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Allee (1931) first reported that reproductive success in free-spawning marine 

invertebrates was dependent on population density. However, little attention was paid 

to the 'Allee' effect until Pennington's (1985) pivotal paper describing the 

consequences of sperm dilution in echinoid fertilization. This thesis is a study of the 

factors affecting fertilization success in five species of commercial shellfish. 

Commercial shellfish are particularly prone to the deleterious 'Allee' effect. These 

shellfish are subject to natural and anthropogenic disturbances and disease, and certain 

species have been severely over-exploited. Some shellfisheries have declined to such 

an extent that natural recovery is almost impossible (Roberts and Hawkins, 1999). 

This thesis examined pre-larval effects on reproductive success in terms of 

fertilization kinetics. A series of laboratory experiments were conducted to determine 

fertilization success in the abalone, Haliotis tuberculata\ the oyster, Crassostrea gigas; 

the clam. Tapes decussatus\ the limpet. Patella vulgata and the echinoid, 

Psammechinus miliaris. For all of these species, fertilization success was found to be 

reliant upon a number of factors such as sperm dilution, gamete age, sperm-egg ratio, 

sperm-egg contact time and temperature. These data indicate that sperm limitation 

may severely compromise reproductive success in commercially exploited populations 

of all these species. 

The laboratory-derived data were used with models of sperm dispersal and field 

experiments to determine minimum stocking densities that would be required to 

support successful recruitment in adult populations, in an attempt to combat the 'Allee' 

effect. 
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'Fertilization Kinetics in Marine Invertebrates' Chapter 1 

1 Preface 

During the course of the late 19% and 20^ centuries, studies of the reproductive 

biology of marine invertebrates have collectively produced a vast wealth of knowledge. 

Aspects of study in this field have included reproductive behaviour, timing and gross 

morphology; fertilization processes at the molecular level; the hormonal control of 

reproduction; gamete physiology; developmental biology and population genetics and 

gene flow. A substantial amount of progress has been made over the past two decades 

in the field of larval ecology. Nevertheless, it would appear that there remain some 

areas of reproductive biology that are far less well understood. Such areas include the 

complex role of fertilization ecology in fi-ee-spawning marine invertebrates. Work in 

this area is only recently beginning to progress (Levitan, 1995). Any variability in such a 

fiindamental process in the life-history of fi-ee-spawning species has important 

consequences. It is therefore surprising that fertilization success has, to a large degree, 

been overlooked, particularly in the field of fisheries management. 

There is a central problem inherent in external fertilization. Following a 

spawning event, there may only be a remote chance of spermatozoa finding and then 

subsequently fertilizing an egg. In a turbulent sea, this problem is magnified as gametes 

are oAen rapidly dispersed and gamete viability may be short-lived. It is time and space 

that co-ordinate preparatory events to ensure gametes meet and fiise. 

Many fi^ee-spawning invertebrates exhibit a number of mechanisms that serve to 

increase the probability of sperm and egg collision, the most universal of which is 

synchronous spawning of both sexes. Environmental factors that may trigger this 

synchrony include temperature, lunar phases, day length, abundance of food, tidal flux 

and physical shock (Giese and Kanatani, 1987). Also, the induction of spawning in one 

sex by the release of gametes of the other is known for a variety of free-spawning 

marine invertebrates (e.g. ascidians. Miller, 1982; echinoderms. Miller, 1989). Another 

behavioural mechanism to increase gamete contact probability is that of adult 

aggregation firom pairs or larger groups during spawning (Mortensen, 1931; Ankel, 

1936; von Medem, 1945; Komatsu, 1983; Run et al., 1988; Tyler et al., 1992; Young et 

al, 1992). In order to obtain a high fertilization success rate, maintenance of an 

adequate population density is also of paramount importance (Allee, 1931). 
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Successful fertilization may be affected by four major factors: attributes of (1) 

the gametes; (2) the individual; (3) the population; (4) the environment (Levitan, 1995). 

Table 1 provides a list of the individual components from each of these categories. 

Table 1.1 (after Levitan. 1995) 

Factors Influencing Fertilization 

Gamete Individual Population Environmental 

Sperm Behaviour Density Topographical 

Morphology Aggregation Size complexity 

Behaviour Synchrony Distribution Flow 

Velocity Spawning posture Size structure Advective velocity 

Longevity Spawning rate Age structure Turbulence 

Egg Morphology Sex ratio Water depth 

Size size Water quality 

Jelly coat Reproductive output Temperature 

Chemotaxis Age Salinity 

Sperm receptors Energy allocation pH 
General 

Age 
Compatibility 

Although the possibility of limitations imposed upon fertilization have been 

recognised for many years, attempts to quantify these processes have only occurred in 

the last decade or so. Through the publication of these recent studies, the importance of 

fertilization success to the ultimate success of recruitment of a species is being 

recognised. 

1. lEarlv Reports of Fertilization Success Limitation in the Marine Environment 

Belding (1910), reporting on the scallop fishery of Massachusetts, noted the 

limitations in achieving successful fertilization when individuals are widely spaced as 

sperm chemotaxis is thought to operate over relatively short distances. Sparck (1927) 

commented on the likelihood that the size and density of an oyster stock influences 

reproductive success to some extent. Gross and Smyth (1946) re-emphasised this point 

in their account on declining oyster populations. They expanded on Sparck's comments 

and proposed that the immobility of oysters confounded the problem of successful 

fertilization. In 1931, Allee published a book entitled 'Animal Aggregations' in which 
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he recognised the importance of such aggregative behaviour in free-spawners with 

respect to fertilization success. He noted that a reduction in population density results 

in a decline in reproductive success. Mortensen (1931) suggested 'gamete wastage' as a 

major contributing factor to the low numbers of settling echinoid offspring compared 

with the number of eggs produced. This early work bought attention to the fact that 

successful fertilization is dependent upon spawning behaviours i.e. aggregation of a 

species and synchronous gamete release. Conversely, Thorson (1946) suggested that 

high levels of fertilization result as animals generally spawn synchronously in aggregated 

groups and that low juvenile recruitment results from predation on embryos and larvae. 

His assumption that fertiUzation success was generally high became accepted in 

subsequent literature for many years. 

1.2 Laboratory Studies of Fertilization Success 

1.2.1 Influence of Gamete Concentration and Sperrti-Esg Ratio 

Laboratory studies of fertilization success of marine invertebrates (primarily sea 

urchins) have aided our understanding of the processes involved in this highly complex 

operation. Some of this landmark work includes that of Lillie (1915) who was the first 

to successfully conduct quantitative studies in this field. He found that decreasing sperm 

concentration led to a decrease in percent fertilization success in the echinoid Arbacia 

and that fertilization is insensitive to egg concentration. Although this early work and 

subsequent work (e.g. Brown and Knouse, 1973; Kikuchi and Uki, 1974; Vogel et al., 

1982; Pennington, 1985; Levitan et al., 1991; Clavier, 1992; Clotteau and Dube, 1993; 

Benzie and Dixon, 1994; Andre and Lindegarth, 1995; Babcock and Keesing, 1999; 

Williams, 1999; Baker and Tyler, in press) have shown influence of sperm dilution on 

rate and level of fertilization, controversy remains as to whether sperm dilution or 

sperm-egg ratio is the influential factor (see Lessios and Cunningham, 1990, 1994; 

McClary, 1992). Denny (1988) investigated this aspect and stated the importance of 

sperm-egg ratio only when gametes are at similar concentrations. Levitan et al. (1991) 

predicted that egg concentration of the sea urchin Strongylocentrotus franciscanus 

would significantly influence the percentage of eggs fertilized only at the point 

immediately following female spawning, when egg concentration is relatively high. In 

the seastar Acanthaster planci, Benzie and Dixon (1994) highlight the importance of 

sperm-egg ratios prior to dispersal of eggs into the water column, but conclude that the 
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ratios have little impact after broadcast spawning has occurred. It would appear from 

these studies that different species, with different gamete attributes, may result in 

variable importance of the sperm-egg ratio, although they support the idea that higher 

encounter rates of sperm to eggs increase the significance of sperm-egg ratio. 

1.2.2 Gamete Age 

Laboratory studies have also shown that gamete age has some bearing on 

fertilization success. The first work was that of Lillie (1915) who, by chance, showed a 

decrease in fertilization success with increasing age of sperm in the sea urchin, Arbacia. 

Lillie supposed that the individual spermatozoa in suspension tend to lose their fertilizing 

capacity and become ineffective despite their continued motility. Sperm from different 

invertebrate species have been shown to generally live < a few hours (sea urchins, 

Pennington 1985; Levitan et al., 1991; ascidians, Havenhand, 1991; seastars, Benzie and 

Dixon, 1994; cockles, Andre and Lindegarth, 1995; abalone, Babcock and Keesing, 

1999; Baker and Tyler, in press). Pennington (1985) found that eggs of 

Strongylocentrotus droebachiensis lived >90 minutes compared with sperm that lived < 

30 minutes. Sperm were generally thought to be much more sensitive than eggs to age 

effects. Levitan et al. (1991) suggested that sperm age experiments may be conducted 

with relative ease, as one variable may be assumed constant. Nevertheless, there are 

exceptions to this general theorem. For example, Andre and Lindegarth (1995) found 

viability of both eggs and sperm from Cerastoderma edule declined with age with no 

fertilization occurring after 4 to 8 hours. The egg and sperm lifespans were similar to 

that found for other invertebrates (e.g. Yund, 1990; Oliver and Babcock, 1992; Benzie 

and Dixon, 1994; Levy and Couturier, 1996; Encena et al., 1998; Babcock and Keesing, 

1999; Baker and Tyler, in press). Much longer-lived sperm and eggs have been found in 

some species, namely Arenicola marina. Nereis virens, Asterias rubens (Williams, 

1999); Ascidia mentula (Havenhand, 1991); Limulns polyphemus (Brown and Knouse, 

1973); Nacella concinna (Powell, in press). 

Table 2 gives an overview of gamete longevity in a number of different free-

spawning invertebrate phyla. 
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Table 1.2 

Gamete Longevity 
Species Max. sperm longevity Sperm concentration Max egg longevity Authors (in publication date order) 

Limulus polyphemus (horseshoe crab) 96 h + 10% not tested Brown & Knouse (1973) 

Haliotis rufescens (gastropod) ~1 h not stated Ebert & Hamilton (1983) 

Strongylocentrotus droebachiensis (sea urchin) 0.3 h 10® sperm.mr' 1.5h + Pennington (1985) 

Hydractinia echinata (hydroid) 4 h not stated not tested Ymid(1990) 

Strongylocentrotus franciscanus (sea urchin) 2.5 h 10̂  sperm.mr' not tested Levitan et al. (1991) 

Ascidia mentula (ascidian) 48 h not stated 144 h Havenhand(1991) 

Platygyra sinensis (coral) ~5h lO' sperm.mr' not tested Oliver & Babcock (1992) 

Acanthaster planci (sea star) 7h + lO' sperm.mr' 7h + Benzie & Dixon (1994) 

Cerastoderma edule (bivalve) 4 - 8 h lO' sperm.mr' 4 - 8 h Andre & Lindegarth (1995) 

Mytilus edulis (bivalve) 5h + 10® sperm.mr' not tested Levy & Couturier (1996) 

Haliotis asinina (gastropod) 5h lO' sperm.mr' not tested Encena et al. (1998) 

Haliotis laevigata (gastropod) 4h4- 10® sperm.mr' 7h + Babcock & Keesing (1999) 

Arenicola marina (polychaete) -85 h 2.5 X 10̂  sperm.mr' 120 h Williams (1999) 

Nereis virens (polychaete) -24 h 2.5 X 10̂  sperm.mr' 72 h Williams (1999) 

Asterias rubens (sea star) 24 h 2.5 X lO' sperm.mr' 24 h Williams (1999) 

Nacella concinna (gastropod) 70 h 3.6 X 10® sperm.mr' not tested Powell et al. (in press) 

Haliotis tuherculata (gastropod) 2.5 h 10® sperm.mr' - 2 . 5 h Baker & Tyler (in press) 
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The concentration of sperm and its effect upon sperm longevity was first 

reported by Gemmill (1900) and again by LiUie (1915). Gemmill (1900) supposed that 

the greater activity of the spermatozoa, and consequent earlier exhaustion in the more 

dilute suspensions to be responsible, together with the dilution of the spermatic fluid by 

which he thought spermatozoa were nourished. Later termed "respiratory dilution 

effect" (reviewed by Chia and Bickell, 1983), it was observed that the concentration of 

sperm influences its longevity as the amount of oxygen fixed by a spermatozoa over its 

lifetime is set, and the rate of fixation is increased in dilute sperm. A spermatozoon in a 

concentrated medium can maintain a slower metabolic activity level over a longer life 

span than a spermatozoon in a dilute medium. The longevity of sea urchin sperm is 

extended when sperm are stored at high concentrations (Pennington, 1985). Under 

conditions of low flow rates, the importance of the 'respiratory dilution effect' may 

come into effect as, in nature, we are more likely to find highly concentrated sperm 

clouds in areas of little or no flow. In the natural environment where broadcast 

spawning occurs, turbulence acts to dilute quickly the sperm cloud, rendering sperm 

longevity relatively unimportant in fertilization as sperm will be diluted to below levels 

required for successful fertilization. Nevertheless, when conducting laboratory-based 

experimentation, sperm age and concentration becomes of paramount importance and 

may have substantial effects upon results. 

Bolton and Havenhand (1996) examined the chemical mediation of sperm 

activity and longevity in the solitary ascidians Ciona intestinalis and Ascidiella aspersa. 

Previous authors have shown that increases in both sperm activity and respiration are 

characteristic of the chemotactic response of sea urchin sperm (Ward et al., 1985; 

Suzuki and Garbers, 1984). Miller (1982) observed that sperm chemotaxis is 

widespread amongst solitary ascidians. Bolton and Havenhand (1996) hypothesised that 

sperm longevity may be reduced as a result of depleting energy reserves by the induction 

of increased sperm activity with exposure to compounds associated with the egg. They 

proposed that the activation of non-motile sperm by compounds associated with the 

eggs may provide a mechanism by which the energy reserves of a sperm can be 

conserved in the absence of eggs, thereby maintaining sperm viability for extended 

periods. They discussed the possible important ecological implications of this fimction 

in the sense of enhancement of fertilization success and organism dispersal in ascidians 

in highly populated, low energy environments. They pointed out that until such work 
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has been conducted on other organisms in different environmental conditions, their 

stated conclusions are speculative only. 

1.2.3 Sperm-Ess Contact Time 

Rothschild and Swann (1951) demonstrated that the amount of time sperm and 

egg were in contact had some bearing upon fertilization success in the sea urchin 

Psammechinus miliaris. Their findings were substantiated by Levitan et al. (1991) who 

found that the amount of time an egg spent at a particular sperm concentration had a 

significant effect on fertilization success in StrongylocentJ'otus fi'anciscanus, particularly 

within small time intervals, which are most likely to be important in the natural 

environment. They suggest that this factor should be incorporated into fertilization 

models in the future. As sperm and egg plumes expand into the water column, the rate 

of dilution influences both the concentration of sperm and eggs and the time spent at a 

particular concentration. In their multi-factorial experiments, sperm concentration had 

the greatest effect on fertilization with sperm-egg contact time and sperm age being the 

next two most important factors. Williams (1999) noted a significant effect of sperm-

egg contact time upon fertilization success in the polychaete annelid Nereis virens, the 

seastar Asterias rubens and the sea urchin Echinus esculentus. 

1.2.4 Influence of Egg Size and Egg Quality on Fertilization Success 

Consideration must be given to both egg size and quality and their effects on 

fertilization success. Effective egg size may be a function of the egg itself, a jelly coat, 

accessory cell attachment and chemical attractants. Exploration of the influence of 

effective egg size on fertilization success has been carried and it was reported that 

fertilization rates increased proportionally with an increase in cross-sectional area of 

eggs of ascidians via follicle cells. Jelly coats were removed from eggs of the echinoid 

Dendraster excentricus and it was found that this decreased the likelihood of 

fertilization in proportion to target egg size, (reviewed by Levitan, 1995). The 

correlation of larger egg sizes with higher fertilization rates has been documented among 

Strongylocentrotus species (Levitan, 1993; 1998). In his work, Levitan suggests an 

evolution hypothesis of trade-off between egg size, fecundity and fertilization potential, 

although some of his conclusions were disputed (see section 1.4 for further discussion). 

A recent study has also shown increases in fertilization success in larger eggs of larger 
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females compared with the smaller eggs of smaller females of the intertidal ascidian 

Pyura stolonifera. When sperm is limited, the relative individual sizes of females in a 

population could have some bearing upon the success of fertilization and hence 

recruitment in low density populations of this species. 

Sperm chemotaxis has been demonstrated in species from four marine 

invertebrate phyla: Cnidaria (Miller, 1966, 1978, 1979); Mollusca (Miller, 1977); 

Urochordata (Miller, 1975); and Echinodermata (Miller, 1985; Ward et al., 1985). The 

adaptive significance of sperm chemotaxis is believed to lie in the increased probability 

of gamete contact, even when gamete concentration is low (Miller, 1982). Sperm 

chemotaxis acts only at a short distance of ~100-200(j,m, but effectively increases the 

target size of the egg, thereby increasing the likelihood of collision and hence of possible 

fertilization. To date, no experiments have been conducted on the effectiveness of 

chemotaxis in the field. 

Laboratory measurements suggest that sea urchin eggs behave as if only a small 

fraction of their surface area is receptive to fertilization. The reason for this reduced 

cross section remains unclear. Vogel et al. (1982) suggest that the apparent fertilizable 

area of an egg is only about 1% of the overall area for Paracentrotus lividus. More 

recent experiments with Strongylocenti'otus franciscanus (Levitan et al., 1991) suggest 

an apparent fraction of 3%. Similar studies on any other free-spawning marine 

invertebrates are not apparent in the literature. However, a study on the freshwater 

bivalve Unio elongatulus has shown that sperm entry is restricted to a small crater at the 

vegetal pole of the egg (Focarelli et al. 1988). Also, eggs of the (algal) broadcast 

spawner Fucus serratus have been shown to have 2.5 x 10^ receptor molecules per egg 

(Evans et al. 1980). It could be that this limited fertilizable surface area on eggs is 

common to many species or it may be a phylogenetic characteristic. Observations of the 

eggs of the Califomian abalone, Haliotis rufescens, suggest that the entire surface of the 

vitelline envelope can participate in sperm attachment (Vacquier, pers. comm.). 

Babcock and Keesing (1999) used Vogel's model (1992) to predict the percentage of 

egg surface area available for fertilization in Haliotis laevigata and calculated 1 % 

available. 

It may be seen that effective egg size in any form appears to have an effect on 

fertilization success but the magnitude of their individual and combined effects under 

various conditions need attention. Egg characteristics are of fundamental importance in 
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our understanding of gamete evolution in those animals that display a free-spawning 

reproductive strategy (for discussion see Levitan, 1992; Podolsky and Strathmann, 

1996; Levitan, 1996; 1998; Styan, 1998). 

Hultin and Hagstrom (1956) experimented on fertilization rates on the sea urchin 

Paracentrotus lividus and found substantial variability in fertilization rates of individual 

eggs from both the same female and different individuals sampled at the same and 

different space and time intervals. They concluded that variability in egg quality makes 

it necessary to check the fertilization rate of eggs intended to be used for investigations 

in which material of a high uniformity is desirable. This potential variability in 

fertilization was suggested to be a function of one or more of: genotype, maturation, 

size or disease (Hultin and Hagstrom, 1956). 

1.2.5 Sperm Velocity 

The swimming speeds of sperm are typically -O.lmm s"̂  (Denny and Shibata 

1989). Levitan et al. (1991) noted the variation in sperm swimming speed within and 

among individuals (0.05 to 0.30 mm s'^) in Strongylocentrotus franciscanus and in 1993 

he noted that mean sperm velocity varied between 0.088 and 0.145 mm s"̂  among the 

three Strongylocentrotus species tested. Vogel et al. (1982) estimated average speed of 

sea urchin sperm to be 0.04mm s"\ Gray (1955) had already looked at a range of sperm 

velocities from sea urchin species (0.12 to 0.19 mm s"'). In turbulent environments 

however, the sperm velocity factor is negligible with respect to fertilization success. 

Nevertheless, it could be that short bursts of sperm activity in close proximity to an egg 

are important. Knowledge of sperm velocity is also useflxl in determining the percentage 

fertilizable area of an egg surface using Vogel's model (1992). 

A recent study by Levitan (2000) is the first to present direct evidence of how 

sperm velocity can influence fertilization success. A 0.1 mm s"̂  decrease in velocity is 

correlated with an order of magnitude increase in the number of sperm needed to 

achieve 50% fertilization in the sea urchin Lytechinus variegatus. In addition to variable 

sperm velocity, Levitan also describes the inverse relationship of this trait with that of 

sperm longevity. He suggests that this relationship may be an adaptation for varying 

environmental conditions, to optimise fertilization success along a continuum from 

sperm limitation to sperm competition. 
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1.2.6 Temperature and Salinity Effects on Fertilization Success 

Temperatures above and below ambient have been shown to result in reduced 

fertilization with associated increases in polyspermy and abnormal cleavages in many 

free-spawning marine invertebrates (Loosanoff, 1937; Hagstrom and Hagstrom, 1959; 

Lonning, 1959; Moore, 1959; Davis and Calabrese, 1964; Calabrese, 1969; Kinne, 

1970; Rupp, 1973; Kingston, 1974; Andronikov, 1975; Greenwood and Bennett, 1981; 

Clotteau and Dube, 1993; Davenport, 1995; Powell, in prep.) For example, Rupp (1973) 

studied effects of temperature upon fertilization and early cleavage of 5 tropical 

echinoderms. Reduced fertilization success and abnormal early cleavage were noted, 

with cleavage being more sensitive to increased temperature than fertilization. 

Greenwood and Bennett (1981) studied the effects of variations in temperature-salinity 

combinations on fertilization success of the sea urchin Parechinus angulosus. The 

purpose of their study was to assess possible effects of the construction of a nuclear 

power station on the west coast of South Africa. Knowledge was required of the effects 

of warm cooling-water effluent on the ecology of a naturally cold-temperature system. 

They showed that fertilization is reduced to zero at a temperature of 25''C, some 10°C 

above normal (an expected increase with discharge from the power station). Decreased 

sperm viability was the primary cause of fertilization failure. Conversely, the eggs of this 

species were more susceptible to salinity fluctuations. A wide range of temperatures 

from 6 to 24°C and salinities ranging from 20 to 35 had no detrimental effect upon 

fertilization in the surf clam Spisula solidissima (Clotteau and Dube, 1993), although 

optimum fertilization occurred in conditions of 8 to 20°C and salinities of 23 to 30. 

Powell (in prep.) conducted experiments to identify the effects of temperature and 

salinity on the fertilization success of the Antarctic clam, Laternula eliptica and the 

limpet Nacella concinna. She found optimum conditions for fertilization lay at around 

0°C and salinity 33 for L. eliptica and 2°C and salinity 33 for N. concinna. 

1.2.7 Effects of Anthropogenic Pollutants on Fertilization Success 

Connell et al. (1991) showed effects of titanium dioxide waste on fertilization of 

the sea urchin Echinometra mathaei. Iron hydroxide caused clumping of the sperm, 

which led to inhibition of fertilization, with deleterious implications for external 

fertilizers exposed to such pollutants. 

10 
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Krause (1994) studied sub-lethal responses of Strongylocentrotus purpuratus 

subjected to chronic discharges from a point source of oil production effluent. During 

this discharge, an in-situ caging experiment was performed on animals. Cages, each 

with 25 animals, were placed in the field at distances from 5 to 1000m away from the 

source for a period of 8 weeks. After this time, examination of gametogenesis showed a 

significant negative relationship between relative gonad mass and distance fi-om outfall 

for both sexes, indicating that those urchins closer to the outfall produced significantly 

larger gonads. Gamete performance was assessed via a fertilization kinetics bioassay 

that held the egg concentration constant and varied the sperm concentration. 

Fertilization success was determined for each scenario and fitted to kinetics models. 

Results showed significant differences in fertilizability of eggs between cages, and egg 

fertilization success showed a positive relationship with distance away from the outfall. 

Riveros et al. (1996) examined relationships between fertilization of the Pacific 

sea urchin Arbacia spatuligera and environmental variables in polluted coastal waters 

off the coast of Chile. They measured temperature, salinity, pH, turbidity and O2 in-situ. 

They also determined concentrations of heavy metals (copper, cadmium and mercury) 

and organic compounds (oil and grease, lindare, aldrin, dieldrin, DDT, DDE and 

phenols). They used a bioassay procedure to determine fertilization success under 

different toxicity levels, and applied multivariate analysis (PCA) over environmental 

factors, heavy metals and organic compounds. Riveros et al. (1996) concluded that the 

coastal waters containing the highest levels of oil and grease and the lowest levels of 

oxygen concentrations, had a significantly detrimental effect on the fertilization success 

of A. spatuligera eggs. A number of other studies have also examined the effects of 

pollutants on reproduction of free-spawners (e.g. Au et al., 2001a,b). 

1.3 Theoretical Modelling of Fertilization Rates 

Systematic experiments on fertilization kinetics were first performed by 

Rothschild and Swann (1951). They estimated fertilization rates in the echinoid 

Psammechinus miliaris and used an equation for sperm-egg contact modelled on 

random gas molecule collision: 

Z = u ao S 
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where Z is sperm collisions per unit time, u is the average sperm velocity, Co is the 

cross-sectional area of the egg and S is the sperm concentration. On average 1/Z is the 

time in seconds for a spermatozoan to hit an egg (T). The proportion of all sperm-egg 

collisions that led to successful fertilization was predicted to be; 

p = 1 - (T a) 

where a is the slope of the logio-transformed portion of unfertilized eggs as a function of 

time. 

Rothschild and Swann found a decline in probability of successful sperm-egg 

collision with increasing sperm density, above 7 x lO'* sperm ml'̂  (by contrast to Lillie 

1915; Brown and Knouse 1973, Levitan et al., 1991) and with the removal of the jelly 

coat surrounding the egg. Rothschild and Swann thought the inverse relationship of 

collision and density a function of an increase in sperm-sperm interaction and the jelly 

coat acting as a sperm trap. They also recognised that these jelly coats may act to 

increase the effective egg diameter (and thus the collision frequency) and that sperm 

chemotaxis plays some role in attracting the eggs. They discounted the earlier 

suggestion that egg jelly has an adverse effect on sperm fertilization capability. They 

found that fertilization is sensitive to the time that eggs spend in a sperm solution, and 

also noted that sperm velocity does not vary with sperm density. In their paper, 

Rothschild and Swann describe in detail potential sources of error associated with their 

experimental practices. One such error was that the proportion of live and dead 

spermatozoa in a suspension is undetermined. Hancock (1951) used at staining 

technique to determine a quantitative estimate of live and dead spermatozoa in a sample 

of bull semen. 

Vogel et al. (1982) discuss the work of Rothschild and Swann (1951) and argue 

that their sperm inactivation methodology may have introduced an artefact to the 

evaluation procedure in that sperm viability decreases over time which was not 

accounted for as sperm were inactivated well before the end of their natural life span. 

They also point out how spermatozoa behaviour differs from that of gas molecules and 

re-define this model. In 1982, Vogel et al. developed their predictive model of 

fertilization rates. They made the assumption that sperm attach to the first egg they 
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contact, whether or not they fertilize it. The result is independent of sperm 

concentration, unlike that of Rothschild and Swann (1951). Vogel et al. (1982) 

predicted the proportion of eggs fertilized as: 

(p = 1 - exp [-pSo/PoEo ( l -e-P"^] 

The model incorporates concentration of virgin sperm (So, sperm [xl"̂ ) and eggs (Eq, eggs 

jil"'), sperm half life (x, sec), and two rate constants, Po and p. 

This model predicts that the proportion of eggs fertilized will increase with 

sperm concentration (which, it should be noted, conflicts with Rothschild and Swann, 

1951 results), sperm velocity, sperm longevity (or the time that eggs are in contact with 

a sperm suspension), and egg size. Percent fertilization will decrease with increasing 

egg concentration. In their paper, Vogel et al. (1982) also express their thoughts on 

chemotaxis and argue against the possibility of chemotactic attraction in sea urchin 

fertilization. Their model was validated by both Vogel et al. (1982) on Paracentrotus 

lividus and by Levitan et al. (1991) on Strongylocentrotus franciscanm. Both studies 

found a good correlation between predicted and empirical results, suggesting that sperm 

velocity and egg size influence fertilization rates. Levitan (1993) used Vogel's model on 

three co-occurring species of Strongylocentrotus and the predicted outcome fitted well 

to the real data. In addition to this, Levitan observed an inverse relationship between 

egg size and the amount of sperm required to ensure fertilization (unpub ). This study 

also highlighted an inverse relationship between egg size and sperm velocity and 

between sperm velocity and sperm longevity. Levitan suggested the latter may be 

similar to the respiratory dilution effect in that some species may trade an increase in 

velocity for a decrease in longevity or vice versa. Levitan (1993) put forward the 

fertilization success hypothesis as an alternative to the fecundity-time hypothesis, 

proposing that larger egg sizes have evolved as a function of sperm limitation bought 

about by environmental influences on adult life-history. Laboratory experiments indicate 

that larger eggs are more likely to be fertilized at a given concentration of sperm. As 

sperm availability decreases, selection should favour increase in egg size. High sperm 

availability would select for smaller eggs and also faster sperm because sperm 

competition would be more likely. When sperm are less abundant, increased sperm 
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longevity would increase the survival chance of a sperm until it encounters an egg. 

Levitan's findings supported this hypothesis, finding the three Strongylocentrotus 

species in predicted environmental conditions with respect to their egg size and sperm 

velocity and longevity. Eckelbarger et al.(1989) support these observations with their 

own observations of long-lived sperm and relatively large eggs in deep-sea echinoids 

where environmental conditions would select for these attributes. Podolsky and 

Strathmann (1996) showed concern about Levitan's predictions of egg size as a function 

of sperm limitation in free-spawning marine invertebrates. They suggested that in 

animals where sperm may be limited, a more energy-efficient way of increasing egg size 

would be by means of chemical attractants, jelly coats or accessory cells or by increasing 

the number of sperm receptor sites. Sty an (1998) put forward a further possible 

explanation for their quandary. He suggested that larger eggs resulting in an increased 

rate of sperm-egg collisions can result in increased rates of polyspermy. In nature, eggs 

are exposed to a wide range of sperm concentrations depending upon local 

hydrodynamic conditions and avoiding polyspermy may be as important as sperm 

limitation. Styan suggested that Vogel's model should incorporate polyspermy and he 

presented a new polyspermy-adjusted model to account for the decrease in fertilization 

success at high sperm concentrations noted for some species. 

1.4 Field Studies of Fertilization Success 

1.4.1 Models of Turbulence Effects on Gamete Dispersal 

Studies of fertilization success in the laboratory are relatively easy to control. 

Field studies, on the other hand, are not. The complexity of fluid dynamics in any given 

water mass make reliable in-situ experimentation extremely difficult to achieve. In an 

attempt to understand fluid flow and its relationship with gamete advection and 

diffusion, Csanady (1973) developed a series of predictive particle diffusion equations 

for a turbulent fluid environment. These equations were modified by Denny (1988) for 

the prediction of gamete concentration as a function of either distance or time from a 

release point. Further modification of these equations by Babcock et al. (1994) 

incorporated sperm reflection off the bottom and off the surface of the water, important 

in shallow water environments. The dispersion coefficient values used in the equations 

are currently being estimated by studying the spread of dye clouds in order to gain more 

accurate predictions (reviewed by Levitan 1995). 
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Denny and Shibata (1989) used theoretical models to predict the effectiveness of 

external fertilization in turbulent benthic boundary layers of the surf and shallow subtidal 

zones. Assumptions they made included: 

• in turbulent flow, sperm motility is negligible 

• males and females spawn synchronously 

• each sperm attaches permanently to the first egg is contacts 

• the rate of contact is in direct proportion to the product of the concentrations of 

sperm and ova (as in Vogel et al., 1982). 

Given these assumptions, they calculated the % of eggs fertilized as a function of time, 

mean current velocity, sperm release rate, dispersion coefficients, proximity of female to 

male and the number of males upstream of a female. They applied their model to data 

gathered from the sea urchin Strongylocentrotus purpuratus and concluded that 

fertilization was affected by all parameter values and that fertilization on wave-swept 

shores is likely to be very low (>0.1%). The authors state "the assumptions of the 

model are generally conservative, in that they are likely to over-predict the fraction of 

ova fertilized", and contrast this statement with two possibilities of under estimation: (1) 

the possibility of over-estimated surf zone turbulence, and (2) slow water exchange in 

surge channels resulting in local accumulation of sperm. They compared results from 

their theoretical models with empirical data collected by Pennington (1985) and found 

they corresponded well with his findings of in-situ fertilization success in sea-urchins. 

Levitan (1995) noted that the estimated figure of >0.1% fertilization success by 

Denny and Shibata (1989) is likely to be conservative because values used for dispersion 

coefficients were low. Levitan also noted that their suggestion that, under these 

conditions, increasing the number of spawning males would have little influence on 

fertilization success is, in part, a result of only modelling sperm plumes passing over 

spawning females. Denny and Shibata (1989) suggested that only the nearest male 

would substantially influence fertilization. Levitan and Young (1995) disputed this point 

and noted that when eggs drift, an increased number of males would increase the 

probability of an egg passing directly over a spawning male, thereby resulting in an 

increase in fertilization. 
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Young et al. (1992) input laboratory data from serial sperm dilutions from the 

deep-sea echinoid Stylocidaris lineata and estimates of dye advection into Denny's 

(1988) models. They predicted near 100% fertilization success at a distance of 5m 

downstream from the sperm source. This high success rate was a function of low 

turbulence at this deep-sea site. 

Following on from their earlier work, Denny et al. (1992) pubUshed data on the 

use of their model in high-energy surge channels. Although surge channels are well 

mixed, they have a slow water exchange rate with the adjacent mainstream. These 

environments act to contain any spawned gametes, thereby limiting their dilution and 

hence, enhancing the efficiency in external fertilizing organisms. By following the model 

of Denny and Shibata (1989), based primarily on sea urchin data, they suggest that 

between 80-100% of eggs may be fertilized provided a sufficient population of adult 

males are present within the channel. They conclude that on a shoreline where surge 

channels are abundant, external fertilization may be far more effective than on shores 

lacking surge channels. They point out two possible limitations in their theory. Firstly, 

the model assumes that the gametes are instantaneously mixed throughout a surge 

channel. Secondly, the assumptions of gamete behaviour ignore the small-scale 

hydrodynamics relevant to sperm and eggs and may result in the overestimation of the 

probability of fertilization. They calculated that gametes in the surf zone experience a 

flow regime characterised primarily by linear shears rather than by turbulent eddies. 

This causes a typical urchin egg to rotate on average 104 times per second in the surf 

zone. It is unclear whether this rotation has an effect upon sperm-egg contact, on 

dislodging of sperm from the egg, or imparting damage to the gametes. They point out 

that their calculations may have grossly overestimated fertilization effectiveness in surge 

channels should the effects of shear stress and egg rotation have detrimental effects to 

any of the processes involved. 

Subsequently, Mead and Denny (1995) used a couette cell to identify the 

interference of small-scale hydrodynamic conditions with sperm-egg interactions 

regardless of the concentration of sperm. Turbulence-induced shear stresses of the 

magnitude found in the surf zone were found to limit fertilization (probably by 

diminishing sperm-egg contact time and encounter rate) and to increase the likelihood of 

abnormal early development. 
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Benzie et al. (1994) used dispersal models to assess the small-scale dispersion of 

eggs and sperm of the asteroid Acanthaster planci in a shallow coral reef habitat. They 

quantified the relationship between current flows, turbulence and boundary conditions 

and the dispersion of gametes in the field. By doing this they were able to demonstrate 

the importance of hydrodynamics in the recruitment process of A. planci. They describe 

a mechanism for self-recruitment - entrapment of gametes in the substratum - as being of 

importance in the onset of outbreaks of these seastars. 

Fertilization models make the assumption that gametes are released into the 

surrounding medium in a cloud of discrete particles. Thomas (1994a;b) has raised 

awareness of the potential underestimation of fertiUzation success by using the existing 

theoretical models. She determined the viscosity of spawned material for species of 

polychaete and sea urchin and found that species in more turbulent environments tend to 

display more viscous spawned material. In habitats where mainstream velocities fall 

below 0.13m s'\ urchin gametes form large clumps or strings resulting fi-om inter-

gamete stickiness and/or viscosity of their surrounding material. Sea urchin gametes 

were found to be negatively buoyant and have lower dispersion rates than that of freely 

diffusing fluorescein dye, which is regularly used in determining dispersion rates for use 

in the models. Thomas (1994a) adds that gamete clumps may sink and become trapped 

in areas between roughness elements, increasing the possibility of fertilization. Her 

results add a further element of complexity to gamete mixing models and indicate that 

gametes from some species may have physical properties that minimise rapid rates of 

dilution by turbulence. Ignoring such factors as viscosity and buoyancy of gametes, 

local topography and adult morphology that could trap released gametes, could lead to 

an underestimation of fertilization success using current predictive modelling techniques. 

However, the plume model may be accurate for urchins under most natural flow 

conditions (which are greater than 0.13 ms'^), but the above mentioned factors should be 

assessed in order to gain a more accurate prediction. Current models, for example, 

would be inadequate in the prediction of fertilization success in the polychaete 

Phragmatopoma calif ornica as they tend to release gametes in discrete clumps and not 

in constant plumes (Thomas, 1994b). 

Most empirical data collection and theoretical models of reproductive success 

have been based upon small population sizes and over small spatial scales. Although 

these studies have demonstrated that fertilization success increases with population size 

17 



'Fertilization Kinetics in Marine Invertebrates' Chapter 1 

and degree of aggregation, extrapolation of these results to predict what happens in 

larger populations is difficult because of the sensitivity of the data to small changes in 

population size (Levitan et al., 1992). Nevertheless, Levitan and Young (1995) have 

attempted to develop a predictive theoretical modelling approach for large-scale 

spawning events in a natural population of the echinoid Clypeaster rosaceus under 

moderate flow conditions. They adapted models of Denny (1988); Denny and Shibata 

(1989) and Babcock et al. (1994) to estimate transport, difiusion and concentration of 

released gametes. They used the gamete kinetics model of Vogel et al. (1982) to 

estimate the proportion of eggs fertilized in the field. Empirical data from both the field 

and the laboratory were obtained for incorporation into these models. The results 

emphasised the importance of population size and population density upon fertilization 

over a large range of individuals (2 to >250,000). A relationship between population 

size and density was also noted, with the importance of population density increasing 

with decreasing population size. Levitan and Young (1995) proposed this finding as a 

possible reason for not always seeing aggregative behaviour among spawning individuals 

in the natural environment. They suggested that at high population sizes, the benefits of 

aggregation to fertilization success will decline as the costs increase. Their simulation 

data suggested that fertilization success was limited by the availability of sperm unless 

population size was in the hundreds of thousands. 

Most studies of fertilization success have been based on data acquired from sea 

urchins. Andre and Lindegarth (1995) assessed the fertilization efficiency and gamete 

viability of the fi-ee-spawning cockle, Cerastoderma edule in laboratory 

experimentation. In keeping with observations on sea urchins, fertilization success 

declined markedly with decreasing sperm concentration. Gamete viability decreased 

with age, with no fertilization occurring after 4 to 8 hours. Empirical data on dilution 

and dispersion of gametes, in the form of egg sinking velocity and gamete release rates, 

were used in conjunction with the diffusion model of Denny (1988). Overall, it appeared 

that their results indicate a relatively low fertilization efficiency for Cerastoderma edule 

when compared to that of other bivalve species. For example, 50% of eggs of C. edule 

were fertilized when exposed to sperm concentrations of 5 x 10^ compared to 

Mytilus edulis where 50% of eggs were fertilized at sperm concentrations of only 10°-

10̂  (j.r' (Sprung and Bayne, 1984). However, there could have been a slight 

underestimation in gamete concentration experiments (Andre and Lindegarth, 1995). 

18 



'Fertilization Kinetics in Marine Invertebrates' Chapter 1 

Andre and Lindegarth (1995) constructed a simple model which shows that under 

certain circumstances, high concentrations of sperm may accumulate over dense 

populations of bivalves, thereby enhancing fertilization success. 

1.4.2 Observations of Natural Spawning Events 

Observations of natural spawning events in marine broadcast spawning 

invertebrates are rare. Nevertheless, a number of surveys of fertilization in the field have 

been conducted which highlight the variability of success and of spawning behaviours in 

a number of different species (see e.g. Pearse et al., 1988; Brazeau and Lasker, 1992; 

Sewell and Levitan, 1992; Sewell, 1994; Oliver and Babcock, 1992; Babcock and 

Mundy, 1992; Babcock et al., 1992; Minchin, 1992; Petersen 1991a; Petersen et al., 

1992; Fujiwara et al.,1998). 

1.4.3 In-situ Experimentation 

Pennington (1985) was the first to study fertilization success in the field. This 

work determined percent fertilization of eggs of the echinoid Strongylocentrotus 

droebachiensis both in laboratory and field studies. He confirmed the reduction in 

fertilization capability of the sperm of Strongylocentrotus droebachiensis with dilution 

and with increased age in the laboratory. From this he inferred that sperm dilution 

effects were largely responsible for the declining fertilization success he observed in field 

experiments in which he increased the distance between eggs and spawning males. 

Pennington's work gained support from other workers on sea urchins (Levitan, 1991; 

Levitan et al., 1992) and also in hydroids (Yund, 1990) and ascidians (Grosberg, 1991). 

Brazeau and Lasker (1992) studied reproductive success in the Caribbean 

octocoral Briareum asbestinum and concluded that simple counts of mature eggs 

present within female colonies prior to the reproductive season provide a poor estimate 

of reproductive success in this species. Through a series of field experiments they found 

that female reproductive success was enhanced by the close proximity of males, but that 

it was generally low in the region examined. Oliver and Babcock (1992) also measured 

in-situ fertihzation of broadcast spawning corals and combined results with those from 

laboratory sperm dilution experiments. They determined that gamete dilution played an 

important role in limiting the fertilization of gorgonian eggs in the field during natural 

spawning events. The authors suggested that these gorgonians were under selective 
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pressure to minimise effects of gamete dilution by adopting synchronous spawning 

behaviour, by spawning buoyant gamete bundles and by spawning in periods of slack 

water. Coma and Lasker (1997) ran a set of in-situ experiments to investigate small-

scale heterogeneity of fertilization success in the gorgonian, Pseudoplexaura porosa. 

They found a large degree of variance in fertilization potential of eggs in water samples 

collected within seconds and centimetres of each other. 

Yund (1990) developed field experiments to study fertilization success in the 

colonial hydrozoan Hydractinia echinata. He found the fertilization rate to be high 

within 3 m of a sperm source but this declined rapidly with no evidence of fertilization 

beyond 7m. Compared to Pennington's (1985) observations on sea urchins, the sperm 

dispersal distance is greater and probably a function of reduced sperm dilution in the 

absence of turbulence at low flow velocities. However, Yund (1990) also suggested 

differences seen may be related to the differences in reproductive biology of the two 

species. Viability of sperm of the hydroid greatly exceeded that of the sea urchin 

(several hours and <30mins respectively). Sperm release rates were also very different 

between species. Yund (1990) pointed out that Pennington's (1985) results are 

measurements of instantaneous fertilization rates at each distance rather than the total 

level of fertilization that would occur if eggs at a given distance from the male 

experienced sperm over the total time of release. Consequently, actual fertilization rates 

for urchins in the field may vary as a function of the relative movement patterns of eggs 

and sperm. 

Other field experiments on sea urchins have been conducted. For example, 

Levitan (1991) studied sperm dilution in the field using Diadema antillarum. 

Fertilization decreased with distance downstream of a sperm source, in a similar way to 

Pennington's (1985) investigations. In these particular experiments, flow velocities 

were low (<0.01m s"̂ ) and variation in these slow current speeds did not have any 

significant affect on fertilization. Further experimentation by Levitan (1991) suggested 

that the distribution of males may have a greater influence on enhancement of 

fertilization rates than the amount of sperm released by each male. Small individuals 

with low gamete production but at high population density may have similar per capita 

zygote production as large individuals with greater gamete production at low population 

density. This emphasises the probable inaccuracy in estimating reproductive output via 

body size or gamete production without accounting for fertilization success. 
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Continuing his work with sea urchins, Levitan et al. (1992) assessed the 

importance of population density upon fertilization in Strongylocentrotm franciscanus. 

They manipulated both population size (4 to 16 individuals) and levels of aggregation 

(0.5 to 2m of even spacing between individuals). Fertilization increased both with 

increasing population size and with degree of aggregation. This finding demonstrated 

the sensitivity of fertihzation success to relatively small changes in population 

parameters. Levitan's (1991) data suggested that as previous knowledge of fertilization 

success is based upon small population sizes (a function of logistics), sperm limitation 

may not be as common as once thought in natural larger spawning populations (Levitan 

and Young, 1995). 

In-sitii experimentation by Babcock and Mundy (1992) on fertilization kinetics 

of the Crown of Thorns sea star Acanthaster planci showed high levels of fertilization 

from the sperm of one male even with substantial distance from the sperm source. 

Forty-seven % fertilization was found in animals separated by 32m and 23% for animals 

greater than 60m apart. These high levels were, at the time, attributed to the large 

volume of sperm released by Acanthaster planci compared with other marine organisms 

that showed much lower or non-existent fertilization rates with such distances. 

However, an increase in the background sperm concentration during experimentation 

stimulated by surrounding spawning males could have had some impact on the high 

levels seen. Nevertheless, Babcock et al. (1994) combined fi-esh empirical data and 

theoretical models to successfully confirm the long-distance fertilization seen in 

Acanthaster planci. Using five males for the sperm source, an average of >20% 

fertilization was found 100m from the source. Now that they had confirmed their 

assumptions, they fitted data from other marine organisms to their models and their 

findings matched previous empirical conclusions. These authors concluded that high 

fertihzation levels at great distances in A. planci are a function of its large body size and 

high sperm production. This was backed up by fertilization success results from smaller 

A. planci which yielded much reduced success with distance compared to their larger 

counterparts. Benzie et al. (1994) suggested that A. planci required less sperm than 

other species (i.e. sea urchins) to achieve the same levels of fertilization - their sperm 

have higher fertilizing capacity. 

Lasker et al. (1996) determined in-situ rates of fertihzation of the Caribbean 

gorgonian corals Plexaura kuna and Pseudoplexaura porosa. More recently. Coma and 
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Lasker (1997) have detailed the effects of spatial distribution and reproductive biology 

on in-situ fertilization rates of P. porosa. They found that a weight average of in-situ 

fertilization rates suggested that at least 67% of spawned eggs are fertilized in nature. 

During highly synchronous spawning events when most of the eggs were extruded into 

the water column, sperm limitation did not occur. Their results indicated that in dense 

populations, eggs may have multiple opportunities to be fertilized. The life-history traits 

displayed by P. porosa act to reduce the effects of gamete dilution during spawning 

events and hence decrease the importance of sperm limitation in their population 

dynamics. Lasker and Kapela (1997) examined effects of heterogeneous water flow 

over time and space upon gamete mixing and transport in gorgonian corals. They 

concluded that the turbulent dif&sion of gametes during spawning events occurs on a 

scale of meters and tens of seconds and acted to reduce fertilization success. 

Conversely, eddies on scales of tens of meters and minutes, created by the interaction of 

currents and reef structures, retarded the transport of gametes off the reef and probably 

enhanced fertilization success. These processes account for the high levels of variance 

seen in gorgonian egg fertilization. 

Although field studies of fertilization success in external fertilizers have mainly 

been concerned with epifaunal organisms, WilHams et al. (1997) developed 

methodologies to investigate fertilization success in the burrow-dwelling polychaete, 

Arenicola marina. They found fertilization success in this species to be in the order of 0 

- 80% with typical values of 40-60%. This was consistent with results obtained in 

laboratory assays at a sperm concentration of between 10'* - 10̂  sperm ml"' which 

showed values of 30-70% fertilization success. 

1.5 Estimates of Fertilization Success and their Role in Shellfish Manasement 

Over-fishing of commercial shellfish stocks has become a major problem over 

the last two decades. There are indications that over-exploitation of some commercial 

species has led to their extinction. For example, the white abalone, Haliotis sorenseni, 

is in danger of extinction throughout a significant portion of its range and endangered 

species status was proposed in May 2000 (Roberts and Hawkins, 1999; National Marine 

Fisheries Service and the National Oceanic and Atmospheric Administration, USA, 

2000). Recent surveys undertaken at Scripps Oceanographic Institution indicate that F[. 

fulgens and H. cracherodii may also follow the same pathway. With the decrease in the 
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harvest from shellfisheries, the price of shellfish has risen markedly resulting in even 

greater pressure on the already depleted stocks. One of the main consequences of over-

exploitation of fisheries is a reduction in density of stocks. Allee (1931) showed that a 

reduction in population density resulted in a disproportionately low recruitment rate. 

Subsequently, the decreased fertilization success owing to density reduction has been 

referred to as the Allee effect. If the population density remains too low in an over-

exploited population, the individuals present will continue to spawn but will not achieve 

fertilization and, as a result, will not contribute to the next generation. 

Knowledge of the biology of exploited shellfish is of paramount importance 

when devising effective management procedures. One important but often ignored 

aspect if reproductive biology of relevance to stock enhancement is that of fertilization 

ecology of a particular species and its relation to the environment. The incorporation of 

the Allee effect in the management of commercial stocks of free-spawning marine 

invertebrates has recently been emphasised for abalone (Breen and Adkins, 1980; 

Shepherd, 1986; Shepherd and Brown, 1993; Shepherd and Partington, 1995; Babcock 

and Keesing, 1999), sea urchins (Quinn et al., 1993), scallops (Caddy, 1988) and giant 

clams (Munro, 1993). However, experimental efforts toward such implementation still 

remain limited. 

1.6 Aims of this Research 

There have been few studies of fertilization kinetics centred on commercial free-

spawning marine invertebrates (e.g. Clavier, 1992; Andre and Lindegarth, 1995; 

Clotteau and Dube, 1993; Styan, 1998; Babcock and Keesing, 1999). The intention of 

the present study was to examine, both empirically and theoretically, fertilization success 

in commercially valuable free-spawning shellfish living naturally in turbulent conditions. 

Both laboratory and field studies were conducted to obtain empirical data in order to 

validate predictive models. This included information on fertilization success as a 

fiinction of gamete concentration, gamete age, current flow data and animal spatial 

distributions. Finally, an attempt was made to determine the minimum density 

requirement for maintenance of a population of the particular experimental animal. 

Where the population density of a species may be affected by a natural or 

anthropogenic disturbance, an estimation may be made of the minimum density required 

to successfully re-colonise the area. For many species, particularly broadcast spawners. 
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