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DEFINING THE PROBLEM
Sustainable exploitation of the sea is no success story. For that reason the Netherlands Science 

Foundation (NWO) founded a PRIORITY Programme “Sustainable Use and Conservation of Marine 
Living Resources” (SUSUSE) in 1998. The programme is based on the assumptions that worldwide 
problems with respect to sustainable use and conservation of marine living resources stem from a) lack of 
understanding of essential ecological processes in the sea; b) deficiencies in the international legal regime 
for the sea, and c) human behaviour based on short-sighted self-interest. The focus of this programme 
is on the hypothesis that populations of marine organisms and human exploitation systems might have 
different spatial and temporal scales. A mismatch between those scales could lead to over exploitation of 
living resources. Multidisciplinary research in SUSUSE could possibly clarify existing mismatches. Four 
research themes are being investigated:

1. Spatial scales of populations of marine organisms in relation to the spatial scales of human 
exploitation systems;

2. Analysis of temporal scales of development of populations of marine organisms, and the possible 
mismatch with the temporal scales of human exploitation systems;

3. An integrated approach of marine biodiversity;
4. Design of better systems for the exploitation and conservation of marine living resources to ensure 

sustainability.

The second research theme uses the cockle fishing industry in the Dutch coastal waters (mainly the 
Wadden Sea) as a model system. Cockles (Cerastoderma edule), like the Japanese oyster (Crassostrea gigas) 
and blue mussel (Mytilus edulis), are commercially important bivalves. Cockles are not just important 
for human exploitation, but they are an important food source for birds feeding in the intertidal as well. 
Cockle stocks fluctuate between years, which makes a profitable as well as sustainable fishery difficult.

Van der Meer et al. (2001) showed that in the Dutch Wadden Sea the year-class strength of the 0-class 
of bivalves is strongly correlated with the year-class strength at older ages. Variations in year-class strength 
must therefore be caused by processes that occur before early autumn, which is the period when Van der 
Meer et al. (2001) first sampled the 0-class of intertidal bivalves.

Hence, possible sources of variation are 1) production of eggs and sperm i.e. the adult population, 
2) the period of planktonic life of the larvae, 3) the settlement of the larvae on the sediment, and 4) the 
first months of benthic life. This thesis focuses on the settlement process. A companion study by Bos (in 
prep.) deals with the planktonic phase. The PhD dissertation of Hiddink (2002) concentrated on the first 
months of benthic life.

Our understanding of the planktonic larval stages and the settlement of benthic organisms in general 
is poorly developed (Eckman 1996). Both stages have a high mortality and thus might be an important 
source of variation in year-class strength. This was the primary reason to carry out this study.

In addition to natural settlement variability, shellfish fisheries may have large-scale indirect effects on 
bivalve settlement by changing the sedimentary environment and removing biogenic structures produced 
by benthic macrofauna (de Vlas 1982, Nomden et al. 1999) such as mussel beds. This could reduce the 
biodeposition and consequently decrease the suitability of the sediment to bivalves and affect recruitment 
of bivalve species. Aggregates of bivalves can ‘shape’ their environment, for instance by changing flow 
patterns in their surroundings and subsequent flux of particles to the bed (Gutierrez et al. 2003). This 
is called ecosystem engineering (Jones 1994). Fishing can damage these structures and indirectly affect 
habitat and biodiversity this way (Coleman and Williams 2002). Cockles can also be considered to be 
ecosystem engineers. Although they probably do not act as biogenic roughness elements, their siphon jets 
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1. Gonad production

Energy reserves are provided maternally in the form of egg yolk, the egg serves as the source of 
nutritional and structural materials necessary to sustain early ontogeny of free spawning species (until 
the feeding organs are developed). A smaller initial size of eggs means a smaller parental investment per 
offspring, which can permit higher fecundity or lower reproductive effort (Hart and Strathmann 1995). 
But this also means that larvae have to obtain more energy themselves. Planktotrophic egg sizes range 
between approximately 70 µm for C. gigas eggs and 150 µm (Strathmann, 1986). Maximum egg size for 
our research species was 100 µm for Macoma balthica eggs. For ripening of the gonad, food availability is 
important (de Vooys 1999). Not only food quantity, but also food quality determines the suitability of 
food sources for building up gonads.

2. Fertilisation in the water column

When gametes are released into the sea, the probability that a spermatozoon can find, and then fertilise 
an egg can be very low. The rapid diffusion and limited life span of gametes in a dynamic ocean makes 
fertilisation of eggs difficult. Synchronised spawning, aggregative behaviour and large population size 
can aid fertilisation success (Levitan 1995) and subsequent reproductive success of the species (de Vooys 
1999). Marine animals typically time reproduction by environmental cycles that occur with predictable 
regularity (Morgan 1995b). The timing of larval release within reproductive seasons is synchronized by 
shorter environmental periodicities, including light-dark (daily), lunar (monthly), tidal (semi-diurnal/
diurnal) and tidal amplitude (monthly) cycles (Morgan 1995b). An important spawning trigger is 
(difference in) water temperature. Specific temperature boundaries are also known, e.g. spawning in M. 
edulis only occurs when water temperature exceeds 10 °C (Podniesinski and McAlice 1986).

3. The planktonic stage

Larval development of intertidal bivalves takes place in the water column (Thorson 1946) and is called 
planktonic development (Levin and Bridges 1995). Planktonic development of our research species is 
approximately 3 weeks. This reasonably extended period promotes dispersal of larvae over large scales. The 
definition of dispersal is transport of larvae away from their spawning site by advection (Shanks 1995) or 
turbulent mixing of water masses caused by e.g. tidal mixing. The large numbers of planktotrophic bivalve 
larvae improve dispersal, but they incur high mortality presumably due to intense predation and dilute 
sources of food in the plankton (Hines 1986). Large-scale dispersal is mostly a passive process, where the 
small veliger larvae are transported over long distances (Butman 1987). The habitat of intertidal bivalves 
is a highly dynamic area and dispersal takes place on an estuary scale (Wildish and Kristmanson 1997). 
Ebb and flood tides are important in dispersing larva from estuaries and nearshore areas and in returning 
them for settlement (Young 1995).

Larval development
Most fertilised bivalve eggs develop via a blastula stage, and gastrulation into a top-shaped free-

swimming trochophore (Sastry 1979) (Figure 2). An exception are e.g. the larvae of C. edule, which 
hatch as veligers and pass the trochophore stage within the eggs vitelline membrane. The trochophore is 
divided by a band of cilia, the prototroch, into an upper prototrochal and a lower posttrochal region. The 
upper region bears large tufts of apical flagella (Sastry 1979). The prototroch eventually develops to form 
a bi-lobed velum with cilia on the outer margin. The velum produces both the feeding and locomotory 



Chapter 1 General introduction

11

current (Strathmann and Leise 1979). The shell gland, which secretes the larval shell, is formed dorsally 
(Sastry 1979). The trochophore develops to a straight-hinge veliger larval stage. The digestive system 
becomes functional during the veliger stage with the opening of the anus. The intestine begins to acquire 
loops as development of the veliger progresses. Veligers continue to develop to the pediveliger stage where 
they possess a well-developed foot. The foot forms on the ventral side of the body between the mouth 
and anus. At this larval stage the velum starts to degenerate and the larvae are competent to settle and 
metamorphose to the benthic juvenile stage.

Figure 2. Detailed drawing of larval stages.
a) Trochophore larva of M. edulis, 24 hours old. Modified after Sastry (1979).
b) M. edulis trochophore larva of 48 hours old, showing first formation of the shell. Modified after Field (1922).
c) Straight-hinge larva of Ensis directus. Modified after Loosanoff et al. (1966).
d) Veliconcha larva of E. directus. Modified after Loosanoff et al. (1966).
e) Pediveliger larva of E. directus. Modified after Loosanoff et al. (1966).

List of abbreviations
a  anus
aa  anterior adductor muscle
af  apical flagellum
ar  archenteron
bg  byssus gland
bs  byssal spur used in laying down byssus trhreads
f  foot
g  gut
l  digestive diverticulae
m  mouth
pa  posterior adductor muscle
s  stomach
sc  statocyst (equilibrium organ)
sg  shell gland
sh  shell
st  stomodeum
v  velum
vr  velum retractor muscles
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Swimming
The beat of a cilium can be divided in two distinct phases: effective and recovery strokes (Chia and 

Buckland-Nicks 1984, Vogel 1994) (Figure 3). During the effective stroke the stiff, slightly curved cilium 
swings through an arc by bending at its base. This is followed by a sharp return stroke that bends the 
cilium back at the base and propagates a wave towards the tip in such a way that the cilium returns to 
its original position. The ciliary beat maximizes fluid transport during effective strokes and minimizes it 
during recovery strokes (Chia and Buckland-Nicks 1984) (Figure 3).

Mortality
To maintain populations in equilibrium, each adult must be replaced by one offspring. A single adult 

bivalve may produce millions of eggs during its lifetime (Strathmann and Leise 1979). To maintain a 
stable population mortality must be very high (Morgan 1995a), e.g. mortality for planktonic mussel 
larvae is estimated as > 99% (Sprung 1984). Most mortality is believed to occur in the plankton because 
eggs and larvae have less control over their fates in a dynamic environment than do larger juveniles that 
live on stable substrates (Thorson 1950, Hines 1986, Morgan 1995a). So, not many larvae survive to the 
adult or even juvenile stage. The survival rate in the plankton is determined by food supply (starvation, 
de Vooys 1999), temperature, predation, which is probably the most important factor (Thorson 1950), 
unfavourable hydrodynamics (Rumrill 1990) and physiological stress (Loosanoff and Davis 1963, Sastry 
1979). Extreme or variable temperatures and salinities, low dissolved oxygen, pollution, and ultraviolet 
radiation (UV) cause physiological stress. Mortality from extreme or fluctuating temperatures may be 
greatest at the northern and southern limits of species distributions, in shallow margins of bays and estuaries 
including marshes, mangroves, and seagrass beds, and near the beginning or end of the reproductive 
season.

Feeding
Feeding larvae which growt substantially between egg and metamorphosis must concentrate particles 

that are suspended in water (Shimeta and Jumars 1991). There may be more than one mechanism for 
particle capture (Hart and Strathmann 1995), here we describe direct interception. This is a process 
consistent with the size of particles (algal cells 1-10 µm), the sizes of filtering elements (cilia band), the 
physical properties of water and the velocity of larval feeding currents. If water is forced through a filtering 
structure, any particle that follows a streamline within one particle radius of a filtering element may stick 
to the filter and so be caught. Veliger larvae of bivalves and gastropods feed using opposed bands of cilia 
lined on the velar edge (an anterior prototroch and a posterior metatroch) to capture suspended particles 
and concentrate them in a food groove with small cilia, which transport the particles to the mouth 
(Strathmann and Leise 1979, Gallager 1988). Cilia overtake particles within the ciliary sublayer, which 
are moved into the food groove to a position beneath prototroch cilia in their recovery strokes.

Figure 3. The motion of a cilium, shown as left-to-right sequence, pushing water 
from right to left (from Vogel 1994). The cilium is extended during the power stroke 
(left) and flexed down near the surface for recovery (right).
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The rate of growth and development of pelagic bivalve larvae is mainly dependent on water temperature 
and food availability (Olson and Olson 1989, de Vooys 1999). Some larvae can compensate for scarce 
food by modifying the size of the feeding structure. Veligers of C. gigas reared on low food concentrations 
had a longer ciliated band and longer prototrochal cilia relative to their shell length (Strathmann et al. 
1993). The effects of abundance of food on larval size and shape are adaptive because ingestion rates 
increase when food is scarce and clearance rates are maximal. Also, when food is abundant nutrients are 
directed to the development of postlarval structures, promoting rapid development. The plasticity in 
clearance rates does not fully explain the insensitivity of larval growth to abundance of food, but may 
contribute to it (Hart and Strathmann 1995).

Not only quantity of food will determine larval survival and growth, but also quality of the food 
(Rumrill 1990). The nutritional value of an algal species is high when its biochemical composition is 
suitable for the feeding larvae (Brown 1991, Boidron-Métairon 1995). There are differences in biochemical 
composition and thus suitability as food between algal species (Volkman et al. 1989, Brown 1991). 
Since most larval nutritional requirements change with time, scaling of this nutritional value needs to be 
assessed as well throughout development. For cultured algae, manipulation of the algal culture condition 
can alter the nutritional value of an algal species (Volkman et al. 1989, Brown 1991). Uni-algal diets used 
in the laboratory are too restrictive compared to the varied and complex assemblages larvae can encounter 
in the field (Baldwin and Newell 1991). When looking at food availability in the field, it is not sufficient 
to monitor chlorophyll a levels. Chlorophyll a levels do not give information on algal species and amounts 
since chlorophyll a is not correlated with cell volume (Volkman et al. 1989). Also, chlorophyll a levels do 
not quantify potential other food sources such as dissolved organic matter (DOM), bacteria (Olson and 
Olson 1989), non-photosynthetic plankton (ciliates, flagellates, and phagotrophic protozoans (Baldwin 
and Newell 1991), and detritus which larvae may use (Widdows 1991). Bivalve larvae have been shown 
to utilize DOM (Manahan 1989, Levin and Bridges 1995), but uptake of DOM (osmotrophy) probably 
only supplements nutrients obtained by other feeding modes (Olson and Olson 1989, Levin and Bridges 
1995).

Predation
Primary pelagic predators appear to be planktivorous fishes and gelatinous zooplankters, especially 

hydromedusae, scyphomedusae and ctenophores (Young and Chia 1987). Benthic predators are mostly 
sessile suspension feeders. E.g. oyster reefs and mussel beds are islands of zooplanktivorous predators. 
Shells of molluscan veligers can offer protection from predators (Purcell et al. 1991). Transparency 
and small body size presumably reduce the visibility of larvae to fishes. Larval defenses may be more 
effective against some predators than others. E.g. oyster larvae can survive passages through guts of the 
medusa stage of scyphozoans but not ctenophores (Purcell et al. 1991). The ability to escape the inhalent 
siphons of benthic filter feeders and initiate an escape response may be a determining factor for survival. 
Environmental factors, such as turbulence, may interfere with sensory capabilities and hence with escape 
probability.

4. Settlement

We define initial settlement as the descent of the larva from the water column onto the substratum 
and subsequent exploration of the site. Larvae need to find a suitable settlement site. If no suitable site is 
encountered, larvae are able to postpone settlement and metamorphosis.
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They can also reject a site they landed on and re-enter the water column. This can happen as well after 
a period of residence at the site and metamorphosis. After migration through the water column as a post-
larva, the second time a larva settles on a substrate is called ‘secondary settlement’. Many species use a 
nursery and migrate to and from such a site during different life stages.

5. Juvenile stage

A set of events and morphogenetic chances occurs which allow the attached larvae to acquire features 
appropriate to its new life. These changes occur solely through metamorphosis (Rodriguez et al. 1993). 
After settlement and metamorphosis bivalve juveniles have to grow and develop into mature adults to 
close the life cycle. Benthic predators like crabs cause post-settlement mortality. If there are many other 
juveniles, food limitation can cause density dependent mortality.

PHYSICAL ASPECTS
Boundary layer

The benthic boundary layer (Figure 4) is a velocity gradient layer, which develops between the free 
stream velocity (u) in the water column and the boundary (sediment surface) where the no-slip condition 
applies (i.e. at z = 0, U = 0). Within the lower part of the turbulent boundary layer, the velocity profile is 
logarithmic and may be described by the Prandtl von Karman equation or “law of the wall”:

u z u z
z

( ) ln*=








κ 0

Where u(z) is the velocity at height z above the bed, κ 
is von Karman’s constant (≈0.4), z0 is roughness height 
and u* is the shear velocity. Boundary layer thickness (δ) 
is the height at which the velocity (u) approaches the 
free-stream velocity (0.99 U∞).

Viscous sublayer

Underneath the log-layer, just above the sediment 
surface a layer exists where at the smallest scale molecular 
forces become important, eddies are overcome by 
viscous forces and start to lose energy as heat (Peters and 
Redondo 1997). Viscosity effects become dominant in 
this layer, which is called the viscous sub layer (Nowell 
and Jumars 1987).

Figure 4. Schematic drawing of a benthic 
boundary layer in parallel flow at zero incidence.
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The flow profile is linear in this region and can be described for hydraulically smooth flow as (Chriss 
and Caldwell 1984):

u z u z( ) *=
2

ν

Where ν is the kinematic viscosity. The viscous sublayer is characterised by long periods of laminar flow 
interrupted occasionally by injections and interruptions of turbulent fluid as the large, energetic eddies in 
the outer part of the turbulent boundary layer penetrate all the way to the bed (Kline 1967, Grass 1971, 
Beljaars et al. 1981, Nowell and Jumars 1984). Fluid in the viscous sublayer interacts with the overlaying 
flow, producing a fluid ejection process called a burst. This phase is usually closely followed by a sweep 
structure, where overlaying fluid from upstream is injected towards the bottom and sweeps out the near-
bed fluid. This is generally known as the burst-sweep cycle of events (Thomas and Bull 1983, Svendsen 
1997). Sweep events may be the main mechanism responsible for the delivery of nutrients and/or particles 
(e.g. larvae) from the outer region to the biologically active interfacial sublayer (Nikora et al. 1997).

Turbulence

Water in estuaries is almost always in motion and virtually all boundary layer flows are turbulent. 
Turbulence at various scales is a nearly ubiquitous character of flow in marine environments (Denny 
1988). Turbulent flow is an inherent property of incompressible fluid motion at high Reynolds numbers 
(Nelkin, 1992), such as in the ocean, coastal seas, and estuaries. Sources of turbulent energy can be energy 
fluxes due to wind-driven waves (Denny 1988, Peters and Redondo, 1997), strong upwelling or tides 
(Denny 1988b, MacKenzie and Legget 1993), as well as current shear, intrusions, convection (e.g. due 
to surface cooling and evaporation) and topographic features. The energy is extracted from the kinetic 
and potential energy of the large-scale flow. This energy is provided at the boundaries (both bottom and 
surface (Denny 1988) by mechanical forcing and the buoyancy flux (Thorpe 1985).

Turbulent energy is transferred to smaller scales via a cascade of energy from large eddies to small 
eddies with eventual dissipation of the energy by viscosity at the smallest scales (Nelkin, 1992). The 
smallest scale of turbulence is defined by the Kolmogorov lengthscale or microscale (1941) (Tennekes and 
Lumley 1999) and can be calculated as:

Where ν is the kinematic viscosity. The energy dissipation (ε) is the rate at which energy is fed into 
the turbulent fluctuations, it is the rate at which energy is transferred from large to small scales by the 
non-linear terms in the Navier-Stokes equations, and it is also the rate at which energy is dissipated at the 
smallest scales by the action of molecular viscosity (Nelkin, 1992). Small-scale turbulence velocities are 
generally small compared to the mean flow (Nelkin 1994).

Scaling in the laboratory

Flumes can be used to study processes under controlled circumstances and predictable flow in a 
laboratory set-up. An example of a flume constructed for benthic work, is the flume at NIOO-CEME 
(Figure 5). The purpose of a flume is not only to simulate realistic field conditions near the sea bottom, but 
also to simplify them so that the flow characteristics can be summarised in a small number of parameters 
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(Nowell and Jumars 1987). Flumes are by definition smaller than their natural counterparts, contain 
walls that restrict exchange and are typically run for a shorter duration relative to the time scales that 
characterise ecological processes. A flume design is not applicable to a wide spectrum of benthic biological 
problems (Nowell and Jumars 1987). A flume should be tailored for the specific question addressed. The 
smaller the flume and the smaller the range of discharges and flow depths, the less flexible it will be for 
applications outside the one for which it is specifically tailored. To compare results obtained in a specific 
flume among other experimental set-ups and, more importantly, to the field, water flow needs to be scaled 
similarly (Jonsson et al. in prep, Petersen et al. 1999, Nowell and Jumars, 1984, 1987).

Nondimensional variables

When water flow is adequately scaled, results obtained in a specific flume can be compared to other 
experimental set-ups and, more importantly, to the field (Nowell and Jumars 1984, 1987, Petersen et 
al. 1999, Jonsson et al. in prep). Nondimensional variables help in scaling ecological problems (Vogel 
1998). These variables are derived quantities in which constituent terms are mathematically combined 
in such a way that their units completely cancel each other out (Petersen and Hastings 2001). Because 
the magnitude of a nondimensional variable will be the same regardless of the particular units used 
in constituent terms, it possesses the important property of scale independence. We can meaningfully 
compare nondimensional ratios between systems, and this allows us to potentially extrapolate general 
properties of simple experimental systems to larger, long-lived ecosystems (Petersen and Hastings 2001). 
In order to model flows dynamically we must maintain similarity of forces: hence all the dimensionless 
groups must be kept numerically similar from field to laboratory.

The most important size-scaling parameter is the dimensionless Reynolds number:

Re=UL
ν

Where U is the velocity, L is a length scale, and ν is the kinematic viscosity. The Reynolds number may 
be thought of as the ratio of destabilizing inertia to stabilizing viscosity (Sanford 1997). All incompressible 
flows with the same Reynolds number and the same flow geometry should have the same flow properties 

Figure 5. Flume at NIOO-CEME, Yerseke, the Netherlands. Schematic drawing, The recirculating flume 
is 18 meter long, with water depth of 0.4 meter in the channel, which is 0.6 meter wide. The test section 
(ts) is positioned 11 meter behind laminators in the bend and is 2.1 meter long.
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when measured in the appropriate units. This Re scaling is of great engineering importance (Nelkin 1992, 
1994). It is also the basis for flume design. Other scaling laws have to be considered as well. Nowell and 
Jumars (1987) state that for boundary layer flows over a modifiable bed we will require that the boundary 

layer Reynolds number δ
ν
U∞ , where δ is the boundary layer thickness and U∞ is the free stream velocity, 

the Froude number , the Strouhal number 
n
U
⋅

∞

δ
 where n is the frequency, the roughness Reynolds 

number 
u ks* ⋅
υ

, the Shields parameter 
u
g ks s

*

( )

2

ρ ρ− ⋅
 and the Rouse parameter 

w
u
s

κ⋅ *
 all be comparable 

between laboratory and field. Addressing certain scaling laws is only useful for specific research questions. 
E.g. the Froude number is only essential when surface waves have to be considered which, in our case, is 
unlikely for a moving larvae. Similar to the Rouse number is a nondimensional variable called the Péclet 
number (Massel 1999):

Pe w l
Kz

=
⋅

Where w is the vertical velocity, l is a relevant length scale and Kz is the turbulent mixing coefficient. 
This dimensionless number gives the ratio between advective motion due to shear in a velocity gradient 
and turbulent diffusion inside the boundary layer. If we consider the case of a small bivalve larva, just 
above the benthic boundary layer, which is settling on the sediment surface then the probability of 
settlement is influenced by this ratio.

Why a dimensionless variable should be comparable between flows can be explained by an example. 
The roughness of the bed will affect the local transfer of momentum to the bed (Nowell and Jumars 
1987). The scale of particles at the bottom, i.e. the sediment grain size (ks), is an appropriate scale when 
looking into bottom roughness. The shear velocity gives us the appropriate velocity scale, and with these 
parameters we can calculate the before mentioned roughness Reynolds number (Re*). This is a measure of 
the bed and its interaction with the flow. When the roughness Reynolds number is less than ~3, the flow 
is termed hydraulically smooth or smooth turbulent. When the roughness Reynolds number is greater 
than about 70 the flow is called hydraulically rough or rough-turbulent and there is no continuous viscous 
sublayer. Under such circumstances the diffusion of nutrients or chemical species will be determined 
entirely by the turbulent eddy viscosity and will occur many times faster than when there is a continuous 
viscous sublayer (Nowell and Jumars 1987).

When a flume is build, not all scaling laws can be satisfied in one design. Often, we are forced to 
compromise between scaling factors. For instance for turbulent flow, we want the Reynolds number to 
be high, which can be done by increasing the velocity. But then we also increase the Froude number. 
We usually have to compromise to a lower Reynolds number in order to keep the Froude number in the 
correct range (Nowell and Jumars 1987).
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INTERACTIONS OF PHYSICS AND BIOLOGY
Fertilisation: mixing

Advection and diffusion can move, dilute, and mix gametes at different rates, interfering with 
fertilisation. Advection is considered to govern the mean direction and velocity of a gamete cloud, 
whereas diffusion determines the rate of gamete spreading (Denny 1988). Advection moves gametes 
from one place (or individual) to another and can therefore influence the contact time between sperm 
and eggs (e.g. the time for a sperm or egg cloud to advect past another) and the gamete concentration as 
a function of distance (the cloud expands in a time-dependent manner). Diffusion disperses and mixes 
gametes, influencing gamete concentration, sperm-egg contact time, and rates of fertilisation. Turbulent 
diffusion diffuses particles at higher and more variable rates than does molecular diffusion. Turbulent 
forces produce unpredictable eddies, making fertilisation success predictions problematic (Denny 1988, 
Denny and Shibata 1989, Young et al. 1992, Babcock et al. 1994, Levitan 1995).

Encounter rate

One important consequence of turbulence is an increased encounter rate between organisms and 
their food (Rothschild and Osborn 1988, Sundby and Fossum, 1990, Saiz and Alcaraz, 1992, Kiørboe 
1993, MacKenzie and Kiørboe, 1995, Osborn 1996). Planktotrophic larvae could potentially benefit 
from turbulence through enhanced feeding opportunities, while simultaneously increasing the risk of 
encountering predators (Young 1995). The risks (predator encounter) of living in a turbulent environment 
may outweigh the advantages (food encounter). Larvae might have developed mechanisms for detecting 
turbulence and also behaviour for seeking habitats with lower turbulence. Veliger larvae stop swimming 
and draw in their velum when disturbed by a tactile stimulus. Larvae could, in theory, detect turbulence 
by detecting shear. If the two sides of the larva’s body are being moved in different directions or at 
different speeds, it would tend to tumble, thereby stimulating the statocyst (Figure 2e, ‘sc’).

Swimming in flow

Because larvae are small (70 – 350 µm), the movement of their propulsive structures (cilia) and whole 
body occurs in an environment of low Reynolds numbers (Re<1) where inertia is virtually absent and 
viscous forces of the surrounding water exert a predominant influence (Chia and Buckland-Nicks 1984, 
Power 1989, Young 1995, Bolton and Havenhand 1997). This means that when larvae stop swimming, 
they stop moving in that direction (stop “dead in their tracks”) (Young 1995).

Veliger larvae often orient with the velar pointed up and the heavy shell trailing. As most ciliated 
larvae do, bivalve larvae move along helical paths and spin while swimming (Jonsson et al. 1991). Helical 
swimming allows larvae to control the speed of vertical movement without cessation of swimming and 
without changing the path of the ciliary beat (Jonsson et al. 1991). Since food is collected by the same 
velar cilia that are used for locomotion, depth regulation by helical swimming does not interrupt the 
feeding process (Strathman and Leise 1979, Gallager 1988, Young 1995).

Dispersal

Ciliated larvae cannot swim fast enough in a horizontal direction to change their distribution (Young 
1995, Peters and Redondo 1997). Larval swimming speeds range between 1-10 mms-1 (Mileikovsky 
1973, Chia and Buckland-Nicks 1984). Currents in estuaries range up to meters per second. Like 
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other biological rates, swimming speeds change as a function of temperature and salinity (Hidu and 
Haskin 1978). Either the frequency of the locomotory activity or the speed of locomotion increases 
with environmental temperature. This effect is partly physiological, caused by an increase in biochemical 
reaction rates, but is also in part due to the change in water viscosity.

Larvae can respond to their environment and have (limited) sensory abilities (Table 1) (Kingsford et 
al. 2002). With these they can navigate vertically in the water column. Vertical migration allows larvae 
to avoid predation, optimise feeding, and increase or decrease dispersal distance (Verwey 1966). Currents 
over the continental shelf are often baroclinic (i.e., change with depth). Larvae occupying different strata 
of the water column will experience different flow regimes and be advected differentially (Shanks 1995). 
Weak swimming larvae may regulate horizontal transport by vertically migrating in response to predictable 
hydrodynamic features, such as stratified water masses and tidal currents (Morgan 1995b, Shanks 1995, 
Young 1995).

Primary settlement
Hydrodynamic regimes which can be largely predicted transport larvae over large-scales (Connell 1985, 

Gaines and Roughgarden 1985). When planktonic veligers reach the stage when they are competent to 
settle, they need to cross the benthic boundary layer near the sediment in order to reach the substratum 
(Abelson and Denny 1997). The settlement process may consist of active and passive processes acting at 
different spatial scales (Butman 1987, Harvey and Bourget 1997). A combination of larval behaviour and 
physical processes that deliver the larvae to the bed is responsible for final recruitment success (Mullineaux 
and Butman 1990, Butman and Grassle 1992, Grassle et al. 1992, Snelgrove et al. 1993, Snelgrove et al 
1999). Suspended larvae settle on the bottom by a combination of passive sinking, turbulent advection 
and possibly through directional swimming. Larvae can respond to physical, chemical and biological 
attributes of their environment. Turbulent boundary layers are sites where the cues may change quickly 
over relatively short distances. Larvae may actively settle in response to waterborne chemical cues, water 
velocity or depth (Grosberg 1982, Pawlik et al. 1991, Tamburri et al. 1992). At the sediment surface 
both small-scale hydrodynamics (Denny and Shibata 1989, Eckman 1990) and possibly larval behaviour 
influence settlement. Larvae search the substrate and metamorphose when a likely settlement site has been 
located (Crisp 1965). If an appropriate settlement site is not encountered, larvae may delay settlement. It 
is technically very difficult to observe the process of larval settlement itself. Therefore it is unclear under 
what circumstances larvae can influence their settlement site and over which spatial scales.

Table 1. Sensory abilities of bivalve larvae. Abilities demonstrated behaviourally or physiologically. Sense used only 
within 5 – 10 body lengths. From (Kingsford et al. 2002).

Sense At hatch Mid-pelagic Potential settlers Examples

Olfactory x Hidu 1969, Tamburri et al. 1992, 1996

Vision environmental x x x refences in Kingsford et al. 2002

Water movement Carriker 1951, Jonsson et al. 1991

Temperature x Mann and Wolf 1983

Salinity x x x Mann et al. 1991

Pressure x x Bayne 1963, Mann and Wolf 1983

Gravity x x Bayne 1964
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Adult-larvae interactions

The concentration of planktonic larvae is not directly related to biomass of adults (de Vooys 1999). 
Because a lower adult biomass may limit the number of larvae that can be produced and at a higher 
biomass, the filtration activity of the adults could remove so many larvae that it outweighs the capacity 
for the production of larvae (de Vooys 1999). Conspecific adult bivalves can also have a negative effect 
on larvae due to their foraging activity. Suspension feeding adults like C. edule and Mya arenaria, filter 
out planktonic larvae and therefore inhibit larval settlement on locations with large adult concentrations 
(Andre and Rosenberg 1991). In the Oosterschelde, the vast oyster reefs might therefore present a 
problem for recruitment. These reefs are a recent phenomenon caused by the invading C. gigas (Reise et 
al. 1998).

Secondary migration

The planktonic larval stage is the most important, but not the only dispersal possibility for intertidal 
bivalves (Sorlin 1988, de Vooys 1999). Post-larval shellfish have been caught drifting in the water column 
(Gunther 1992, Armonies 1994). Migration can be passive through resuspension by waves or currents 
(storms in fall) (Armonies 1992) or active, by byssus drifting (Sigurdsson et al. 1976). Byssus drifting 
is a common means for dispersal for e.g. C. edule (de Montaudouin 1997), M. balthica (Sorlin 1988, 
Beukema and de Vlas 1989) and M. edulis (de Blok and Tan-Maas 1977, Lane et al. 1982, 1985, Cáceres-
Martínez et al. 1994, Cáceres-Martínez and Figueras 1998). The byssus thread is a 1 to 4 µm diameter 
monofilament and consists of acid muco-polysaccharides (Sigurdsson et al. 1976). The thread is excreted 
by greatly enlarged glands, which discharge the secretion through a ducted complex at the base of the foot 
(Lane et al. 1982). The thread can be up to two orders of magnitude larger than the shell (Sigurdsson et 
al. 1976). Due to an increase in drag force on the animal caused by the byssus thread, the sinking rate of 
juvenile molluscs is decreased strongly (Beukema and de Vlas 1989) and potential migration distances 
while byssus drifting are large (Armonies 1996). Not much upcurrent is needed to generate sufficient lift 
from the sediment: velocities in the order of a few cms-1 are sufficient (Lane et al. 1985). Byssus drifting 
is recorded for bivalves with shell lengths up to 6 mm, but usually the maximum lengths are between 0.5 
to 2.5 mm (Lane et al. 1985, Beukema and de Vlas 1989).
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OUTLINE OF THIS THESIS
The main questions we try to answer are (1) does food availability play a role in determining numbers of 
planktonic larvae, and (2) what governs the settlement of larvae of benthic bivalves? These two questions 
are broken down in a number of more detailed questions (a) is there a simple tool available for identification 
of larvae in the field; (b) is food availability a limiting factor in gonad development and thus production 
of gametes; (c) are planktonic larvae food limited and if so, does this contribute to planktonic mortality; 
(d) can our laboratory studies be scaled to field situations; (e) can we measure near-bottom flow on small 
scales, which is important for settlement; (f) what primary mechanisms determine larval flux from the 
water column to the substrate.

When we study patterns of larval supply in the field, it is crucial that we can distinguish between species. 
Chapter 2 reviews methods of identification to species level and proposes a fast and cheap method to 
distinguish between species.

Cohort sizes of larvae can vary extremely between years. This could be due to available food during gonad 
build-up. Chapter 3 discusses larval nutrition needs and stresses that adults could be food limited when 
building up gonads, resulting in lower amounts of released gametes during the spawning season.

We discuss if larvae might be food limited during the planktonic phase in Chapter 4. We compare model 
predictions of energetic requirements of larvae to available food (phytoplankton) at ten study sites along 
the coast of Northwest Europe.

Laboratory studies have the advantage that environmental variables can be strictly parameterised. But 
flow in a laboratory set-up needs to be scaled similarly to field situations. Chapter 5 compares field and 
flume measurements and evaluates the usefulness of flumes in settlement studies.

The first five chapters explore settlement on the benthic boundary layer scale. We also want to evaluate 
near-bottom flow on smaller scales, since this is the last frontier for a larva when settling to the substrate. 
In Chapter 6 we evaluate a technique to visualise small-scale flow patterns. We discuss observed velocity 
gradients in the flume and implications for larval settlement.

Larval settlement in the flume is studied in Chapter 7. We look into the effect of flow parameters such as 
turbulence on settlement patterns.

Finally, Chapter 8 summarizes results and provides a short discussion.

We conclude with a Dutch summary (Nederlandse samenvatting) in Chapter 9.
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interact with the boundary layer from pumping activity. Especially exhalent siphonal currents interact as 
objects (cylinders) with flow (Ertman and Jumars 1988). In this way, cockle beds change the flow pattern 
and act as roughness elements. Therefore flow over a cockle bed is distinctly different from that above 
bare sand.

The study of the planktonic and settlement stage requires knowledge from biology and hydrodynamics. 
Such interdisciplinary work has been relatively rare until recently. For both disciplines the issue of scaling 
poses theoretical and practical problems. Hydrodynamical and biological processes that are relevant for 
settlement work at different scales: the physics of large-scale flow are different from smaller (meter) scale 
flow processes and very different from the scale of an individual swimming larvae (mm). These scales are 
linked, but require different background knowledge and different equipment for scientific analysis.

BIOLOGICAL ASPECTS
Bivalve life cycle

Most intertidal bivalves exhibit a complex life cycle that includes separate planktonic larval, and 
benthic juvenile and adult phases (Thorson 1950). A diagram of such a life cycle is given in figure 1. 
A reproductively mature, benthic adult releases gametes into the water column, where fertilisation and 
larval development take place. A period of dispersal ensues, lasting approximately three weeks. Dispersal 
is accompanied by growth and development of one or more larval stages, supported by feeding or the 
utilisation of stored energy reserves. Ultimately, a larva that is capable of settling onto the bottom contacts 
and evaluates a potential settlement site. Supposedly, the larva can reject the site and re-enter the water 
column or begin metamorphosis into the benthic life form (Bayne 1965). The benthic phase of growth 
and development through juvenile and pre-productive adult stages to reproductive maturity completes 
the life cycle (Eckman 1996). Different stages are numbered (1: gonad production, 2: fertilisation, 3: 
planktonic phase, 4: settlement and metamorphosis, 5: juvenile stage). These stages will be discussed in 
more detail in this section.

Figure 1. Diagram of 
the life cycle of Mytilus 
edulis. With planktonic 
larval dispersal, 
settlement and juvenile 
and adult phases. 
(Based on Bayne 1976, 
Eckman 1996, Wildish 
and Kristmanson 1997, 
and Bhaud 2000).
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