follow the mean low tide level. Intertidal areas covered with 
oysters are indicated in black. The sampling location of C. gigas larvae at Yerseke Bank (YB) is indicated 
with a black dot. Sampling locations of M. edulis larvae (H, ZB, ZK, KK, KS, LG, see Table 6.1) are 
indicated with white dots. The local-scale sampling location in the oyster bed is indicated with the letter 
‘O’, at the reference site with the letter ‘R’.  
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concentration is about 5 µg l-1, reaching maximum values of about 40 - 50 µg l-1 in 
May - June (Wetsteyn and Kromkamp 1994). 

The Oosterschelde estuary is extensively used for culture of C. gigas and M. edulis 
on subtidal bottom culture plots (Dijkema 1997; Smaal and Lucas 2000). The total M. 

edulis stock varies roughly between 20 and 80 million kg fresh weight (Kater and 
Kesteloo 2003) and is for > 95% controlled through import and removal by mussel 
farmers. Only 5% of the total stock originates from the Oosterschelde estuary and is 
mainly found on intertidal hard substrates. The rest is imported, mainly from the 
Dutch Wadden Sea (Van Stralen and Dijkema 1994). The majority of the total C. gigas 

stock in the Oosterschelde consists of feral oysters (189 million kg fresh weight in 
2002; Kater 2003). The annual total cultured C. gigas stock is about 0.7 million kg fresh 
tissue weight (7 million kg total fresh weight) (Perdon and Smaal 2000; Smaal and 
Lucas 2000). Spat of C. gigas is collected within the Oosterschelde estuary by spreading 
and retrieving spat collectors (usually broken mussel shells), and seeded on subtidal 
bottom plots in the eastern compartment where it is left to grow to consumption size 
(Dijkema 1997). Another bivalve occurring in relatively high numbers is the edible 
cockle C. edule. This species is fished for consumption but not cultured (Dijkema 
1997). The stock size fluctuates between roughly 2 and 10 million kg fresh tissue 
weight (about 15 - 70 million kg fresh weight) (Kesteloo et al. 2007).  
 

6.2.2 Larviphagy in individual bivalves 

  
Since many authors already described the occurrence of larviphagy in bivalves, and 
some authors already demonstrated it specifically for the bivalve species that are 
considered in this paper (discussed in section 6.4.1.), we conducted only a simple 
experiment in 2003 to check whether larviphagy also occurs among bivalves in the 
Oosterschelde estuary. Oysters and mussels, 32 per species, were suspended at 
Yerseke in the Oosterschelde estuary in cages (mesh size 15 mm) at a tidal height of 
about 0.5 m above the mean low water level. The average shell length was 110 mm for 
oysters and 50 mm for mussels. On six dates in May and June, the first date one week 
after suspending the animals, we took water surface samples of 200 l with a bucket 
and removed 4 – 6 individuals per species half an hour before high tide. The stomach 
contents were immediately removed and analyzed for bivalve larvae as described by 
Troost et al. (2008a, Chapter 3). From the water samples, filtered over a mesh of 60 
µm, bivalve larval concentrations were determined the same day. Bivalve larvae from 
stomach contents and water samples were counted and classified as ‘C. gigas’, ‘M. edulis’ 
and ‘other’ (methods described in section 6.2.5.).  
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6.2.3. Larviphagy by an oyster bed 

 
Study site 

 
We studied local effects of a filter-feeder bed on bivalve larval abundance in the 
overlying water column in 2003, at an extensive oyster bed in the northern part of the 
estuary (Figure 6.1B). This bed covers an area of 280,000 m2, at a vertical range of 1.2 
– 2.0 m below mean tidal level (MTL; Dutch: NAP). We conducted the experiment at 
1.4 m below MTL. A reference location, also at 1.4 m below MTL, was chosen at a 
distance of approximately 2 km. Here, there were no beds of bivalve filter-feeders 
present in a radius of at least 1 km.  
 

Filter-feeder biomass 

 
At the two locations, density and biomass of filter-feeding bivalve species were 
determined. At the reference location, in an area with a radius of 50 m, 20 cores of 
78.5 cm2 and 30 cm deep were taken randomly and sieved over a 1 mm mesh. All 
collected bivalves were taken to the laboratory for further analysis. At the oyster bed, 
the average cover by bivalves was determined with a 1 x 1 m square divided in 100 
sections, at twelve random locations within an area with a radius of 50 m. At three 
random locations, all bivalves in a square of 0.25 x 0.25 m with 100% bivalve cover 
were removed and taken to the laboratory for analysis. At the laboratory, all bivalves 
collected at both locations were identified to species level and their flesh was dried (3 
days at 70 °C), incinerated (4 h at 550 °C) and weighed. From the average biomass in 
the 0.25 x 0.25 squares with 100% cover, and the average percentage of bivalve cover, 
the mean biomass per m2 at the oyster bed was calculated for all bivalve species 
present. For the reference site, biomass per m2 was calculated directly from the bivalve 
biomass per sampled surface area. 

To estimate area-specific filtration rates, we used clearance rates as determined for 
C. gigas by Bougrier et al. (1995) and as determined for M. edulis and C. edule by Smaal 
et al. (1997) in the Oosterschelde estuary. We used a temperature of around 8 °C for 
April and around 18 °C for the summer months (June – August). Based on average 
seawater temperatures of approximately 8 °C in April and 18 °C in June - August 
(2003 – 2006, measured by Wageningen IMARES and the Netherlands Institute of 
Ecology (NIOO-CEME)), we used clearance rates of 6.8 – 8.7 l h-1 g-1 (DTW) for C. 

gigas, 1.5 – 1.8 l h-1 g-1 for M. edulis and 1.6 – 1.9 l h-1 g-1 for C. edule.  
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Larval abundance 

 

We used plankton nets (Figure 6.1B; opening diameter 10.0 cm; mesh size 60 µm) to 
collect bivalve larvae during a complete tidal cycle. These nets could rotate freely 
around a fixed bamboo pole, and openings of the nets were thus always oriented 
towards the current (see Armonies 1994). The advantage of collecting plankton with 
fixed plankton nets is that bivalve larvae are collected during a complete tidal cycle. 
This yields larval numbers integrated over a tidal cycle. The nets were placed at mean 
low water level (MLW = 1.40 m below MTL), with the centre of the opening 30 cm 
above the substrate. On each location (Figure 6.1B), 4 nets were deployed during low 
tide and collected during the next low tide. For logistic reasons we deployed the nets 
at low tide in the early evening and collected them early the next morning. The still 
moist nets were transported in plastic bags to the laboratory, where their content was 
flushed into plastic containers and fixed with buffered formaldehyde for further 
analysis. The nets were deployed on 5 dates in 2003 (April 28, June 12, July 10, August 
12 and 25), during the main spawning seasons of M. edulis (April – June) and C. gigas 
(July – September). 
 

Current velocity 

 
To be able to correct for differences in larval numbers due to possible differences in 
current velocity between both locations we measured current velocities with a 
StreamPro Acoustic Doppler Current Profiler (ADCP; RD Instruments, CA, USA). 
The ADCP consisted of a floating body with a transducer pointing downward. 
Current velocities were measured at both locations, at three positions that were 5 – 6 
m apart. The ADCP was operated from a dinghy that was anchored 10 m 
downstream. Communication between the ADCP and the dinghy was established by a 
Bluetooth connection with a hand-held pocket PC. Measurements were made at water 
levels of 100, 150, and 200 cm above the bottom, while the tide was coming in. 
Current velocities were measured in 20 bins (depth cells), ranging from the bottom to 
the surface. The transducer frequency was 2.0 MHz. At the laboratory, the measured 
data were read into the software package WinRiver (RD Instruments), and exported to 
an Excel spreadsheet for further analysis. Per measuring position, 23 to 56 
measurements were averaged per bin.    

Measurements were made on four successive days in August. On the first and 
third day (August 1st and 3rd), measurements were made at the oyster bed site. On the 
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second and fourth day (August 2nd and 4th), measurements were made at the reference 
site.  

 

6.2.4. Larviphagy on estuary-scale 

 
Bivalve filter-feeder stock 

 

The total filter-feeder stock in the Oosterschelde estuary, comprising the dominant 
species M. edulis, C. edule and C. gigas, was estimated from 1990 onward. Stock sizes of 
these commercial shellfish species are assessed on a regular basis by Wageningen 
IMARES. These species are also the most dominant bivalves in the estuary. Filter-
feeding razor clams Ensis spp. and slipper limpets Crepidula fornicata also occur in 
relatively high biomass (Sistermans et al. 2005), but stock sizes have not been assessed 
for these species. They were therefore not included in the estimated total filter-feeder 
stock. Filter-feeders on hard substrates (bivalves, C. fornicata and tunicates) were also 
not included since no stock assessments were available, and the total surface area of 
hard substrates in the Oosterschelde is only 2 – 4% of the total surface area of the 
Oosterschelde estuary (Leewis et al. 1994). Time series of stocks of C. gigas, M. edulis 

and C. edule were available for the period 1992 – 2007 for M. edulis (methods described 
by Kater and Kesteloo 2003) and for the period 1990 – 2007 for C. edule (methods 
described by Kesteloo et al. 2007). The M. edulis stock, assessed annually in June – 
July, consisted mainly of mussels on subtidal culture plots and only few mussels were 
found on intertidal culture plots and as wild stocks (Kater and Kesteloo 2003). The C. 
edule stock, assessed annually in May, consisted entirely of wild animals (Kesteloo et al. 
2007). The intertidal cover of C. gigas beds was determined in the period 2000 – 2003 
and a reconstruction was made for the years 1980 and 1990 using aerial photographs 
(Kater and Baars 2004; Dankers et al. 2006). Oyster cover in the subtidal was surveyed 
with side-scan sonar in March 2002, yielding a rough estimate of the subtidal oyster 
cover (Kater 2003). From biomass samples taken in January – February in the period 
2002 – 2003 the intertidal stock size was determined. Stock sizes in the subtidal in 
2003 and in the intertidal and subtidal in 1990 were roughly estimated based on two 
assumptions: 1) the biomass to surface area ratio was the same in the subtidal area as 
in the intertidal; 2) the ratio of subtidal to intertidal oyster cover was the same in 1990 
as in 2002-2003 (Kater 2003). The oyster stock was not assessed between 1990 and 
2000, but was observed to increase rapidly (Kater and Baars 2004; pers. obs. K. Baaij). 
After 2003, additional surveys that did not cover the entire estuary indicated a 
continued increase at roughly the same rate (Dankers et al. 2006; Smaal et al. in press; 
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unpublished data Wageningen IMARES). We therefore interpolated the C. gigas stock 
in the intermediary period assuming a linear increase in stock size from 1990 to 2003. 
We extrapolated the oyster stock for the years 2004 – 2007 by assuming the same 
linear increase for the period after 2003. In 1975 the first extensive spatfall of C. gigas 
in the Oosterschelde was recorded (Drinkwaard 1999b), so the cover by wild oysters 
was assumed to be zero in this year. For the period 1992 – 2007 the annual total filter-
feeder stock was estimated by summing the stock sizes of M. edulis and C. edule and the 
inter- and extrapolated stock of C. gigas. 
 
 
Table 6.1. Sampling locations in the larvae monitoring programme. Water depth at the sampling locations 
is given in meters below MTL, and maximum current velocities near the surface during mean spring tide 
are given in cm s-1. 

Sampling 
location 

Code  Compartment Depth 
(m) 

Maximum 
current 
velocity  
(cm s-1) 

Target 
species  

Week 
numbers 
sampled 

Years 
sampled 

        
Hammen H West 12 82 M. edulis 6 - 40 1998 - 2003 

Zeelandbrug ZB Central 17 67 M. edulis 6 - 40 1998 - 2000 

Zandkreek ZK Central 20 51 M. edulis 6 - 40 2001 - 2002 

Lodijkse Gat LG East 13 51 M. edulis 6 - 40 1998 - 2002 

Keeten - 
Krabbenkreek 

KK North 14 31 M. edulis 6 - 40 1998 - 2002 

Krammersluizen KS North 10 15 M. edulis 6 - 40 2003 

Yerseke Bank YB East 5 46 C. gigas 26 - 36 1994 – 2006 

 
 

Larval abundance 

 
To optimize the timing of spat and seed collection by mussel and oyster farmers, 
Wageningen IMARES has monitored the abundance of M. edulis and C. gigas larvae 
during their respective spawning seasons. We used the resulting time series to study a 
potential trend in larval abundances of the two species. The abundance of C. gigas 
larvae was monitored at the Yerseke Bank (Figure 6.1A) in the period 1994 – 2006, 
throughout weeks 26 to 36 (Table 6.1). The abundance of M. edulis larvae was 
monitored at several locations in the Oosterschelde estuary (Figure 6.1A) in the period 
1998 – 2003, throughout weeks 6 to 40 (Table 6.1). All sampling locations were 
located in gullies, at water depths of 10 to 20 m below mean tidal level (except 
Yerseke Bank: 5 m; Table 6.1). Maximum current velocities (at mean spring tide) at 
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the sampling locations range from 82 cm s-1 in the western compartment (Hammen) 
to 15 cm s-1 in the northern compartment (Krammersluizen) (Anonymous 1992). 
Weekly samples of 100 litres surface water per station were taken with a bucket, and 
filtered over a 55 µm mesh for M. edulis larvae and a 100 µm mesh for C. gigas larvae. 
The residue was flushed into a 1 l bottle and brought to the lab within the same day, 
where the sample was fixed for further analysis within 48 h. Until 2000 the samples 
were fixed and preserved with 70% ethanol. From 2000 onwards formaldehyde 
buffered with borax (pH 8.0 – 8.2) was used. Larval numbers were compared to 
trends in adult stocks of the same species and to the trend in estimated total bivalve 
filter-feeder stock.  

Chlorophyll-a concentrations during the larval monitoring period were obtained 
from monitoring data by the National Institute for Coastal and Marine Management 
(RWS-RIKZ; www.waterbase.nl) at the location Lodijkse Gat for a comparison with 
numbers of oyster larvae and at the locations Hammen, Keeten-Krabbenkreek and 
Lodijkse Gat for a comparison with numbers of mussel larvae. Chlorophyll-a 
concentrations were determined twice per months at these locations. We related larval 
numbers to maximum chlorophyll-a concentrations occurring during the monitoring 
period (week 6 – 40) and also to average chlorophyll-a concentrations over the 
monitoring period. In the comparison with mussel larvae maximum values per 
location occurring in the monitoring period were averaged to one maximum value for 
the entire estuary. Monthly surface water temperatures, obtained by Wageningen 
IMARES and NIOO-CEME, were available for the different compartments.  

 
Vertical distribution of bivalve larvae 

 
In 2003 samples of M. edulis larvae were not only taken from the surface, but also 
from near the bottom (0.5 m height) at the sampling locations Hammen in the 
western compartment and Krammersluizen in the northern compartment (Table 6.1). 
At location Hammen the water depth during sampling was between 10 and 14 m 
depending on the tidal phase, at location Krammersluizen between 8 and 12 m. Both 
surface and near-bottom samples were taken with a submersible water pump. Further 
treatment of the samples was the same as in the monitoring programme (see previous 
paragraph). We compared numbers and lengths of the larvae between the surface and 
bottom water layers in weeks 14 - 30, in which highest densities were observed.  
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Mortality rate on estuary-scale 

 
We estimated the order of magnitude of the effect of larviphagy on larval 

mortality in the Oosterschelde estuary by using a general formula for calculation of 
clearance rates. We modified the formula from Riisgård (2001, his equation 3) to 
calculate the fraction f of all bivalve larvae in the Oosterschelde estuary that are 
filtered in time t (in days): 
 

f = 1 - e -CR ⋅ t/V     (6.1) 
 

CR is the potential clearance rate of the main bivalve filter-feeders in the estuary (in 
m3 day-1, by C. gigas, M. edulis, C. edule) and V is the mean volume of water in the 
Oosterschelde estuary (2,750 million m3). The model assumes a homogeneous 
distribution of larvae throughout the Oosterschelde estuary, a homogeneous 
distribution of adult bivalves on the bottom of the estuary, a continuous complete 
mixing of the estuary and no exchange of larvae with the North Sea with tidal 
exchange. A clearance rate CR of 398 million m3 day-1 was used, that is representative 
for the year 2000 as estimated by Kater (2003). 
 

6.2.5. Analysis and identification  

 

Samples for larval counts were stored cool and dark until analysis. Bivalve larvae were 
counted using a universal camera microscope (Reichert Me-F2, 52.6x) and an inverted 
microscope (Olympus IMT-2, 60x). Larvae of M. edulis and C. gigas were identified 
according to Loosanoff et al. (1966) and Hendriks et al. (2005). Lengths of the larvae 
were measured as the longest distance from anterior to posterior, roughly parallel to 
the hinge (as in Loosanoff et al. 1966). From the Wageningen IMARES monitoring 
samples, all counted larvae were measured up to a maximum of 100 larvae. Larval 
counts were integrated over time by calculating the surface under the curve of larval 
density (numbers per 100 l-1) versus time (in days) in SigmaPlot® 2001. Assuming that 
larval density was zero outside the sampling interval, the resulting number expresses 
how many larval days (per 100 l) were spent in the estuary in each year. From the 
plankton-net samples, all counted larvae were measured up to a maximum of 25, 
amounting to a maximum of 100 measured larvae per location per sampling date. 
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6.2.6. Statistical analysis 

 

All statistical tests were performed with SPSS® 12.0.1. Data were visually checked for 
normality using a Q-Q plot, and for equality of variances by plotting studentized 
residuals against predicted values. If the prerequisites were not met, the data were ln-
transformed before testing, resulting in a normal distribution and equal variances. 
Differences in means with unbalanced sample sizes were tested with a non-parametric 
test. A significance level of α = 0.05 was maintained. 
 
6.3. Results 

 
6.3.1. Larviphagy in individual bivalves 

 

Stomach analyses of suspended adult C. gigas and M. edulis confirmed that these 
bivalves ingest bivalve larvae in the Oosterschelde estuary. The stomachs contained 
larvae of C. gigas, M. edulis and unidentified molluscs. In C. gigas we found on average 
8.2 mussel larvae and 1.5 oyster larvae per individual (Table 6.2), with maximum 
numbers of 25 mussel larvae and 9 oyster larvae. In M. edulis we found on average 2.2  
 
 
Table 6.2. Numbers of mussel and oyster larvae found in stomach contents of adult M. edulis and C. gigas. 

The examination of 32 individuals per species was spread over 6 dates in May and June. Mean numbers 
for all 32 individuals are given, with maximum numbers found per stomach between brackets. 

Species n examined Mean (and maximum) number of larvae in stomach contents 

  C. gigas larvae s.e. (n = 32) M. edulis larvae s.e. (n = 32) 

      
C. gigas 32 1.5 (9) 0.5 8.2 (25) 1.6 

M. edulis 32 0.3 (1) 0.1 2.2 (4) 0.2 

 
 
mussel larvae and 0.3 oyster larva per individual (Table 6.2) with maximum numbers 
of 4 mussel larvae and 1 oyster larva. We found 2 unidentified larvae in oyster 
stomachs. Average larval concentrations in the surrounding water over the entire 
sampling period (May – June) in the surrounding water were as high as 220 (12 – 493) 
mussel larvae and 2 (0 – 12) oyster larvae per 100 l. 
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6.3.2. Larviphagy by an oyster bed 

 

Filter-feeder biomass 

 

Filter-feeder biomass was much higher at the oyster bed site than at the reference site, 
resulting in much higher area-specific filtration rates (Table 6.3). Mean biomass of 
filter-feeders at the experimental site within the oyster bed was 490.0 g ash-free dry 
weight (afdw), consisting of C. gigas (471.2 g) and M. edulis (18.8 g). The mean biomass 
of filter-feeders at the reference site was 4.4 g afdw m-2, consisting of C. edule (3.9 g) 
and M. edulis (0.5 g). Area-specific filtration rate was roughly estimated to be 70 times 
higher in the oyster bed than at the reference site. In April, at a water temperature of 
about 8 °C, filtration rates were estimated to be 1,200 l h-1 m2 in the oyster bed and 16 
l h-1 m2 at the reference site. In June – August, at seawater temperatures of around 18 
°C, filtration rates were estimated to be 1,600 l h-1 m2 in the oyster bed and 26 l h-1 m2 
at the reference site. 
 

Current velocity 

 

Water current profiles above the oyster bed and the reference location were fairly 
similar. Current velocities ranged roughly between 15 and 40 cm s-1, and did not differ 
much over the entire depth range near high tide. However, around 30 cm above the 
bottom, the level at which the plankton nets were positioned, we found significant 
differences between the different days at which current velocities were measured 
(Table 6.4; ANOVA). All significant differences except one showed higher current 
velocities at the oyster bed. There are no results for day 1 at a water level of 100 cm 
because measurements started at a water level of 150 cm. The maximum difference 
found between current velocities measured at both locations was a factor 2.1 at a 
water level of 150 cm (Table 6.4). Weather conditions were similar: dry and sunny 
with air temperatures between 20 and 25 °C. Wind speed was low on days 1, 2 and 4 
(3.3 - 4.9 m s-1) and moderate on day 3 (5.5 m s-1) (Zeeland Centre for Hydrology and 
Meteorology, www.hmcz.nl).  
 

Larval abundance and size 

 
Numbers of M. edulis larvae were reduced at the oyster bed site, but numbers of C. 
gigas larvae were not. In April and June we mainly found M. edulis larvae in our samples 
(> 90%), and no C. gigas. On both dates, larval numbers at the reference site were 
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significantly higher than those in the water overlying the oyster bed (ANOVA: p < 
0.05; Figure 6.2A), by an average factor of 3.3. Higher current velocities at the oyster 
bed cannot account for this difference. Correcting for the maximum difference in 
current velocities found (factor 2.1) doubled the difference in larval numbers between 
both sites to a factor 6.9 (Figure 6.2B). In July and August we mainly found C. gigas in 
 
 
Table 6.3. Average area-specific filter-feeder biomass (in g afdw m-2) and filtration rate (FR in l h-1 m-2) at 
the oyster bed (O) and reference site (R). Area-specific filtration rates were estimated for April and the 
summer months (June – August) according to literature values of clearance rates (CR) depending on body 
weight (g DTW = dry tissue weight) and temperature (assumptions: April 8 °C, summer 18 °C) (C. gigas: 
Bougrier et al. 1995; M. edulis and C. edule: Smaal et al. 1997).  
  Oyster bed (O)  Reference site (R) 

  Biomass  
(g afdw m-2) 

Body weight 
(g DTW) 

CR 
(l h-1 g DTW) 

FR  
(l h-1 m-2) 

 Biomass  
(g afdw m-2) 

Body weight 
(g DTW) 

CR 
(l h-1 g DTW) 

FR  
(l h-1 m-2) 

           
M. edulis 18.8 0.20    0.5 0.06   

 April   1.5     1.5  

 Summer   1.8     1.8  

           
C. gigas 471.2 3.80    0 -   

 April   6.8       

 Summer   8.7       

           
C. edule 0 -    3.9 0.49   

 April        1.6  

 Summer        1.9  

           
All bivalves 490.0     4.4    

 April    1,200     16 

 Summer    1,600     26 

 
 
our samples (> 90%), and few M. edulis individuals (> 5%). On August 12th we found 
significantly more larvae in the water overlying the oyster bed than at the reference 
site (factor 8.2; ANOVA: p < 0.05; Figure 6.2A). On the other two dates we found no 
significant differences (ANOVA: p > 0.05). Correcting for the maximum difference in 
current velocities found halved the difference in larval numbers between both sites, 
but did not change the statistical results. 
 



EFFECTS OF AN INCREASING FILTER-FEEDER STOCK 

 135 

Table 6.4. Current velocities measured at the oyster bed (O) and reference location (R), at three tidal 
water levels (in cm above the bottom), measured at heights around 30 cm above the bottom. Mean values 
(n = 3) and standard errors are given. If present, significant differences are indicated with lowercase 
letters between brackets (ANOVA: p < 0.05). The maximum factors of difference between the highest 
and lowest current velocities measured at the oyster bed and reference site are given in columns ‘O/R’ 
and ‘R/O’ (e.g. O/R: 3/4 = highest current velocity at oyster bed (O) on day 3 divided by lowest velocity 
at reference site (R) on day 4). Significance of the differences is indicated with an asterisk. 

Tidal Height  Current velocity (cm s-1 ± s.e.)  Max. factor 

level 
above 
bottom 

 oyster bed (O)  reference site (R)   

(cm) (cm)  day 1 day 3  day 2 day 4  O/R R/O 

           

100 26.5 - 31.5  - 43.7  ± 3.8 (b)  30.2 ± 0.4 (a) 29.1 ± 2.1 (a)  3/4 = 1.5 * 2/3 = 0.7 * 

 31.5 - 36.5  - 31.3 ± 2.1  28.8 ± 1.0 24.7 ± 1.3  3/4 = 1.3 2/3 = 0.9 

           
150 23.0 - 31.3  19.2 ± 1.4 (a) 40.2 ± 0.4 (b)  19.4 ± 1.1 (a) 19.0 ± 0.7 (a)  3/4 = 2.1 * 2/1 = 1.0 

 31.3 - 38.8  20.8 ± 3.2 (a) 41.7 ± 6.3 (b)  23.7 ± 2.3 (a) 20.0 ± 0.7 (a)  3/4 = 2.1 * 2/1 = 1.1 

           
200 19.0 - 29.0  16.7 ± 3.8 20.4 ± 1.7  21.5 ± 1.8 16.6 ± 0.2  3/4 = 1.2 2/1 = 1.3 

 29.0 - 39.0  25.0 ± 2 (a) 21.9 ± 2.2 (ab)  22.5 ± 1.9 (ab) 17.8 ± 0.6 (b)  1/4 = 1.4 * 2/3 = 1.0 

 
 

In April and June (mainly M. edulis) the mean larval length did not differ between 
the two locations (Figure 6.2C; ANOVA: p > 0.05). In July and August (mainly C. 

gigas) the mean larval length was smaller above the oyster bed than at the reference 
site. This difference was significant on July 10th (ANOVA: p < 0.05), and was caused 
by a relatively higher abundance of small-sized larvae (80 - 90 µm) at the oyster bed 
location.  

 

6.3.3. Larviphagy on estuary-scale 

 

Vertical distribution of mussel larvae  

 

The abundance of M. edulis larvae was not predominantly higher in near-bottom or 
surface samples at both sampling locations (Figure 6.3; Wilcoxon Signed Rank test: p 
> 0.05).  

Although significant differences were found in larval shell length between near-
bottom and surface samples, mean differences were small (5.1 µm in the western 
compartment and 17 µm in the northern compartment). The two locations showed 
contrasting results. Whereas in the western compartment the largest larvae were 
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Figure 6.2. Numbers of bivalve larvae collected with plankton nets at the oyster bed (grey boxes, n = 4) 
and reference site (white boxes, n = 4) (A), and the same numbers corrected for a maximum difference in 
current velocity between locations with factor 2.1 (B). The box-plots represent the median and quartiles. 
An asterisk denotes a significant difference (ANOVA: p < 0.05). In April and June numbers consisted 
mainly of M. edulis larvae, in July  and August mainly of C. gigas larvae. Figure C shows shell lengths of 
bivalve larvae collected with plankton nets at the oyster bed (grey boxes, n = 64 - 100) and reference site 
(white boxes, n = 58 - 100).  
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generally found in near-bottom samples (Figure 6.3), in the northern compartment 
larvae were generally larger in surface samples. The two sampling locations differ 
considerably in nature. Location Hammen (H) in the western compartment is a tidal 
channel with high current speeds (max. 82 cm s-1 at mean spring tide) and turbulence; 
location Krammersluizen (KS) in the northern compartment has lower current speeds 
(max. 15 cm s-1 at mean spring tide) and turbulence levels.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.3. Weekly numbers (per 100 l) and lengths of M. edulis larvae counted in bottom (filled circles) 
and surface (open circles) samples in 2003 in the western (‘Hammen’) and northern (‘Krammer’) 
compartments. Bars indicate standard errors (n = 3 – 440). Asterisks denote significant differences 
between bottom and surface samples (Mann-Whitney U test: p < 0.05). Where data points are missing, no 
larvae were present in the samples. 

 
 
In the northern compartment in near-bottom samples, larval lengths decreased in 

time (linear regression: R2 = 0.43, p < 0.05). None of the larvae measured was larger 
than 181 µm and therefore none of them was competent to settle yet (Hendriks et al. 
2005).  
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Filter-feeder stock  

 

The C. edule stock fluctuated between 8 and 45 million kg fresh weight, and did not 
show an increase or decline in the period 1990 – 2007 (Figure 6.4; linear regression: p 
> 0.05). The M. edulis stock showed a decline in the period 1996 – 2007 (linear 
regression: R2 = 0.47, p < 0.05), from about 80 to 30 million kg fresh weight. The total 
C. gigas stock was estimated at  66 million kg in 1990 and 217 million kg in 2003 
(assessed in 2000 - 2003; Kater 2003; Kater and Baars 2004; Dankers et al. 2006). 
Accumulating stocks of all three bivalves per year resulted in an increase in estimated 
total bivalve filter-feeder stock from 160 million kg in 1992 to 320 million kg in 2007. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4. Stocks of the most dominant bivalve filter-feeders in the Oosterschelde estuary in million kg 
fresh-weight (including shells). The total filter-feeder stock is calculated by accumulating stocks of M. 

edulis (Kater and Kesteloo 2003; unpublished data Wageningen IMARES), C. edule (Kesteloo et al. 2007), 
and the inter- and extrapolated stock of C. gigas (Kater and Baars 2004; Dankers et al. 2006; unpublished 
data Wageningen IMARES) (using the long-dashed trendline for C. gigas for the period 1990-2003).   
 

 
Larval abundance  

 
Abundance of M. edulis larvae (expressed in larval days per 100 l) showed no trend 
over the period 1998-2003 (Figure 6.5A), and no relationship with the adult M. edulis  
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Figure 6.5. Larval abundance of M. edulis (A) and C. gigas (B) and adult filter-feeder stocks in the 
Oosterschelde estuary. Larval abundance is expressed in larval days (larval numbers per 100 l, integrated 
over time), for M. edulis per compartment (west, central, east and north). Adult M. edulis stock and total 
filter-feeder stock are given in million kg fresh weight, estimated total oyster cover in the intertidal is 
given in km2. Highest chlorophyll levels (in µg l-1; x1000) measured during the sampling period 
(February/July – September) are also given.      
 
 
stock (linear regression: p > 0.05) nor with the bivalve filter-feeder stock (linear 
regression: p > 0.05). Larval abundance seemed to roughly follow the maximum 
annual chlorophyll-a concentration, although a significant correlation was only found 
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for the eastern compartment (linear regression: R2 = 0.68, p < 0.05). Abundance of M. 
edulis larvae showed no relationship with mean chlorophyll-a concentrations during 
the sampling period (week 6 – 40) either, nor with mean annual temperatures in the 
different compartments (calculated from monthly temperatures; data not shown). 
Highest larval abundance was found in the western and central compartments. 

Abundance of C. gigas larvae (expressed in larval days per 100 l) showed an overall 
decline over the entire monitoring period of 1994 – 2006 (Figure 6.5B), while C. gigas 
and bivalve filter-feeder stocks were increasing. After log-transformation (10log) a 
negative linear trend in time was significant (linear regression: R2 = 0.41, p < 0.05). 
Log-transformed larval abundance of C. gigas also declined significantly with an 
increasing estimated stock of C. gigas (linear regression: R2 = 0.42, p < 0.05) and with 
an increasing estimated total stock of bivalve filter-feeders (Figure 6.6; linear 
regression: R2 = 0.45, p < 0.05). Abundance of C. gigas larvae seemed to follow the 
maximum annual chlorophyll-a concentration, but no significant correlation was 
found (linear regression: p > 0.05). Larval abundance of C. gigas was not correlated 
with average chlorophyll-a levels in the sampling period either (p > 0.05), nor with 
mean annual sea surface temperatures at Yerseke Bank (p > 0.05; data not shown).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.6. Log-transformed larval abundance (in larval days per 100 l) of C. gigas (filled circles) and M. 

edulis (open circles), plotted against the total bivalve filter-feeder stock (in million kg fresh weight). Linear 
regression was significant for C. gigas (linear regression: R2 = 0.37, p < 0.05) but not for M. edulis. 
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Mortality rate on estuary-scale 

 
During an average pelagic stage of 20 days (t = 20 in Equation 6.1), with a total 
bivalve clearance rate of 398 million m3 day-1 (situation in 2000; by C. gigas, M. edulis 

and C. edule), 95% of the bivalve larvae in the Oosterschelde estuary (f = 0.95) are 
estimated to be filtered by adult bivalve filter-feeders (C. gigas, M. edulis, and C. edule). 
With an increasing clearance rate the fraction f of filtered larvae (the mortality rate due 
to larviphagy) will approach the asymptotical value of 1.00 (100% mortality) further. 
The fraction f is also dependent on the actual time spent by the larvae in the pelagic 
phase. With a constant CR of 398 million m3 day-1, 95% of the larvae are filtered 
during a period of 20 days, and over a period of over 32 days more than 99% of the 
larvae will be filtered. 

 

6.4. Discussion 

 

6.4.1. Larviphagy in individual bivalves 

 
Our results confirm that larviphagy occurs among M. edulis and C. gigas in the 
Oosterschelde estuary. This supports the idea that larviphagy is a general mechanism 
in bivalve filter-feeders, as a consequence of their feeding mode (Lehane and 
Davenport 2004; Troost et al. 2008a, Chapter 3). Previous studies by different authors 
have also demonstrated the occurrence of larviphagy in M. edulis and C. gigas. It has 
been conclusively shown that M. edulis filters and ingests bivalve larvae, including its 
own, in the field. Stomach content analyses of farmed mussels M. edulis in Bantry Bay 
(SW Ireland) showed that bivalve larvae were ingested year-round, with peak numbers 
occurring during spawning periods of M. edulis (Lehane and Davenport 2004). C. gigas 
was found to predate its own larvae and larvae of M. edulis in laboratory experiments 
(Tamburri et al. 2007; Troost et al. 2008a, Chapter 3). C. edule also predates bivalve 
larvae, as was shown in laboratory experiments (Kristensen 1957; André et al. 1993; 
Troost et al. 2008a, Chapter 3) and field experiments in the Gullmarsvik, Sweden 
(André and Rosenberg 1991), and the Dutch Wadden Sea (Kristensen 1957). We 
conclude that larviphagy at the scale of the individual occurs in C. gigas, M. edulis and 
C. edule in the Oosterschelde estuary.  
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6.4.2. Larviphagy by an oyster bed 

 

Presence of an oyster bed reduced the abundance of M. edulis larvae (collected in April 
– June) but not of C. gigas larvae (collected in July – August). This may be a result of 
differences in escape or avoidance success between the larvae of both species. Troost 
et al. (2008a, Chapter 3) found that both C. gigas and M. edulis larvae were filtered by 
adult bivalve filter-feeders in a laboratory set-up, but that C. gigas larvae were filtered at 
a 50% lower rate than M. edulis larvae. However, we need to be careful with such an 
interpretation. While we had no reasons to assume that the M. edulis larvae found at 
both locations originated from different larval pools, because mean larval lengths were 
the same and because adult brood stocks are located all around in the area, such an 
assumption may not be valid for the C. gigas larvae. We propose the possibility that 
spawning by adult oysters in the oyster bed hampered our study of effects of 
larviphagy on C. gigas abundance at local scale. This hypothesis is supported by the 
following observations. C. gigas larvae were collected in higher numbers at the oyster 
bed site and mean larval lengths at this site were smaller. Smaller lengths were caused 
by a relatively larger amount of small veliger larvae of 80 – 90 µm shell length found at 
the oyster bed location. These larvae had likely hatched recently. Laboratory hatched 
C. gigas larvae reach a length of 80 – 90 µm in only 2 – 3 days after fertilization of the 
eggs (Helm et al. 2004; Hendriks et al. 2005). Part of the C. gigas larvae may therefore 
have been produced recently by the adult brood stock in the oyster bed. This oyster 
bed is by far the largest bed in the northern compartment. Other oysters in the 
northern area are located in small patches of several squared meters scattered 
throughout the area. If the larvae were produced while the tide was coming in, the tide 
would transport the larvae further land inward. With the next ebb tide the larvae 
would be transported back towards the bed without passing the reference site. Over 
the following tides the newly produced larvae would become more and more 
dispersed (see Korringa 1941). Together with natural mortality leading to lower 
concentrations locally, this would result in an increased similarity between both 
locations.  

The reduction in larval abundance at the oyster bed in April – June was not caused 
by a difference in local current velocity, since current velocities were either similar or 
higher above the oyster bed. The higher number of oyster larvae found at the oyster 
bed at August 12th was not caused by a higher current velocity at the oyster bed since 
the difference remained significant after correction for differences in current velocity. 
Although the current velocity measurements may have been influenced by the rather 
unsteady position of the transducer in a floating body on the water surface, they are 
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suitable for obtaining an indication of the difference in current velocities between 
both sites. The higher velocities measured at day 3 at the oyster bed did not occur at 
the same location on day 1, and not at all water levels studied on day 3 either. 
Therefore we assumed it to be safe to take the maximum difference of 2.1 found as 
the maximum difference ever occurring between both locations at similar weather 
conditions as encountered during our study, integrated over a complete tidal cycle. 
The higher current velocities on day 3 may have been caused by a stronger wind that 
day (5.5 m s-1). A comparable wind speed also occurred during sampling with the 
plankton nets at April 28th (5.7 m s-1) and August 25th (5.8 m s-1).  

Effects of larviphagy on the abundance of bivalve larvae in the field have scarcely 
been studied. Nielsen and Maar (2007) compared the vertical distribution of different 
zooplankton species groups above a mussel bed and a bare sandy site in the Limfjord, 
Denmark. They demonstrated significant grazing by the mussels on all major 
components of the pelagic food web, including bivalve larvae. They stated that 
protozooplankton and bivalve veliger larvae seemed more vulnerable to predation 
than either polychaete trochophores or copepods. André & Rosenberg (1991) 
demonstrated that settlement success of bivalve larvae in a shallow bay was reduced 
by 40% by dense beds of C. edule and by 20% by dense beds of Mya arenaria. Based on 
observations by André et al. (1993) they concluded that larviphagy was mainly 
responsible. This was in agreement with an earlier study by Kristensen (1957), who 
also found a reduced settlement of C. edule in areas with dense aggregations of adult 
conspecifics in the Dutch Wadden Sea. Our study likewise shows that larviphagy by 
adult C. gigas at bed scale significantly affects the abundance of bivalve (M. edulis) 
larvae in the overlying water column. Dense oyster beds therefore have the potential 
to reduce bivalve larval numbers significantly, potentially leading to a reduced 
recruitment locally. Dense filter-feeder beds may have the same effect on benthic 
species with (slow-swimming) pelagic larvae in general. 

 

6.4.3. Larviphagy on estuary-scale 

 
Vertical migration  

 
Numbers and lengths of M. edulis larvae collected in surface and near-bottom samples 
confirmed our expectation that, due to extensive vertical mixing, young mussel larvae 
find no refuge from predation in higher water layers. M. edulis larvae did not 
collectively and consistently occupy higher water levels. There were, however, striking 
differences between the two locations sampled. The results from the western 
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compartment correspond to results by Bayne (1964b), who found that young M. edulis 

larvae occupy higher water levels and competent larvae accumulate near the bottom, 
in that mussel larvae found in our near-bottom samples were slightly larger. Our 
results differed from Bayne’s (1964b) results in that none of the larvae in our samples 
were competent yet. In the northern compartment where current velocities are lower, 
we found the opposite pattern. Here, larval lengths seemed to increase over time in 
the surface layer and they decreased over time in the near-bottom layer, suggesting 
that larvae move to higher water layers as they get older. This study offers no 
explanation for the observed difference. 

The collection of high numbers of young larvae in the plankton nets fixed at 30 
cm above the bottom confirms that M. edulis larvae, that are not yet competent to 
settle, come into contact with benthic filter-feeders in high numbers in the turbulent 
Oosterschelde estuary. These results agree with the results of Knights et al. (2006) 
who found that larval size has no effect on vertical distribution patterns in the tidally 
driven Irish Sea. We cannot conclude from our results whether young C. gigas larvae 
will also be distributed homogeneously over the water column, although it seems likely 
regarding the extensive vertical mixing. Although we found no studies on vertical 
distribution patterns of C. gigas larvae, smaller veliger larvae of the well-studied relative 
C. virginica are distributed homogeneously over the water column in estuaries with 
different tidal ranges and mixing regimes (Carriker 1951), as well as in a flume tank 
(Finelli and Wethey 2003). C. virginica larvae are comparable to C. gigas larvae in 
appearance, size (compare Hidu and Haskin 1978; Hendriks et al. 2005) and 
swimming speed (see Troost et al. 2008b, Chapter 4).  
 

Filter-feeder stock and larval abundance 

 
The decline in larval abundance of C. gigas was contrary initial expectations. Declining 
numbers of larvae, possibly due to larviphagy, were apparently not compensated by an 
increased larval production by the increasing adult stock. The observed decline may be 
explained by a reduced production of C. gigas larvae or an increased mortality of the 
larvae. An increased mortality may be explained by increased larviphagy due to an 
increase in total filter-feeder stock. Our estimated mortality rate due to larviphagy f of 
0.95 is in the same order of magnitude as total natural mortality rates generally 
estimated or determined for bivalve larvae and larvae of other benthic invertebrates 
(Thorson 1950; Rumrill 1990). Therefore, larviphagy appears to contribute 
significantly to mortality of bivalve larvae in the Oosterschelde estuary, and may 
consequently affect recruitment as well. Based on these calculations, and earlier 
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findings that C. gigas larvae are filtered less by adult bivalves than M. edulis larvae 
(Troost et al. 2008a, Chapter 3), the mortality rate due to larviphagy f (being 
dependent on CR) would be expected to affect M. edulis larval abundance more than 
C. gigas larval abundance. For example, a reduction of the clearance rate of C. gigas 
larvae with 50% (as found by Troost et al. 2008a in the laboratory, Chapter 3) would 
result in a reduction of f with 0.17 (17%). Although this mathematical exercise offers a 
rough estimate only, it does give an indication of the order of magnitude of the effects 
of larviphagy on estuary scale. Some assumptions had to be made, that are not that 
representative of the actual situation in the field. Although larval abundance does 
seem to be distributed homogeneously vertically in the water column, larvae are not 
distributed homogeneously throughout all compartments of the estuary. More larvae 
are found in areas with higher concentrations of conspecific adults. How this would 
influence the estimate of f is difficult to grasp since the adult stock of bivalve filter-
feeders is not distributed homogeneously over the entire estuary either. Furthermore, 
no exchange of bivalve larvae with the North Sea was assumed. If we would include 
this as a dilution factor, even less larvae would survive until settlement. Finally, errors 
in estimates of clearance rates may have been large (Kater 2003). Clearance rates 
estimated by Kater (2003) were based on literature values on individual clearance rates 
and filtration time activity, and empirical values on stock sizes and submersion times. 
However, total clearance rates of all filter-feeding molluscs in the estuary combined 
were more likely underestimated than overestimated since other shellfish species than 
C. gigas, M. edulis and C. edule (such as Crepidula fornicata and Ensis directus) were not 
included in the calculations. 

Within the relatively short time series of M. edulis larval abundance no apparent 
trend was detected. We can therefore not draw any conclusions on whether mussel 
larvae are declining as a result of an increased filtration pressure. 

The degree of variation must have been high in the estimated increase in oyster 
stock (Kater 2003), and therefore in the estimated increase of total bivalve filter-feeder 
stock. The linear inter- and extrapolation between 1990 and 2003 and after 2003 will 
also have introduced errors. Nevertheless, it is clear that the oyster stock did increase 
considerably in the period studied, and we expect that the order of magnitude of the 
estimated increase in bivalve filter-feeder stock is reliable. An alternative explanation 
for an increased mortality of larvae and a reduced production of larvae by adults may 
be another aspect of an increased filtration pressure: reduced food levels. Primary 
production, chlorophyll-a concentration and phytoplankton composition all changed 
in the Oosterschelde estuary in the period 1990 – 2000. Phytoplankton composition 
shifted from larger (>20 µm) to smaller (< 20 µm) species around 1995, primary 
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production declined and chlorophyll-a also seemed to decline in the second half of the 
1990s (Wetsteyn et al. 2003). These shifts coincide with an increase in total filter-
feeder stock between 1990 and 2000, but also with on-going changes as a result of the 
construction of a storm surge barrier before 1986 (Nienhuis and Smaal 1994a) and 
may have continued after 2000. A shift towards smaller and faster growing 
phytoplankton species is a common result of increased non-size-selective filtration 
pressure (e.g. Noren et al. 1999). This seems to confirm that the total filtration 
pressure in the Oosterschelde indeed increased as was estimated by Kater (2003). The 
decrease in primary production however appears to be related to a decrease in 
transparency due to the engineering project (Wetsteyn et al. 2003). Possibly food 
availability and/or quality dropped below a threshold after 1999, causing a decline in 
C. gigas larval survival and/or larval production by adults due to deteriorated trophic 
conditions. However, we have no explanation for the peaks in larval numbers in 1999 
and 2001. These years did not seem to deviate from other years in terms of 
chlorophyll-a levels and mean monthly sea surface temperatures in the different 
compartments. Also periods of prolonged high temperatures in 1999 and 2001 did not 
seem different from other years. Additionally, in terms of food availability, decreasing 
phytoplankton abundance may not necessarily imply reduced food levels for bivalve 
larvae if it is compensated by a shift to smaller phytoplankton species that may be 
more suitable as a food source for the larvae.  

Identification of M. edulis larvae was probably not always 100% accurate as 
discrimination from larvae of other bivalve species is difficult for certain size 
categories (see Hendriks et al. 2005). C. gigas larvae could be easily distinguished from 
larvae of other species in the Oosterschelde estuary, although not always with 100% 
certainty for the smallest larvae that had not developed an umbo yet (< 105 µm, see 
Hendriks et al. 2005). This is not expected to have affected comparisons between 
locations and years. Potential uncertainties in identification of small C. gigas larvae did 
not play a role in the monitoring programme since samples were sieved over a 100 µm 
mesh and the smallest larvae (70 – 100 µm) were not collected. Larval abundance of 
C. gigas was therefore underestimated in the monitoring programme, but this will not 
have affected our comparison between years.  

We conclude that larviphagy occurs among C. gigas, M. edulis and C. edule 

individuals in the Oosterschelde estuary. We found evidence for effects of larviphagy 
by an oyster bed on larval numbers of M. edulis, but no evidence for effects of 
larviphagy on numbers of M. edulis larvae on estuary-scale. Six years may have been 
too short to detect a trend in larval abundance of M. edulis. The decline in numbers of 
C. gigas larvae may point to effects of increased larviphagy, but effects of an increased 
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filtration pressure on food availability for bivalves and their larvae may also have 
played a significant role. Furthermore, the mathematical exercise suggests a large 
effect of larviphagy on estuary scale. All results combined strongly suggest that bivalve 
filter-feeders have a large impact on larval abundance of bivalve filter-feeders. 
Whether larviphagy also affects stocks of adult bivalves and other benthic species 
seems likely, but remains open for further research.  
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