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ABSTRACT
Despite the importance of the planktonic larval stage in intertidal bivalves, our understanding of 

this stage is not well developed. One of the important limitations in quantification of planktonic larval 
distributions is the identification of sampled larvae. Identification of larvae is difficult due to the uniform 
morphology of many larval species. Microscopic identification was mostly used for this purpose in the 
past. The problem with this technique is that direct identification requires specialist knowledge. Recently, 
considerable progress has been made in identification of bivalve larvae using immunological techniques 
or molecular biology. However, not every laboratory doing larval research is equipped for molecular or 
immunological identification of bivalve larvae and these techniques are time consuming and costly. The 
recent improvements in imagine analysis technology and the reduction in cost of such equipment make 
optical techniques for identification of bivalve larvae interesting again. We evaluate bivalve larvae reared in 
our laboratory (Crassostrea gigas, Cerastoderma edule, Macoma balthica, Mytilus edulis) and literature data 
of larvae from the 1960s using image analysis techniques. We use this dataset to compile species-specific 
dimensions (length – width of the larval shell) and shape parameters (contour of the larval shell). The first 
method yields different slopes when length and width are plotted against each other but regression lines 
overlap, which makes the technique impractical for field identification. Multidimensional scaling of larval 
shape within one species shows shape-development of the larvae during ontogeny. Linear discriminant 
analysis did not produce results when the whole data set was used. But discriminant analysis on larger 
individuals (length > 150 µm) was relatively successful for species for which sufficient individuals were 
available. The identity of up to 74 % of the larvae could be predicted correctly.

Submitted to the Journal of Sea Research.
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INTRODUCTION
Most populations of marine benthic shellfish exhibit a complex life cycle that includes two separate life 

phases, a planktonic larval, and a benthic juvenile and adult phase (Thorson, 1950). The planktonic stage 
and the settlement of larvae largely determine intensity and spatial pattern of recruitment events (Gaines 
and Roughgarden 1985, Hines 1986, Underwood and Fairweather 1989, Rumrill 1990) and, assuming 
recruitment limitation, even the distribution patterns of benthic adults (Thorson 1950, Roegner and 
Mann 1995, Young et al. 1998, Chícharo and Chícharo 2001). Despite the importance of this phase our 
understanding of the planktonic larval stage is not well developed (Eckman 1996), and additional study 
of field situations is necessary (Mann 1988).

The pelagic stage represents the most sensitive stage in the bivalve life cycle (Thorson 1950). The 
large numbers of planktotrophic bivalve larvae improve dispersal, but they also incur high mortality, 
presumably due to intense predation and dilute sources of food in the plankton (Hines 1986). Mortality 
of mussel larvae, for instance, is estimated at >99% (Thorson 1946, Sprung 1984). There are many 
risks encountered during the planktonic life-stage (Rumrill 1990) and the variety of circumstances 
during the stage is large (Fraschetti et al. 2002). A list of factors influencing recruitment to the benthic 
population is long and includes food availability during larval development, the interplay of passive 
dispersal (horizontally) by water current and depth regulation by active swimming, loss to predation and 
disease, proximity of available substratum as metamorphic competency is achieved, and availability of 
sufficient metabolic reserves to complete metamorphosis to the sessile benthic form (Mann 1988). In 
soft-sediments the relative importance of pre- and early post-settlement processes is not clear (Eckman 
1996). For instance de Vooys (1999) could not find a clear relationship between peak concentrations of 
larvae and peak densities of plantigrades (newly settled individuals). Gunther (1991) found that decline 
of larval densities of Macoma balthica in the plankton corresponded to an increase of bottom stages at 
deep stations only but not at the shallow stations in the Wadden Sea. A similar study for Mya arenaria 
pointed to limitation of settlement by adult filtration (Gunther 1992). The size and behaviour of settlers 
make field documentation of actual settlement events uncommon, (Rodriguez et al. 1993, Fraschetti 
et al. 2002). By only sampling settled recruits, planktonic mortality is difficult to estimate, being often 
indistinguishable from juvenile mortality (Hines 1986).

Two things have limited quantification of planktonic larval distributions: Firstly, sampling limitations 
i.e. technical problems of following larvae in the plankton (Hines 1986, Gaines and Bertness 1993). 
Extensive sampling is required because larval distributions are dilute and patchy in both space and time 
(Scheltema, 1986, Davis et al. 1991, Gaines and Bertness 1993, Garland and Zimmer 2002, Garland et 
al. 2002). Secondly, the identification of sampled larvae is often difficult (Frenkiel and Moueza 1979, 
Lutz and Hidu 1979, Garland and Zimmer 2002), although not impossible (Loosanoff and Davis 1963, 
Loosanoff et al. 1966, Chanley and Andrews 1971), due to the uniform morphology of the larvae of 
many species (Fraschetti et al 2002, Garland and Zimmer 2002), especially during the early (D-veliger 
or straight-hinged) stages (Abalde et al. 2003). Even so, until recently, the only technique available for 
species identification was direct microscopic observation (Garland and Zimmer 2002).

Identification to the species level using gross morphological criteria alone is a difficult task (Loosanoff et 
al. 1966, Chanley and Andrews 1971, Le Pennec 1980). But ignoring early larval stages or lumping them 
into supra-specific categories (like de Vooys 1999) may limit the scientific or management questions that 
can be addressed meaningfully with field data. Shellfisheries management for example, is usually directed 
at a few key, commercially important, organisms and species-specific information on larval distributions 
of the targeted species is needed for understanding recruitment variation (Weinberg 1999).
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The technique most commonly used to identify bivalves is microscopic examination. Specimens are 
compared to drawings, photographs, or preserved specimens of known origin. This method is a logical 
result of traditional taxonomy of bivalve molluscs, which has been based on morphological differences 
(Garland and Zimmer 2002). Larvae can be classified based on e.g. shape, dimensions and hinge structure 
(Loosanoff et al. 1966, Chanley and Andrews 1971). Unfortunately this technique is subjective because 
it requires expert knowledge. Also more bivalve species are usually present in field samples than are 
available as reference. Phenotypic plasticity can render morphology-based discrimination questionable, 
since environmental conditions such as food concentration and water temperature, can determine 
morphological characters (e.g. larval sea-urchins: Boidron-Métairon 1988, Strathman 1992). Colour is 
not a good criterion because this is directly influenced by diet (Loosanoff et al. 1966). Optical techniques 
cannot distinguish between the majority of larval bivalves because morphological species-specific 
characters are generally only found at the microscopic level (Garland and Zimmer 2002). A problem is 
the orientation of the shell; the thickness of the larval shell prevents a good focus on the larvae or the 
proper orientation.

Other identification means that were commonly used are for instance the ultra structural morphological 
traits of the larval hinge, but especially this technique is very laborious. The hinge structure (shape and 
placement of hinge teeth) is a morphological objective identification tool. Certain species, such as Spisula 
subtruncata, can only be identified with scanning electron microscopy (Le Pennec 1980). For mussel larvae 
(Lutz and Jablonski 1978, Lutz and Hidu 1979, Lutz et al. 1982) visualisation is easier. But the technique 
is time consuming and has low resolution since it requires disarticulation of shells from individual larvae, 
and positioning before viewing. Therefore only a limited number can be examined. Only freshly collected 
material can be used, because the entire hinge structure may be altered by the preservative, even if the 
larvae are preserved in a neutral formalin solution (Loosanoff et al. 1966).

Recently, considerable progress is made in identification of bivalve larvae using immunological 
techniques (Abalde et al. 2003), such as protein electrophoresis (Hu et al. 1992) or genetic markers 
(Sparagano et al. 2002). Both methods decrease subjectivity and increase accuracy and precision of 
taxonomic determinations (Garland and Zimmer 2002). These techniques will be very useful for following 
larvae within the plankton since direct identification requires specialist knowledge and is time demanding. 
Two drawbacks are associated with antibody probes (immunological techniques). Firstly, environmental 
conditions, ontogenetic changes, and sample preservation stage may alter protein concentration or 
conformation and this could cause variability in binding response of antibodies. Secondly, larval proteins 
may be highly conserved and therefore not usable as species-specific markers (Garland and Zimmer 
2002). The practical things about the molecular technique are that it does not need a large amount of 
tissue, and is very sensitive (Sparagano et al. 2002). On the down side, the molecular technique is poorly 
developed with few DNA probes available (Sparagano et al. 2002). Only for commercially important 
species, such as Crassostrea gigas is a good range of primers available (Li and Hedgecock 1998). A possible 
solution when known DNA sequences are not available could be using the RAPD technique (André et al. 
1999) or AFLP fragments (P. Jonsson pers. comm.). Furthermore, the molecular technique is costly and 
time-consuming since larvae need to be sorted out of the plankton manually, which makes the technique 
laborious. Although an amount of larvae could be analysed whereafter this proportion could be applied to 
an overall count of bivalve larvae. As soon as the process is automated this technique shows great promise 
(Hare et al. 2000).

For Europe attempts are made at identification of species in our region (at the Royal Netherlands 
Institute for Sea Research (NIOZ), K. Philippart, pers. comm.) using molecular techniques following the 
protocol of Hare et al. (2000). A review of techniques currently used in identification is given in Garland 
and Zimmer (2002).
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Not every laboratory doing larval research is equipped for molecular or immunological identification of 
bivalve larvae and these techniques are time consuming and costly. Therefore we want to focus on optical 
techniques for identification of bivalve larvae in this article. The recent improvements in image analysis 
technology (computers and software) and the reduction in cost of such equipment make re-evaluation 
of old material and a new attempt of shape analysis interesting. Automation of larval shape analysis by 
computer software could also reduce the subjectivity of the method. We provide a review of literature on 
identification of intertidal species present in our area (Western Europe) and attempt to establish species-
specific determinants for direct identification (through measurements of size and morphology) of larvae 
in plankton samples using image analysis techniques.

METHODS
Breeding larvae from known parents under laboratory circumstances facilitates identification of bivalve 

larvae in the field. This method has been in use since the 1960’s (Loosanoff et al. 1966). In this article we 
evaluate literature data of laboratory bred larvae, (Loosanoff and Davis 1963, Vlasblom 1963, Loosanoff et 
al. 1966, Chanley and Andrews 1971) and compare these datasets with laboratory bred species important 
for our research in European waters, but not described before in this manner. Since the trochophore stage 
is very short we only look at the shelled (and feeding) veliger stages for our comparison.

Laboratory bred larvae

Larvae were laboratory reared from eggs and sperm spawned by adults collected with ripe gonads. We 
used commonly encountered bivalve species in our area (the Netherlands) on intertidal flats, the baltic 
tellin Macoma balthica, the blue mussel Mytilus edulis, the cockle Cerastoderma edule, and the Pacific 
oyster (a recent invader) Crassostrea gigas (Table 1a). M. balthica and C. edule are soft-sediment bivalves 
and were sieved or swept (with a broom) out of the upper layer of sediment around low tide. M. edulis 
were collected at low tide from mussel beds and specimens of C. gigas were obtained ripe from Guernsey 
Sea Farms.

Spawning

Adults of M. balthica and C. edule were induced to spawn with the aid of a temperature shock and 1 
ppm fluoxetine (Prozac, Eli Lilly, Basingstoke, Great Brittany) (Honkoop et al. 1999). For mussels the 
temperature shock alone sufficed. After 4 hours, eggs were collected from each individual female and 
suspended in 50 ml filtered seawater. Eggs of two sub samples of 1 ml were counted and measured using 
a stereomicroscope and the image analysis programme Qwin from Leica. Oysters were strip-spawned 
according to a protocol developed by the National Institute for Coastal and Marine Management (RIKZ) 
used for bioassays on oyster larvae. Fertilisation of the eggs and breeding of the embryos and larvae took 
place in a climate-controlled room at 15 °C (25 °C for oyster larvae) air temperature. Fertilised eggs 
were kept in Plexiglas cylinders with a funnel shaped bottom, which were aerated to keep the embryos 
suspended. Embryos were kept in these 3 litre vessels until they reached the first feeding stage. At all times 
antibiotics were added, 25 mg Streptomycin (Sigma S-6501) and 15 mg Penicillin G Sodium salt (Merck 
1.06993) per litre filtered (0.2 µm) seawater. Filtered seawater was kept in a 200-litre barrel and radiated 
with UV-C light during 12 hours each night to prevent algal and bacterial growth.
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When the bivalve larvae started feeding, they were transferred to 150 µm thick polyethylene breeding 
bags, sealed in a funnel shape, or to 100 ml bottles. The bags were aerated and the bottles were put on 
roller bottle incubators to prevent deposition of larvae on the bottom. A maximum of 10 larvae ml–1 was 
maintained at all times.
The flagellates Isochrysis sp. or Pavlova lutheri mixed with Tetraselmis sp. provided the algal diet (1.0 x 105 
cells ml-1 larval culture) and were cultured in 10 l volume glass bottles on a bank of eight times 40 W TL 
tubes, using a 12 - 12 h light-dark cycle, and maintained at 15 ± 1 °C. Aeration provided circulation in 
the cultures.

Maintaining cultures

All cultures were cleaned every other day. Depending on the approximate size of the larvae, 100, 
200, and 300 µm sieves were used to sieve out clogged algae and 40, 63, and 100 µm sieves were used to 
collect growing larvae. Larvae were suspended in a 100 ml volumetric cylinder with filtered seawater and 
distributed homogeneously with a plunger before three 1 ml replicas were taken to observe growth and 
mortality in the cultures. Samples were stored in glass jars and fixed with 4% formalin (buffered with 
Borax). The remaining larvae were transferred to clean bags or bottles containing fresh antibiotics, algae 
and filtered seawater. After 21 days (M. balthica), or 19 days (C. gigas), or when the culture died (C. edule, 
M. edulis) the larvae remaining in culture were collected and fixed in 4% formaldehyde.

Literature data

Photographs of larvae were scanned from Loosanoff and Davis (1963), Loosanoff et al. (1966) and 
Chanley and Andrews (1971) (Table 1b). We scanned old figures containing data on length and width 
of bivalve larvae (Figures 8, 50, 53, 56 of Loosanoff et al. 1966). Digitising the images and extracting 
the data with UN-SCAN-IT, version 4.0 for Windows by Silk Scientific Corporation, recovered the data 
(length vs. width of larval shell) for comparison and re-plotting.

Table 1.

a) Adults spawned to produce larvae.

Species Collection site Date

Macoma balthica the Mok, Texel, the Netherlands March 2000, 2001, 2002

Mytilus edulis Zandkreek, Zeeland, the Netherlands 2000

Cerastoderma edule Speelmansplaten, Zeeland, the Netherlands 2000

Crassostrea gigas Guernsey, England 16 Nov 2000

b) Literature dataset.

Species Chanley and Andrews 1971 Loosanoff and Davis 1963 Loosanoff et al. 1966

Crassostrea gigas x x

Ensis directus x x

Mya arenaria x x

Mytilus edulis x x x

Spisula solidissima x x
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Data processing

Length and width data of larval shells were plotted. The length measurement represents the longest 
distance along the anterior-posterior line of the shell, roughly parallel to the hinge (Figure 1). The width is 
the distance from the tip of the umbo to the ventral margin of the shell (Loosanoff et al. 1966). Regression 
lines (y=axb) were drawn through log-log plotted length x width graphs. Subsequently homogeneity of 
slope model was tested on the graphs of larvae to see whether slopes differed between species. An unequal 
N HSD post-hoc test discerned where differences between slopes were present.

Two utilities of the SHAPE package (Iwata and Ukai 2002) were used to describe the contour of the 
larval shells (“ChainCoder”) and to obtain a quantitative evaluation of larval shell morphology by Elliptic 
Fourier descriptors (“Chc2Nef”). Analysis in the latter program was based on larval contours based on the 
longitude axis with the umbo positioned at the top.

Normalised Elliptic Fourier Descriptor (EFD) output was transformed in a statistical package (Statistica) 
in a correlation matrix and shape characteristic coefficients were analysed using Multidimensional scaling 
(MDS) for each species separately.

Discriminant analysis was used on all individuals and later on larger individuals (length > 150 µm). The 
analysis proceeded in two steps. Using a forward and backward stepwise analysis, a limited number of 15 
variables were identified that could potentially contribute to a discriminant model. With these variables, a 
best-subset procedure was used, which yielded a reduced model using 7 variables. For numerical stability, 
the observed variables were first transformed to zero mean and unit variance.

Figure 1. Terminology used to describe 
dimensions and shapes of bivalve larvae 
demonstrated on two M. balthica larvae. 
Adapted from Chanley and Andrews (1971).
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RESULTS
Comparison with photographs might help when looking at larvae directly under a microscope. We 

(re-)produced a schematic overview of evaluated species with photos for each species per length (Figure 2). 
There are species-specific ranges for size of D-larvae, which make e.g. the youngest oyster larvae (C. gigas) 
easily distinguishable (Figures 2 and 3). No other D-larvae are found between 70-79 µm length. Although 
the specific sizes of D-larvae (first feeding stage) and competent larvae (competent for settlement and 
metamorphosis) differ between species, the graphs overlap (Figures 3 and 4) and it is impossible to make 
a distinction between species based on size alone. A graph for C. edule was left out, since we only had a 
few data points for this species. Slopes of regression lines through L x W data are significantly different 
between all species p<0.01d.f.=8, F=10832 (Table 2), while Loosanoff et al. (1966) found that some slopes were 
similar. To simplify the data, only the regression lines are plotted (Figure 4). Other characterisations like 
development of the umbo and transparency (Table 3) might help in identification.

Table 2. Parameters of regression lines (y = a xb) through data of larval length versus width.

Species Dataset a b r2

Crassostrea gigas culture 1 0.329 1.195 0.74

culture 2 1.336 0.920 0.97

Loosanoff et al. 1966 1.38 0.985 0.99

Ensis directus Loosanoff et al. 1966 0.879 0.999 0.97

Macoma balthica 0.623 1.07 0.96

Mya arenaria Loosanoff et al. 1966 0.601 1.195 0.97

Mytilus edulis 0.620 1.043 0.92

Loosanoff et al. 1966 0.319 1.195 0.98

Spisula solidissima Loosanoff et al. 1966 0.601 1.077 0.98

Table 4. Classification analysis for a) training and b) validation cases for larger individuals (length >150 µm) of M. 
balthica, M. edulis, and C. gigas. Numbers represent predicted classifications (percent).

a) Training set:

Percent M. balthica M. edulis C. gigas

M. balthica 90 28  3  0

M. edulis 63  8 14  0

C. gigas 81  0  3 13

Total 79 36 20 13

b) Validation set:

Percent M. balthica M. edulis C. gigas

M. balthica 80.00 12.00 3.00 0.000

M. edulis 63.64 4.00 7.00 0.000

C. gigas 77.78 1.00 1.00 7.000

Total 74.29 17.00 11.00 7.000
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Figure 2. Photographic aid in identification.
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Figure 3. Length versus width (µm) of veliger larvae of (from left to right, top to bottom) Crassostrea 
gigas, Ensis directus, Macoma balthia, Mya arenaria, Mytilus edulis, and Spisula solidissima. Circles 
represent literature data from Loosanoff et al. (1966), squares our own data.
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When we plot species separately using multidimensional scaling, we are able to see the larval shape 
develop from D-veliger into older, and subsequently larger, pediveliger, larvae. This transgression looks 
different for E. directus, C. gigas, M. balthica, and M. edulis and could be species specific (Figure 5a - d).

Linear discriminant analysis did not produce results when the whole data set was used (2/3 to fit 
the model and 1/3 to test it). Only approximately half of the individuals could be predicted correctly 
according to species using this model. Since we do see changes during ontogeny of species and adults are 
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Figure 5. Multidimensional scaling plot of all larval stages of a) Crassostrea gigas, b) Ensis directus, 
c) Macoma balthica and d) Mytilus edulis. Dotted lines and circles in graphs represent our ideas of the 
general direction of development.
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easily distinguished, we expect changes between species to be more pronounced in older larval stages.
Discriminant analysis on larger individuals (length > 150 µm) was relatively successful for those species 

(M. balthica, M. edulis and C. gigas) for which sufficient individuals were available (Table 4). Up to 74 % 
of the larvae could be predicted correctly.

DISCUSSION
Regression lines through length x width measurements are significantly different between some species 

but not all (Loosanoff et al. 1966). These measurements, although helpful in distinguishing larvae of 
different genera, may be of little value in identifying larvae of closely related forms (Loosanoff et al. 1966). 
The regression line for C. edule is not valid and thus left out because only measurements of two age classes 
of larvae (three and five days old) are available.

A problem with length x width measurements is the overlap (crossing of regression lines) in some 
size-ranges that different species of larvae exhibit during ontogeny (Loosanoff et al. 1966). Egg size and 
subsequently minimum size at first feeding stages differ between species (e.g. compare M. balthica D-
veligers with C. gigas). Simply looking at two size parameters is not enough; larval shape has to be included 
to make a positive identification. For instance, small (<79 µm) D-veliger larvae are most probably C.gigas 
larvae since this species has the smallest larvae. These oyster larvae are the easiest to identify because there 
shape is very characteristic starting from app. 105 µm length. They develop a disproportional (compared 
to other species) large umbo that is asymmetrical from app. 200 µm length onwards. So only between 80 
and 105 µm length identification is difficult for this species, which is a relatively small range. The only 
additional difficulty would be if Ostrea edulis larvae were present, which also sport the characteristic umbo, 
if not asymmetrical. In this case larvae from 80 – 200 µm would be difficult to predict but nowadays the 
Pacific oyster has replaced the historically present O. edulis, which makes this problem purely hypothetical 
in Dutch estuaries. Another example is when small larvae (<125 µm) are relatively elongate; in this case it 
is very probable that you are looking at M. edulis larvae.

Unfortunately some areas will remain (especially between 90 and 150 µm) where it is impossible to 
identify larvae to species level using morphometric features. Size parameters combined with simple shape 
characteristics (form and position of umbo) are helpful but not conclusive in most cases.

A question is, whether laboratory reared larvae are similar in size and development to their siblings in 
the field. A larval culture implies the use of antibiotics and selected food sources. Food concentration and 
water temperature can determine morphological characters (e.g. larval sea-urchins: (Boidron-Métairon 
1988, Strathman et al. 1992). It is difficult to successfully experiment with larval food sources because 
there is much unexplained variation between cultures, possibly caused by infections (pers. observation). 
Culture conditions have an effect on morphology. It is known for copepod cultures that culturing selects 
smaller sized copepods (Klein Breteler et al. 1982).

Not all species are suitable for laboratory culturing. Some are easier to breed than others. Loosanoff 
reported in a letter to Korringa in 1949 (Vlasblom 1963) that clam larvae are easier maintained in culture 
than oyster larvae. Also more expertise is available for commercially important shellfish. Those larvae are 
easier available than non-commercial species.
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Identification criteria

Measurement of larvae can be difficult for species with thick umbones (e.g. Crassostrea), the measured 
width of larval shell may vary because of varying focus (Loosanoff et al. 1966). Colour of larvae depends 
to a large extent on the colour of the food they consume and is, contra Garland and Zimmer 2002, not a 
good identification criterion (Loosanoff et al. 1966).

Time of spawning can help in distinguishing larvae. When one knows that the probability of occurrence 
of a larval cohort is nil because it is outside of the adult spawning season, potential candidate species can 
be ruled out, which makes identification to species level easier.

A problem is the high variability of larval concentration between years as e.g. reported for M. edulis by 
de Vooys (1999). In general the number of larvae of M. edulis peaks at the end of May, followed by one 
or more smaller peaks (de Vooys 1999). Among intertidal bivalves in the Wadden Sea, M. balthica and 
possibly Scrobicularia plana are the only species thought to spawn once a year. M. balthica spawns in April 
or May (Beukema and de Vlas 1989). In contrast, C. edule, M. arenaria and M. edulis are reported to have 
at least the potential of two annual spawning periods (Pulfrich 1997, Gunther et al. 1998). Spawning 
periods are variable over years and triggered by cues such as food availability and seawater temperature 
rise, which should be investigated more to predict spawning period more accurately.

Preservation of larval form

Although we had high hopes for the use of shape characteristics in identification of larvae, this has not 
worked as expected for the younger stages, which are the most difficult to identify under the microscope. 
Variation within a species is too large compared to variation between species. We do however see differences 
in shape during development of larvae of a species. It is interesting to see that this development of early 
forms into older stages might be species-specific. Clearly the ‘nick’ in the development line of C. gigas 
must be related to the development of an a-symmetric umbo. After numerous attempts it is still most 
difficult to distinguish between young larvae (<150 µm) of different species. The question is why larval 
form and size are so conservative. Bivalve larvae are between 50 – 400 µm in length and swim/sink at 
Reynolds numbers in the creeping flow range. Form conservation (apart from the ciliary swimming 
mechanism) would not be an issue in this range of Reynolds numbers (Vogel 1994). The only effect 
on sinking/swimming velocity at these sizes could be obtained by forming large protruding structures, 
like spines (Vogel 1994). Therefore there must be other causes, e.g. a strong phylogenetic load or other 
selective pressures at work than hydrodynamic limitations to preserve the larval form in its present state.

Preservation of larval size

One hypothesis for the maximum size of larvae predicts settlement and metamorphosis at the size at 
which the benthos offers a more favourable combination of survival and growth than the plankton. Under 
this hypothesis, the capacity of the larva to acquire food is one of the factors determining maximum size 
(Hart and Strathmann 1995). Particle capture structures may be over-designed relative to digestive capacity 
when capturing structures are also used for other functions (like swimming). Such over-design could be 
costly in larvae in which the feeding device and gut are partly or wholly remodelled at metamorphosis 
because energy and materials used could have been redirected to other purposes. This over-design could 
represent a kind of constraint on optimisation of larval growth (Hart and Strathmann 1995).

Another hypothesis is size constraint caused by energetic limits. Larvae are heavier than water and sink 
when swimming ceases. The size of larvae may be partially constrained by the density of seawater. The 
density of seawater, the density of the larvae, and drag, determine the sinking rate of a larva (Morgan 
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1995). Large larvae generally sink faster than small ones because settling velocity is determined by the 
square of its body size (Vogel 1994). Increasing the size of larvae would require proportionally greater 
energetic expenditure to counteract sinking. However, swimming capabilities compensate in larger larvae 
for sinking (Morgan 1995).

Summarised, we have to recognize that shape characteristics combined with computer analysis did 
not provide tools that can be used to conclusively identify young bivalve larvae. We did, however acquire 
some interesting results with this technique in finding obvious shape differences during ontogeny within 
a species. Also results with larger larvae are promising. It would also be interesting to delve deeper into the 
question why young larvae are so similar.
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