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ABSTRACT 

Recruitment of planktonic larvae into sedentary benthic populations regulates the population 

dynamics of marine invertebrates. The processes controlling recruitment, however, are poorly 

understood, and recruitment remains largely unpredictable, which complicates management of 

exploited shellfish resources. 

The mussels Perna perna, Choromytilus meridionalis and Mytilus galloprovincialis, found 

on the south coast of southern Africa, have planktonic larvae and sedentary adult stages. This thesis· 

examipes dispersal, settlement and early post-settlement growth and mortality, and their effect on 

recruitment and demography of intertidal mussel populations in the region of Algoa Bay on the south 

coast of southern Africa. 

Temporal and spatial variation in the body mass, density and size structure of mussels, the 

distribution of bivalve larvae on plankton grids in the nearshore zone and the distribution of a 

recently introduced invasive mussel, Mytilus galloprovincialis, were examined between 1989 and 

1992. Furthermore, data on hourly or daily changes in wind strength and direction, air and sea 

surface temperatures and low and high tide levels in the study region, were obtained. 

There were 3-4 peaks in spawning (characterised by an abrupt decline in weight) and 

settlement activity annually. These peaks varied in exact timing, intensity and duration between sites . 

and over time. However, at a site, spawning was followed by settlement 4-8 weeks later, and there 

was a significant (P < 0.05) direct correlation between spawning intensity prior to the appearance of 

a new cohort and the cohort density (settlement intensity). 

The stochastic spatial and temporal variation in breeding activity was superimposed- on a more 

general pattern of a higher intensity of spawning and settlement in Algoa Bay than on the open coast, 

and a higher settlement intensity on coastal sandstone shores than on dune rock shores. Spawning 

was more frequent in winter and spring, and the probability of spawning and settlement peaked 

around the spring and autumn equinox, if temperature and wind conditions were suitable. 

Larval behaviour had little effect on their dispersal in the well-mixed nearshore region. 

Larvae were passively dispersed by currents, and their dispersal range and direction depended on 

prevailing winds and local topography. The sharp decline in density of recruit and adult M. 

galloprovincialis with increasing distance from the point of introduction, showed that some larvae 

were carried by wind generated currents over moderately long distances (-100 km). However, 

since most (76 %) M. galloprovincialis recruited within 4 km of the parent population, it is possible 

that larvae become trapped in small gullies and crevices around rocky shores, and have a limited 

dispersal range. This could explain the link between local patterns of spawning and settlement. 

The distribution and abundance of settlers on the shore was influenced by larval behaviour 
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and the availability of settlement, sl..!bstrata. Larvae "preferred II to settle primarily on foliose 

coralline algae and migrate to the adult mussel bed when they were larger (0.60-7 mm), but larvae 

also settled directly on adult mussels, possibly because the amount of coralline algae was limited. 

Both direct and secondary settlement were considered to be important in maintaining mussel 

populations since the rate of settlement was low .(g~nerally < 60 000.m-2
). 

Cohort analyses showed that prior to maturity post-settlement growth (- 30 mm in 10 

months) and mortality rates (60-100%) were high, but varied. When settlement intensity was low 

this variability uncoupled the relationship between spawning and recruitm~nt intensity. Multiple 

regression analysis showed that together reproductive effort (gamete output), settlement intensity, 

growth and mortality prior to maturity, accounted for 76 % of the variance in recruitment into mature 

adult populations. 

The low settlement rate coupled with the short life span of mussels « 3 years), meant that 

populations underwent marked spatial and temporal variations in structure and abundance as 

settlement intensity varied, but there were consistent general differences between mussel populations 

on dune rock and sandstone shores in Algoa Bay and on the open coast. 

It was concluded from these results that, spawning intensity and post-settlement growth and 

mortality, rather than dispersal, regulated recruitment and the structure and abundance of intertidal 

P. perna and C. meridionalis populations along the south coast of southern Africa. 

On the basis of these results it is recommended that species with limited dispersal, variable 

recruitment and high natural mortality, such as P. perna, should be conserved by protecting a small 

part of the population in reserves, and controlling utilisation outside reserves to minimize disturbance 

to local brood stocks. Furthermore, since the potential for reseeding adjacent exploited areas is 

limited, several small reserves placed at regular intervals along the coast would be more effective 

than a single large reserve. 
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INTRODUCTION 
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Eighty percent of the world's marine invertebrates have larvae which feed in the plankton 

for up to six weeks (Thorson 1950). The larvae recruit irregularly into benthic populations causing 

large fluctuations in their distribution and abundan"ce (Rough garden et al. 1984 ~ 1985, Connell 
-~ . 

1985, Lewin 1986, Underwood & Fairweather 1989, Hughes 1990). Variable recruitment into adult 

populations has been attributed to random dispersal, settlement and post-settlement mortality 

occurring prior to maturity. However, no method exists for tracing the dispersal oflarvae directly, 

-
and it is often logistically impossible to sample frequently enough to quantify actual settlement and 

early post-settlement mortality. This limits our understanding of these processes and their effect on 

recruitment and population dynamics. 

Lamellibranch mussels belonging to the family Mytilidae are typical examples of marine 

invertebrates with this type of life history (Thorson 1961). Their reproductive cycle begins with 

gametogenesis and is followed by spawning and external fertilisation. The zygotes develop into 

veliger larvae that settle on the shore after 3-4 weeks and, after a period of time, the cycle ends with . 

recruitment into the mature adult population (Thorson 1950, Seed 1969, 1975, & 1976, Bayne 1975 

& 1976, Griffiths & Griffiths 1987). The mytilids Perna perna, Choromyti!us meridionalis, 

Aulacomya ater and Mytilus galloprovincialis are common on intertidal wave beatensheres along 

the coast of South Africa (van Erkom Schurink & Griffiths 1990), where their recruitment patterns 

are known to be highly irregular (Berry 1978, Griffiths 1981, Crawford & Bower 1983, Lambert 

& Steinke 1986, Lasiak & Dye 1989). The reasons for this variability can only be speculated on, 

as little is known about their larval dispersal, settlement and early post-settlement growth and 

mortality. The purpose of this thesis was to: investigate these processes and their influence on the 

recruitment and population dynamics of intertidal mussels on the south coast of southern Africa; and 

to consider the practical implications of these results for the conservation and management of 

mussels which have been over-exploited by impoverished coastal communities on the east coast 

(Hockey & Bosman 1985, Siegfried et al. 1985, Lasiak & Dye 1989, van Erkom Schurink & 

Griffiths 1990). 

Data were collected over a period of four years (1989-1992) mainly in the region of Algoa 
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Bay on the south coast (Fig. 1). The coast runs along a south west - north east axis, with Aston Bay 

forming the western limit and Raga Raga the eastern limit of the study region (Fig. 1). Algoa Bay 

is a crenulated bay, semi-enclosed by two prominent capes: Cape Recife (25°42 E,34°02 S) in the 
-~ . 

east and Cape Padrone (26~0 E, 33°45 S) in the west (Fig. 1). 

The study region is characterized by long stretches of sandy beach ( - 82 % of the shoreline) 

with isolated rocky outcrops distributed along 18 % of the shoreline. The rock outcrops are either 

consolidated dune rock or sandstone (Figs. 2 & 3). The topography and intertidal zonation patterns 

of the characteristic biota occurring on the rocks, differ quite substantially between these two types 

of shore (Fig. 4, Dower 1990). In the lower littoral zone, the wide vertical faces and gently sloping 

wave-cut platforms on dune rock shores support extensive mussel beds, while the mussel zone is far 

narrower on the steep rocks of sandstone shores (Figs. 2 & 3, Freer 1983, Dower 1990). 

Three species of mytilid (Perna perna, Choromytilus meridionalis and Mytilus 

galloprovincialis) are found within mussel assemblages on the south coast (van Erkom Schurink & 

Griffiths 1990). The descriptions of these mussels in Barnard (1964), Kilburn & Rippey (1982), 

Grant & Cherry (1985), Lasiak (1986), van Erkom Schurink (1991) and Branch et aI. (1994), show 

that they have several distinguishing features. P. perna has a smooth, brown shell, -while M. 

galloprovincialis generally has a blue shell that erodes to a white colour and C. meridionalis has a 

typically black shell that erodes to a blue colour (Fig. 5). The shell shape of C. meridionalis is 

narrow and high and is quite distinct from P. perna and M. galloprovincialis which have a similarly 

shaped broad, elongate shell. P. perna is slightly longer and more slender than M. galloprovincialis 

which is more squat with. a broad base. Internally the mature gonad is not a discrete organ but is 

inextricably integrated with the visceral mass (Griffiths & Griffiths 1987). When mature, the male 

gonad in all species is an off-white or yellow colour that is easily confused with connective tissue 

which fIlls the mantle when no gametogenesis is occurring and the mussels are in a resting state 

(Lasiak 1986, van Erkom Schurink & Griffiths 1990). P. perna and M. galloprovincialls both have 

an orange female gonad, while that of C. meridionalis is chocolate brown (van Erkom Schurink 

1991). The mussels can be distinguished from each other by the muscle scars on the interior of the 
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shell and the resilial pitted ridge. M. galloprovincialis has both an anterior and posterior muscle, 

as well as a resilial pitted ridge. P. perna has a divided posterior muscle and a resilial pitted ridge, 

while C. meridionalis has no pitted ridge and an undivided posterior retractor mus~le. 
-: . 

Various aspects of the distribution, reproductive cycle and population demography of these 

three species, were investigated during the course of this thesis. 

Thesis structure 

The thesis is divided into three sections. The first deals with larval dispersal. The aim was 

to examine the factors influencing the nearshore distribution and dispersal of bivalve larvae, and to 

estimate how far they settle from the parent population after 3-4 weeks in the plankton. Three 

methods were used to do this and these are covered in chapters 1, 2 and 3. 

The second section (Chapter 4) examines settlement behaviour and the distribution and 

abundance of P. perna settlers on intertidal rocky shores. 

Section 3 (Chapter 5) examines the influence of pre-settlement (reproductive effort, dispersal) 

and post-settlement factors (settlement intensity, growth, mortality) on recruitment and the structure 

and abundance of intertidal populations of P. perna and C. meridionalis. 

The final chapter gives an overview of research in this field of ecology and presents the main 

conclusions of the research described in chapters 1-5. The practical implications of these results for 

the sustainable utilisation and conservation of shellfish resources are discussed briefly. 
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Figure 1: A map of South Africa and the study region on the south coast of southern Africa. The 
coastal climate and hydrography are largely determined by the Benguela and Agulhas currents and 
can be divided into three broad biogeographical zones, the cool temperate west coast, the warm 
temperate south coast and sub-tropical east coast. 
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Figure 2 (opposite page): A typical dune rock shore (A & B) showing an extensive bed of Perna 
perna (P) on the gentle slope and vertical rock face of a wave-cut platform (C). 
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Figure 3 (opposite page): Typical sandstone shores (A & B) showing the narrow mussel zone (m) 
on the pointed sandstone ridges (C). 
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Figure 4: Stylised profiles of a dune rock shore (A) and a sandstone shore (B) indicating the 
characteristic species in the major zones on each rock type. VIva, Gelidium and Hypnea are algae, 
corallines refer to foliose coralline algae, and cochlear to the limpet Patella cochlear. The profiles 
were reprinted from Dower (1990). 
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Figure 5 (opposite page): (A) Perna perna - PP, (B) Mytilus galloprovincialis - MG and (C) 
Choromytilus meridionalis - CM, in intertidal mussel beds on the South African coast. 
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SECTION ONE 
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CHAPTER 1 

SYNCHRONOUS SPAWNING AND S~TTLEMENT - IS THE DISPERSAL 

RANGE OF PLANKTONIC MUSSEL LARVAE LIMITED? 

11 
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Introduction 

Irregular mussel settlement along the coast of South Africa may be attributed to long range 
-~ . 

larval dispersal (Berry 1978, Griffiths 1981, Crawford & Bower 1983, Lambert & Steinke 1986). 

However, this has never been verified, because the movements of the microscopic planktonic larvae 

cannot be traced. In comparison to dispersal, spawning and settlemenf are relatively easy to 

quantify, and since dispersal forms a link between spawning and settlement, dispersal range can be 

inferred from the relationship between these two factors. However, very little is known about this 

relationship in South African mussels. 

Widespread dispersal will uncouple the relationship between the intensity of spawning and 

settlement (Victor 1983 & 1986, McFarland et al. 1985, Robertson et al. 1988 & 1993, Robertson 

1990, Hunte von Herbing & Hunte 1991, Meekan et al. 1993). However, recent evidence for 

haliotids (Shepherd et al. 1985, Shepherd & Turner 1985, McShane et al. 1988, Prince et al. 1987 

& 1988), echinoderms (Hunte & Younglao 1988), scallops (peterson & Summerson 1992), 

polychaetes and bivalves (Feller et al. 1992) show that local patterns of spawning (or any other 

measurement of reproductive effort) and settlement are linked, suggesting that the larval dispersal 

range may in fact be limited. In this case, factors controlling gametogenesis and spawning are more 

important determinants of settlement than dispersal. 

It is commonly accepted that gametogenesis and spawning are controlled by a number of 

interacting environmental factors, for example: photoperiod (eg. Yoshioka 1989a, Martel & Chia 

1991), food availability (eg. Chipperfield 1953, Kautsky 1982, Keats & Steele 1984, Hilbish & 

Zimmerman 1988, Harvey & Vincent 1989), tides (eg. Chipperfield 1953, Christy 1982 and 

literature therein, Berry 1986, Harvey & Vincent 1989, Yoshioka 1989a), and one of the most 

important factors - temperature (Chipperfield 1953, Wilson & Hodgkins 1967, Seed 1969 & 1976, 

Bayne 1975 & 1976, Bowman & Lewis 1977, Berry 1978, Barker 1979, Griffiths & Griffiths 1987, 

Harvey & Vincent 1989, Byrne 1990, Martel & Chia 1991). 

The breeding pattern of intertidal mussels is likely to be affected by a combination of climatic 
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and hydrological factors. On the South African coast, local air and sea temperatures, nutrient 

availability and thus phytoplankton production and food availability, as well as circulation patterns 

are largely controlled by wind but are modified by topography and tidal range (Griffiths 1977, 
-;: -. 

Schumann et al. 1982, 1988 & 1991, Schumann 1987, Goschen & Schumann 1988, Roberts 1989, 

Schumann & Martin 1991). Thus temperature, wind and tidal range may be linked to spawning, 
r - -

and since they control circulation patterns, may influence larval dispersal and therefore the 

relationship between local patterns of spawning and settlement. 

The purpose of this study was to deduce the dispersal range of mussel larvae from the 

relationship between local patterns of spawning and settlement and to examine the association 

between temporal fluctuations in spawning and settlement probability, wind, tidal range and 

temperature, along the south coast of southern Africa. 

Methods 

Study sites 

The timing, intensity and duration of spawning and settlement in intertidal mussel 

populations, were studied at six sites in the Algoa Bay region on the south coast of South Africa, 

over one to two years (Fig. 1.1). The distribution of Choromytilus meridionalis in this region is 

extremely patchy and this mussel was sampled from only one site Swartkops inside Algoa Bay. 

Perna perna was sampled from Brighton Beach inside Algoa Bay and from four dune rock shores 

on the open coast, viz. Diaz Cross, Kwaaihoek, Kenton and Three Sisters. 

Sampling periodicity 

The sampling periodicity at each site is shown in Figure 1.1. Preliminary spawning samples 

were taken at Brighton Beach and Swartkops in March 1989 but actual sampling began in April 

1989. Spawning samples were taken monthly at all sites from April 1989 up until August 1990, 

except for Three Sisters where sampling stopped in April 1990 because severe storms and rough 

conditions prevented sampling in June and July. 
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Site Code Sampling period Sampling 
frequency 

Spawning Settlement 

Swartkops SW 4/89 - 8/90 7/89 - 8/90 monthly 

8/90 - 6/91 8/90 - 6/91 hi-monthly 
;, 

Brighton BB 4/89 - 8/90 4/89 - 8/90 monthly 
Beach 

8/90 - 6/91 8/90 - 6/91 hi-monthly 

Diaz Cross DC 4/89 - 8/90 6/89 - 8/90 monthly 

Kwaaihoek KW 4/89 - 8/90 6/89 - 8/90 monthly 

Kenton KE 4/89 - 8/90 7/89 - 8/90 monthly 

8/90 - 6/91 8/90 - 6/91 hi-monthly 

Three TS 4/89 - 4/90 4/89 - 4/90 monthly 
Sisters 

Figure 1.1: The Algoa Bay region on the southern coast of South Africa showing the position of the study sites. Choromytilus meridionalis was studied 
at Swartkops (SW) and Melville (ME) and Perna perna: at the rest of the sites. After August 1990, samples were taken every two months until June 
1991 at Brighton Beach, Swartkops and Kenton. 
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Initially, attempts were made to estimate settlement by attaching a variety of artificial 

substrata, viz. asbestos plates, nylon pot scourers and ropes, to the rocks amongst the mussels at 

each site. To determine whether artificial substrata inhibited settlement, the mussel bed itself was 
-~ -. 

sampled at Brighton Beach and Three Sisters. After two to three months it became apparent that 

no larvae or spat settled on the artificial substrata, although plantigrades of 1-5 mm settled in the 

mussel bed. Thus the mussel bed at all sites was sampled monthly from June/July 1989 until August 

1990. Thereafter samples were taken every two months at Brighton Beach, Swartkops and Kenton 

until June 1991. 

The settlement pattern was monitored at an additional six sites from June/July 1989 until 

August 1990. However, as the spawning pattern was not monitored at these sites the results are only 

presented in the chapter (5) on settlement and recruitment. 

Spawning pattern 

On the sub-temperate coast of South Africa simultaneous examination of histological sections 

of the mantle, gonad smears and changes in flesh weight indicated that C. meridionalis and 

AuZacomya ater did not build up any seasonal reserves in the tissues, and that changes in body 

weight were associated with gametogenesis and spawning, as the weight of other body parts, such 

as the adductor muscle, did not vary seasonally (Griffiths 1977 & 1981, Griffiths & King 1979). 

In this case sharp declines in body weight of standard sized individuals, calculated from 

length/weight regressions, indicated spawning, and the change in weight gave an approximate 

estimate of the magnitude of gamete output during spawning. It is likely that changes in weight of 

mussels on the sub-temperate so~th coast around Algoa Bay will also reflect gametogenic and 

spawning activity. Although this method may not be as accurate as directly examining the 

histological state of the gonad, it has the advantage of being less time consuming which allows the 

sample size to be increased. Small samples may give a biased indication of the reproductive 

condition of the population, as the reproductive state of individuals varies considerably (Seed 1969, 

Griffiths 1977, Berry 1978, Kautsky 1982). In this study, changes in the weight of a range of 
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different sized mussels were measured, to establish the general reproductive condition of the 

population and estimate the gamete output during spawning. 

Initially monthly samples of 30 individut¥~ ranging in size from 30 mm to 80 mm were 

collected from the lower balanoid zone at each site. The sample size was later increased to 50 

individuals because the sex of some of the smaller individuals was indeterminate when the mussels 
,..- -

were in the initial stages of gametogenesis and could not be used in the analysis. When the mussels 

were ripe, several extra smaller individuals were included in the sample in order to obtain some idea 

of the reproductive condition of the population over a wider size range. 

In the laboratory the mussels were heated until the shells gaped. This removed excess water 

from the flesh and facilitated removal of the flesh from the shell. The length of each mussel was 

measured to the nearest millimetre. The sex was noted from the colour of the gonad and the flesh 

was then removed from the shell and dried at 600C for 48 hours and weighed. 

Data analysis: Samples had a male to female ratio of 1: 1. Data for males and females were 

combined in the analysis since examination of the gonads showed that they were in the same 

reproductive state, and there was no difference (Mann-Whitney, P> 0.05) in the mean weight of 

similar sized males and females. Dry weight was regressed against shell length for each month. 

The weight of a standard sized individual, taken to be 65 mm for the purpose of comparison with 
7 

similar estimates in the literature (van Erkom Schurink 1991), was calculated from these regression 

equations. The spawning periodicity was established by examining temporal changes in weight of 

the 65 mm individual, and the spawning intensity (gamete output) was estimated from the magnitude 

of the decline in weight during spawning. 

The temporal spawning pattern of P. perna for the entire Algoa Bay region was analysed in 

terms of the probability of spawning each month. The percent probability of spawning in each 

month was defined as the number of sites at which spawning occurred out of the total number of 

sites which were sampled during ~hat month. C. meridionalis was only sampled from one site so 

its spawning probability could not be established. 
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Settlement pattern 

Sampling procedure: Settlement is known to vary on all spatial scales (Caffey 1985) and 

to minimize very small scale spatial variation, samples were taken from the same region in the lower 
-~ . 

balanoid zone of the mussel bed, at each of the six sites. 

Each month samples were collected at spring low tides. All mussels within a quadrat placed 

on the mussel bed were collected for subsequent laboratory analysis. On all sampling occasions a 

-
quadrat of O. 125xO. 125 m2 was used, except in April 1989, March 1990 and February 1991, when 

sampling formed part of a survey for Mytilus galloprovinciaUs and a quadrat of 0.25xO.125 m2 was 

used. Although these quadrats were small, continual destructive sampling in a small area can 

dramatically affect the mussel bed. Thus, only three samples were collected each month. 

In the laboratory, different species were identified according to Kilburn & Rippey (1982) and 

von Erkom Schurink (1991). All mussels greater than 20 mm were measured to the nearest mm, 

the number in the size categories 0-4 mm, 5-9 mm, 10-14 mm and 15-19 mm, were recorded. For 

the purposes of this study mussels less than 20 mm were classified as recruits as they may move and 

resettle in other mussel populations. Mature adults (> 25 mm) were sedentary and had traces of 

gonadial material. 

In this study the periodicity of settlement was represented by temporal changes in density of 

recruits (0-19 mm). Settlement intensity was estimated as the maximum density of a newly settled 

cohort, calculated from size frequency histograms as described in chapter 5. The probability of 

settlement in the Algoa Bay region was calculated in the same manner as the spawning probability. 

Environmental patterns 

Environmental conditions were determined for the study period April 1989 to June 1991. 

Wind: Hourly data on the velocity and direction of wind were obtained from a coastal 

station and from Hendrik Verwoerd airport at Port Elizabeth about 5 km from the coast (Fig. 1.1). 

Since the time series at the coastal station was incomplete and since the general patterns appeared 

to be similar, wind data from the airport were used in analyses. Mean monthly wind velocity (m.s·l ) 
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and the mean monthly fr~ue~cy (hours) of winds blowing from the NE, NW, SE and SW were 

calculated. 

Tidal range: The mean monthly low and high tide levels for the Port Elizabeth region, were 

calculated from the South African Navy Tide BOOKs published in 1989, 1990 and 1991. 

Temperature: The mean monthly air temperature was calculated from hourly air 

temperature measured at Hendrik Verwoerd airport. 

- The mean monthly water temperature was calculated from sea surface water temperature 

measured twice a day by the Humewood Beach Office in Port Elizabeth. 

These data on the wind, tide and temperature conditions show general trends in the 

environmental conditions in the Algoa Bay region, but do not reflect specific local variations. 

Statistical analysis 

Following Zar (1984) and Sokal & Rolf (1981) all data analysed statistically in this thesis, 

were tested for normality (Kolmogorov-Srnirnov test) and homoscedasticity (Bartletts & Cochrans 

tests), as these are the assumptions behind most parametric statistical tests. If these requirements 

were not met, parametric tests were performed on transformed data. If transformed data did not 

meet the requirements, the equivalent non-parametric test was performed on untransformed data. 

Results 

Spawning 

Weight increased linearly over the range of sizes (generally 30-70 mm) collected each month. 

All monthly length/weight regressions were significant (p<0.001). The correlation coefficient 

generally ranged from 0.70 to 0.99, only dropping below this in 4 of the 97 regressions. Following 

Zar (1984) analysis of covariance (ANCOVA) showed that the slopes of monthly length/weight 

regressions differed significantly (p < 0.005) at all sites (Table 1.1), and the body mass of a 65 mm 
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Table 1.1: Analysis of covariance (ANCOVA) comparing the slopes of monthly length/weight 
regressions at each of the sites. 

Site Source of variation DF Mean square F P 

Swartkops Common slope "< 1 29.022 1 382.000- <0.005 

Among slope 16 0.237 11.418 

Error 592 0.021 

Brighton Beach Common slope 1 37.194 997.803 <0.005 

- Among slope 18 0.761 20.001 

Error 613 0.038 

Diaz Cross Common slope 1 39.651 1 468.556 <0.005 

Among slope 14 0.296 11.101 

Error 497 0.027 

Kwaaihoek Common slope 1 51.248 1 507.294 <0.005 

Among slope 15 0.510 15.021 

Error 609 0.034 

Kenton Common slope 1 41.885 2094.250 <0.005 

Among slope 19 0.262 23.334 

Error 798 0.020 

Three Sisters Common slope 1 7.739 269.699 <0.005 

Among slope 13 2.591 90.291 

Error 499 0.029 - -
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mussel estimated from the regression equations fluctuated over time (Fig. 1.2). Monthly fluctuations 

in body mass were associated with changes in the state of the gonad, which varied considerably in 

size and colour from month to month. When the ·mass of a mussel was low the shells sounded 
-: ~ 

almost hollow when tapped, and on examination appeared to be resting or in the initial stages of 

gametogenesis, as the gonad was small and concentrated around the digestive gland. In contrast, 
~ . 

when a mussel was heavy it was mature as the gonad was large and occupied most of the mantle 

tissue.- Mussels which had recently spawned were easily identified as the mantle cavity was empty, 

except for remnants of eggs or sperm which had not been released, and the mussels weighed 

considerably less than when mature. Subsequent to spawning, gametogenesis caused an increase in 

weight, with little indication of rest between repeated bouts of spawning, as was illustrated by the 

temporal variation in body mass of a 65 mm individual (Fig. 1.2). 

Following Zar (1984) multiple range tests comparing slopes, and if these were equal, 

intercepts, of the length/weight regressions calculated for the month before and after· a decline in 

weight of a 65 mm mussel, indicated that significant (p < 0.05) declines in weight (spawning) 

occurred three or four times a year at each site (Table 1.2A & B). Although there was similarity 

between some sites, the exact timing, duration and intensity (gamete output) of each spaWl)ing event 

varied among sites. Seasonal decomposition (Dunstan 1993) was used to remove the general and 

seasonal components from the time series of changes in weight of a 65 mm individual, leaving the 

residual monthly fluctautions in body weight, which represented the exact timing and intensity of 

spawning. Following Dunstan (1993) cross correlation (with no lag) showed there was a significant, 

but weak correlation in the residual monthly fluctuation in body weight between Brighton Beach and 

Kenton (r=0.3900, P<0.025), and between Brighton Beach and Three Sisters (r=0.5916, P<O.Ol, 

Table 1.3). Although the strength of the correlation between Kenton and Kwaaihoek which were 

only four kilometres apart (r=0.7416, P<0.OOO5), suggested that sites close together have more 

similar patterns, these two sites each differed significantly (p> 0.05) from that at Diaz Cross which 

was four kilometres west of Kwaaihoek (Table 1.3). 
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Figure 1.2: Temporal fluctuation in the recruit density (no. <20mm.nr2
) and the dry weight (g) of 

a 65 mm individual, in the intertidal mussel population at the six study sites. 
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Table 1.2: Multiple comparison of the slopes (A) and, if the slopes were equal, the intercepts (B) 
of the length/weight regressions for the months before and after a decline in the dry weight of a 65 
mm mussel, at each of the sites. The slopes of the two samples being compared are denoted as bi 
and b2, and the intercepts as a] and ab , q is the test statistic. Significant differences between the 
slopes, or if these were equal the intercepts, indicate"a decline in weight and that spawning occurred 
between the two sampling dates. The DF for the<critical value of q was calculated "as N-2k, where 
N is the total number of mussels sampled at the site and k was the number of months during which 
sampling took place at that site. 

(Table 1.2A) 

Site Dates bl b2 SE q P 
(month/year) 

Swartkops 7/89 - 9/89 0.023 0.016 0.0006 12.6841 <0.01 

N = 642 1190 - 2/90 0.026 0.017 0.0005 19.6319 <0.01 

k = 17 3/90 - 5/90 0.020 0.020 0 0 >0.05 

4/91 - 6/91 0.044 0.019 0.0004 64.0987 <0.01 

Brighton 5/89 - 6/89 0.074 0.002 0.0009 80.4641 <0.01 
Beach 

N = 651 7/89 - 9/89 0.027 0.014 0.0007 45.4908 <0.01 

k = 19 1190 - 2/90 0.013 0.016 0.0005 6.0000 0.05 

7/90 - 8/90 0.007 0.035 0.0012 23.8681 <0.01 

8/90 - 12/90 0.035 0.019 0.0007 24.3933 <0.01 

4/91 - 6/91 0.025 0.025 0 0 >0.05 

Diaz Cross 6/89 - 7/89 0.022 0.013 0.0007 18.9917 <0.01 " 

N = 527 10/89 - 11/89 0.026 0.002 0.0005 43.8020 <0.01 

k = 15 2/90 - 3/90 0.020 0.020 0 0 >0.05 

5/90 - 7/90 0.026 0.024 0.0005 4.0009 >0.05 

Kwaaihoek 6/89 - 8/89 0.026 0.015 0.0006 18.3333 <0.01 

N = 641 9/89 - 10/89 0.032 0.022 0.0005 19.1864 <0.01 

k = 16 1190 - 2/90 0.019 0.023 0.0002 20.8530 <0.01 

3/90 - 4/90 0.023 0.029 0.0005 12.9235 <0.01 

4/90 - 5/90 0.029 0.015 0.0005 27.7634 <0.01 
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Table 1.2A continued 

Site Dates b1 b2 SE q P 
(month/year) '" 

Kenton 6/89 - 7/89 0.019 0.015 0.0005 7.9015 <0.01 

N = 838 7/89 - 8/89 0.015 0.011 0.0005 8.5117 <0.01 

k = 20 9/89 - 10/89 0.014 0.014 0 0 r· A >0.05 

11/89 - 1/90 0.019 0.001 0.0004 44.6606 <0.01 

3/90 - 4/90 0.028 0.020 0.0004 21.1324 <0.01 

5/90 - 7/90 0.014 0.016 0.0004 5.0489 >0.05 

7/90 - 10/90 0.016 0.011 0.0004 17.3821 <0.01 

4/91 - 6/91 0.021 0.013 0.0003 24.3387 <0.01 

Three 4/89 - 5/89 0.067 0.011 0.0006 93.6693 <0.01 
Sisters 

N = 513 6/89 - 7/89 0.012 0.009 0.0006 5.1924 0.05 

k = 14 8/89 - 9/89 0.019 0.015 0.0005 7.5290 <0.01 

10/89 - 11/89 0.022 0.014 0.0004 20.8473 <0.01 

Table 1.2B 

Site Dates az a2 SE q P 
(month/year) 

- -
Swartkops 3/90 - 5/90 -0.632 -0.491 0.9885 9.1034 <0.01 

Brighton 4/91 - 6/91 -0.582 -0.597 0.9799 1.0210 >0.05 
Beach 

Diaz Cross 2/90 - 3/90 -0.594 -0.655 1.0023 0.0435 >0.05 

Diaz Cross 5/90 - 7/90 -0.671 -0.722 0.9282 0.0362 >0.05 

Kenton 9/89 - 10/89 -0.479 -0.498 1.1918 0.0122 >0.05 

Kenton 5/90 - 7/90 -0.265 -0.401 0.9867 0.0294 >0.05 
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Table 1.3: Cross correlation of the residual monthly fluctuations in body weight of a 65mm mussel, 
which reflects the spawning pattern of the mussel population, at each of the sites. The correlation 
coefficient (r) with no time lag between pairs of data sets is presented. Significant correlations are 
shown in italics. P< 0.05 is shown with one asterisk (*). The length of the time series varied 
between sites and where one time series was longer than another the shorter time series dictated the 
number of paired samples in the correlation, whith is indicated in brackets. 

Site SW BB DC KW KE TS 

. 

SW X 

BB -0.0515 X 

(22) 

DC -0.6118 -0.4372 X 

(17) (17) 

KW -0.6077 -0.5825 0.2185 X 

(17) (17) (17) 

KE -0.0041 0.39471* 0.2779 0.7410 X 

(22) (22) (17) (17) 

TS 0.4022 0.5910 0.2709 -0.6581 -0.2400 X 

(13) (13) (13) (13) (13) 
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The mean gamete output per spawning event was estimated as mean weight loss during the 

event. The mean value of 0.2025 + 0.0341 g dry weight (range 0.0580 g - 0.7000 g) for a 65mm 

P. perna during spawning, did not differ significantly (ANOVA, P=0.7389) froI11 the 0.2346 + 

0.0045 g (range 0.126 g - 0.6560 g) estimated for C. meridionalis (Table 1.4). ANOVA showed 

no significant differences (p=0.9536) in gamete output per spawning event among sites on the open 

coast or among sites in Algoa Bay (p=0.3401, Table 1.5), but average gamete output was 

significantly greater (p=0.005) in Algoa Bay (0.3225 + 0.0617 g) than on the open coast (0.1516 

+ 0.0248 g, Table 1.6). The annual gamete output of a 65 mm P. perna at each site ranged from 

0.6622 g to 1.642 g, while the annual gamete output of a 65 mm C. meridionalis ranged from 

0.9151 g to 1.0496 g. 

Settlement 

Temporal fluctuations in the density of recruits indicated that one or two· new cohorts . 

appeared in the mussel populations each year. Each cohort consisted of individuals settling during 

three to four peaks in settlement (see Chapter 5). Cross correlation of residual monthly fluctuations 

in recruit density showed the settlement pattern was similar at some sites (Table 1.7), but as with 

spawning, there was no relationship between the strength of the correlation and the distance between 

the sites (Fig. 1.3), due to small scale « 4 Ian) variation in the exact timing, intensity and duration 

of settlement peaks (Fig. 1.2). Settlement could occur at any time of year but the probability was 

greater in February and July and highest in October. 

Spawning and settlement 

Although spawning and settlement patterns appear chaotic at first, closer examination of the 

patterns at each site, showed that a protracted period of spawning was followed by an extended 

period of settlement, with several peaks in spawning and settlement activity during that time (Fig. 

1.2). Furthermore, although the exact timing, intensity and duration of the peaks varied, each 

spawning peak was consistently followed by a peak in settlement activity 4-8 weeks later at the same 
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Table 1.4: One way ANDV A comparing the mean gamete output (g dry weight per spawning event) 
of Perna perna and Choromytilus meridionalis in the Algoa Bay region. 

Source of SS MS· DF F P 
-~ -. 

variation 

Between 0.0027 0.0027 1 0.1170 0.7389 
r- --:"': 

groups 

Within groups 0.5365 0.0233 23 

Total 0.5392 
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Table 1.5: One way ANOVA comparing the mean gamete output (g dry weight per spawning event) 
of a 65 mm mussel among sites on the open coast (Diaz Cross, Kwaaihoek, Kenton, Three Sisters) 
and between sites within Algoa Bay (Swartkops and Brighton Beach). 

Region Source of SS .MS DF F p' 

variation 

Open Between sites 0.0041 0.0013 3 0.1090 -0:9536 

coast 

Within sites 0.1629 0.1253 13 

Total 0.1670 

Algoa Between sites 0.0371 0.0371. 1 1.2630 0.3401 

Bay 

Within sites 0.1762 0.0294 6 

Total 0.2133 
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Table 1.6: One way ANOV A comparing the mean gamete output (g dry weight per spawning event) 
of a 65 mm mussel in Algoa Bay and on the open coast. 

Source of SS M.s. DF F P 

variation 

Between 0.1589 0.1589 1 9.0609 0.0050 

groups 

Within groups 0.3803 0.0165 23 

Total 0.5392 
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Table 1.7: Cross correlation of the residual monthly variation in recruit density at each site. The 
correlation coefficient (r) with no time lag between pairs of data sets is presented, together with the 
number of data pairs in the correlation (n). The significant correlations are in italics. P< 0.05 is 
denoted with an asterisk (*) and P< 0.001 with two asterisks (**). There were too few pairs of data 
points to compare the settlement pattern at Three Sisters with the other sites, with the exception of 
Brighton Beach, where there were 13 data pairs 'and the settlement patterns were significantly 
correlated (r = 0.8686, P< 0.001). 

SW BB DC KW ,.-KE 

SW X 

BB 0.6008* (19) X 

DC 0.1182 (14) 0.5185* X 

(14) 

KW 0.1701 (14) 0.7785** 0.7374** X 

(14) (14) 

KE 0.3675 (19) -0.0934 -0.1128 -0.3950 X 

(19) (14) (14) 
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site. Cross correlation could not be used to verify this relationship because the time lag between 

spawning and settlement varied. However, there was a significant, positive linear correlation 

(regression, P < 0.001) between the intensity of spawning occurring prior to the appearance of a new 

cohort and the maximum density (settlement intensity) of the new cohort (Fig. 1.4). 

Spawning, settlement and environmental patterns 
r - -

Spawning and settlement can take place at any time of year in the Algoa Bay region (Fig. 

'1.2), but the probability of spawning and settlement was greater in some months than in others (Fig. 

1.5a). Spawning was most likely in winter and spring (May-October) and peaks in spawning 

probability occurred immediately prior to, or shortly after, the autumn (March/April) and spring 

equinox (September/October). As expected, peaks in spawning probability were followed one to two 

months later by peaks in settlement probability, which therefore coincided with the autumn (April) 

and spring equinox (October) as well as the winter solstice (July). 

Lagged cross correlation of spawning or settlement probability with wind, tide and 

temperature data showed that these general patterns were related to temporal fluctuations in 

environmental conditions. Spawning was inhibited by warm summer air (0 lag, r=-0.6656, 

P<0.05; Fig. 1.5b) and sea (0 lag, r=-0.7199, P<0.05; Fig. 1.5c) temperatures, and frequent 

south easterly winds (l lag, r=-0.7l24, P<0.05; Fig. 1.5d), but spawning peaks consistently 

occurred 2 months after peaks in the frequency of NW winds (r=0.6014, P < 0.05; Fig. 1.5e). 

Spawning was not correlated (p > 0.05) with NE winds (Fig. 1.5i), but settlement probability peaked 

1-2 months after peaks in the frequency of NE (l month lag, r=O.5106, P<0.05; Fig. 1.5i) and 

SE winds (2 month lag, r=0.6513, p<0.05; Fig. 1.5d). Unlike spawning, settlement was not 

correlated (p>0.05) with NW winds (Fig. 1.5e) or temperature (Fig. 1.5b & c). Neither spawning 

nor settlement were correlated with SW winds (Fig. 1.5g) or wind velocity (Fig. 1.5h). 

There was little correlation between the fluctuation in spawning probability and the mean 

monthly high and low tide level (Fig. 1.5 i & j). Increasing high tide levels generally coincided 
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with declining low tide levels and therefore with increasing tidal range. In contrast, declining high 

tide levels coincided with increasing low tide levels and therefore declining tidal range. Maximum 

tidal range during equinox spring tides, generally occurred every six months around spring 
-: . 

(September/October) and autumn (March/ April) alternating with minimum tidal range during neap 

tides in winter (June/July) and summer (December/January, Fig. 1.5i & j). 

Spawning probability generally increased during periods of change in tidal range, after or 

prior to, equinox spring tides, while settlement probability increased when tidal range was at its 

maximum or minimum (Fig. 1.5i & j). 

Discussion 

The link between the timing and intensity of local patterns of spawning and settlement in 

intertidal mussel popUlations along the south coast of southern Africa, suggests that larval dispersal 

was limited (Fig. 1.4). The same thing can be said for: echinoderms, as there is a positive 

correlation between spawning and recruitment on an island and a good correlation between adult and 

recruit density on three islands (Hunte & Younglao 1988); for damsel fish, since larval production 

accounts for 50% of the variance in recruitment (Meekan et al. 1993); and for abalone and scallops, 

because of the positive stock-recruitment relationship (prince et al. 1987 & 1988, McShane et al. 

1988, Peterson & Summerson 1992). 

As Hunte & Younglao (1988) point out, this evidence is purely circumstantial and must be 

viewed with caution, because results may be explained by selective settlement and/or reduced post-

settlement mortality adjacent to adults. However, the primary determinant of settlement intensity 

is larval supply (Roughgarden et al. 1985, Bertness et al. 1992), and while selective settlement may 

modify local settlement patterns, it is unlikely to account for major differences in settlement 

intensity. Post-settlement mortality may be important, as most of these studies, including the present 

one, measure recruitment of juveniles shortly after settlement rather than settlement per se. Shortly 

after settlement, recruit density generally reflects settler density but density dependent post-settlement 
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mortality may uncouple the relatio~ship as time progresses (Caffey 1985, Connell 1985, Davis 1988, 

Fairweather 1988, Bertness 1989, McGuiness & Davis 1989, Holm 1990, Roegner 1991). Thus it 

is important to distinguish between the number ,of juveniles surviving the first few weeks after ". . 

settlement Guvenile recruitment) and the number surviving to maturity (adult recruitment), but the 

terms settlement and juvenile recruitment can be used inter-changeably. Therefore, it seems feasible 
,-- -

to attribute a link between the timing and intensity of spawning and recruitment of juveniles shortly 

after settlement, to limited larval dispersal. 

One implication of the link between spawning and settlement, is that factors causing variation 

in the timing and intensity of spawning are the primary cause of variation in settlement. There is 

a definite association between spawning patterns and latitudinal gradients in factors such as 

temperature, photoperiod, phytoplankton production and thus food availability (eg. Wilson & 

Hodgkins 1967, Bayne 1975 & 1976, Lewis 1980, Griffiths & Griffiths 1987). Species which 

conform to the expected zoogeographical latitudinal pattern include: holothurians (Costelloe 1988), 

oysters (Braley 1982, Lasiak 1986), starfish (Barker 1979, Barker & Nichols 1983), barnacles 

(Lewis 1980 and literature therein, Kendall et aI. 1985), limpets (Lewis 1980 and literature therein, 

Bowman & Lewis 1977), shrimps (Bauer 1989, Bauer & Rivera-Vega 1992), crabs (Dinnel et aI. 

1993) and amongst others mussels especially mytilids (Chipperfield 1953, Wilson & Hodgkins 

(1967), Seed 1976, Griffiths 1977, Lasiak 1986, Griffiths & Griffiths 1987, King et al. 1989, Shafee 

1989, van Erkom Schurink 1991, Caceres - Martinez et aI. 1993). In high latitude temperate and 

boreal climates, environmental c~nditions undergo extreme seasonal fluctuations, and are only 

suitable for breeding for a short period each year (Chipperfield 1953, Seed 1975, Lewis 1980, 

Kautsky 1982, King et aI. 1989, Grehan 1991, Chen & Chen 1992). Therefore, breeding occurs 

at much the same time of year at different sites, but there are large interannual fluctuations in 

reproductive effort and recruitment (Lewis 1980). At the other extreme - breeding occurs 

throughout the year in tropical climates with constant environmental conditions (Thorson 1954, 

Brayley 1982, Bauer 1989, Bauer & Rivera-Vega 1992). The breeding pattern of mussels along the 

south coast of South Africa is what one would expect in moderate sub-temperate climates (Lasiak 
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1986). There were protracted periods (3-6 months) of spawning and settlement, with stochastic 

variation in the timing and intensity of peaks in activity between sites and over time (Fig. 1.1). 

Stochastic variation in spawning and settlement- periodicity was superimposed on a more 

deterministic pattern of increas~d breeding activity at certain times of year (Fig. 1.5a). 

Un surprisingly , these deterministic patterns were linked to variations in climatic and hydrological 

conditions. Warm summer temperatures inhibited spawning, and spawning probability was greatest 

in winter and spring when sea temperatures drop below 18°C (Fig. 1.5b & c). This is supported 

by van Erkom Schurink (1991) who recorded a correlation between the spawning activity of mussels 

and changes in temperature around the coast of South Africa. The coastal climate and hydrography 

along the coast of South Africa are largely determined by the Benguela and Agulhas currents, and 

can be divided into three broad biogeographical zones: the cool sub-temperate west coast, the warm 

sub-temperate south coast and sub-tropical east coast (Branch & Branch, 1981). P. perna is a 

warm-water species, and the reproductive output decreases from 0.7120 - 1.1642 gon the south 

coast in Algoa Bay (this study), to 0.52 - 0.82 g further ~outh in False Bay at the tip of Africa (van 

Erkom Schurink 1991). In contrast, C. meridionalis is a cold-water species and the maximum 

annual gamete output decreases slightly from 0.78 - 1.23 g on the west coast (van Erko_m Schurink 

1991) to 0.9151 - 1.0496 g, on the south coast near the northern limit of its range (this study). This 

pattern suggests that temperature determines both the rate of gametogenesis and stimulates spawning. 

This is supported by Griffiths (1977) who linked gametogenesis and spawning to upwelling. She 

suggested that increased phytoplankton production and thus food availability following upwelling of 

cold, nutrient rich water, increased the rate of gametogenesis, and that once the gonad was mature, 

the sharp declines in temperature trigger spawning. Wind generates upwelling off the leeward side 

of prominent capes on the south ~oast (Schumann et al. 1982), and subsequent transport of this 

upwelled water results in small scale local variations in temperature and nutrient availability (Beckley 

1988), which may account for the variation in the exact timing and intensity of spawning and 

settlement between sites only four kilometres apart. 

Since winds influence circulation patterns, sea temperature and food availability (Griffiths 
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1977, Schumann et al. (1982), Shanks (1986a) was able to correlate daily settlement of barnacle 

cyprids with winds and tides causing onshore flow. He found a semilunar periodicity in daily 

settlement rate which suggests that they are carried . onshore by tidally induced int~rnal waves, and 
-~ . 

the distribution of these waves determine initial settlement patterns along the shore (Shanks 1983 & 

1985, Shanks & Wright 1987). However, the evidence for correlation between wind generated 
,.. - -

currents and settlement is ambiguous. Variation in wind velocity accounted for a significant 

-
proportion of the short term variance in the abundance of drifting bivalves and gastropods (Armonies 

1992), and maximum settlement rates have been recorded during periods of winds that create 

onshore flow (Hawkins & HartnoIl1982), but they have also been recorded when winds are offshore 

(BenneIl1981). The most complete analyses of the relationship between environmental factors such 

as wind and temperature with settlement come from the long-term studies of a number of rocky 

shore species in the United Kingdom (Lewis 1980). Wind was successfully correlated with 

fluctuations in annual barnacle recruitment at several sites, and with differences in general recruit 

intensities between windward and downwind facing areas. In addition there was a more uniform 

recruitment pattern along straight coasts in comparison to the more irregular pattern on complex, 

convoluted coasts which affects the orientation of sites relative to the wind (Lewis 198Q). 

On the south coast of southern Africa frequent NW winds produce favourable conditions for 

gametogenesis and spawning in winter, while circulation patterns appear to be most favourable for 

settlement during the SE and NE winds which increase in frequency in spring through to early 

autumn (Fig. l.5d, e & f). Tidal range, also influences the degree of cross-shelf flow (Romer 1986) 

and thus dispersal and settlement. Furthermore, it determines the period of immersion and emersion 

at high and low tide respectively, which could affect the rate of gametogenesis as it determines the 

length of time available for feeding (Keats & Steele 1984), as well as spat mortality which can be 

high after prolonged exposure to extremely high or low temperatures (Bowman & Lewis 1977, 

Lewis 1980). Peaks in spawning activity generally coincided with periods of change in tidal range 

immediately prior (February, August) and/or shortly after (May) the autumn (March/April) and 

spring (Septmeber/October) equinox (Fig. l.5i & j). Since spawning followed settlement 4-8 weeks 
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later, peaks in settlement activity coincided with periods of maximum tidal range during equinox 

spring tides (April, October), and with minimal tidal range during winter solstice neap tides (July) 

(Fig. 1.5 i & j). 

Although periods of increased spawning and settlement activity can be predicted from easily 

measured wind, tide and temperature data, further research is required to assess whether this is also 
,..- -

true for the intensity of spawning, especially since this study showed that spawning intensity is the 

primary determinant of juvenile recruitment. 

In conclusion, links between local patterns of spawning and settlement suggest that larval 

dispersal is limited, and that settlement is primarily determined by wind, tidal range and 

temperature, as these factors affect gametogenic and spawning activity, circulation patterns 

determining larval dispersal, and probably spat survival. 
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CHAPTER 2 

THE INFLUENCE OF LARVAL BEHAVIOUR AND CIRCULATION 

PATTERNS ON THE DISTRIBUTION AND DISPERSAL OF PLANKTONIC 

-- -
BIVALVE LARVAE 
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Introduction 

Local patterns of spawning and settlement are linked in intertidal mussel populations along 

the south coast of southern Africa, suggesting that larval dispersal is limited (Chapter 1). However, 

larvae are only capable of weak swimming movements and should theoretically be transported 

hundreds of kilometres in the 3 to 4 weeks they spend in the plankton. Hydrographic processes 

acting on various scales influence larval distribution, dispersal and supply, and thus affect settlement 

patterns (Coe 1953, Bailey 1981, :f<rith 1981, Shanks 1983 & 1986a, Cowen 1985, Leis 1986, Frith 

& Mason 1986, Tanaka et al. 1986, Shanks & Wright 1987, Feche1m & Fissel 1988, Clancy & 

Epifanio 1989, Black & Moran 1991, Kingsford et al. 1991, Fowler et al. 1992, Graham et al. 

1992). It is also known that passive dispersal of larvae by currents is modified by larval behaviour, 

which allows them to contro:! their distribution to s.ome extent, and may limit their dispersal (Crisp 

& Southward 1953, Thorson 1961, Banse 1968, Scheltema 1975, Levin 1983, Mileikovsky 1973, 

Gerrodette 1981, Leis 1986, Shanks 1986b, Palmer 1988, Davis & Butler 1989, Pillar et ai. 1989). 

However, there is very little information on circulation patterns and larval behaviour around rocky 

shores which can be used to establish whether and how the dispersal range of bivalve larvae is 

limited. 

Intertidal mussel populations on wave swept rocky shores in the Algoa Bay region, release 

their gametes into a high energy surf zone, where turbulence may disperse gametes and reduce 

fertilisation success to as little as 0.01 to 3% (Denny & Shibata 1989), but 80 to 100% of the eggs 

may be fertilised in small surge channels which act as containment vessels (Denny et ai. 1992). 

Although these channels trap gametes for long enough (16 minutes) to ensure fertilisation, the 

retention time is far shorter than the average 3 to 4 weeks it takes mytilid larvae to complete 

development (Thorson 1950). Developing larvae swept out of these protected environments enter 

larger mainstream circulation cells in and adjacent to the surf zone (Denny et ai. 1992), where their 

distribution and dispersal may be influenced by tides, wind, topography and possibly larval 

behaviour (Goschen & Schumann 1988, Talbot & Bate 1988a). In the Algoa Bay region, tides only 
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have a limited capacity to transport larvae over distances greater than the tidal excursion, as there 

is little net tidal flux (Romer 1986). Dispersal is probably influenced mainly by wind generated 

currents. There are four predominant winds in this' region (Roberts 1989, Schum(\Jln et aZ. 1991, 
"~ -. 

Schumann & Martin 1991). Roberts (1989) used drogues with vanes suspended at different depths 

to measure current speed and direction generated by these winds in and immediately adjacent to the 

surf zone. He found that in Algoa Bay currents generally flow parallel to the coast in an easterly 

direction during calm periods or during south westerly, south easterly and north westerly winds, 

while wind from the north east produced a westward flowing current. The depth to which wind 

affects the current speed and direction depends largely on the strength of the wind. The current 

profile can be quite complex during light variable winds (Roberts 1989), and larvae at different 

depths may be transported in different directions. Consequently, if their weak swimming capabilities 

or adaptive behaviour allow them to control their vertical distribution, larvae may have some control 

over their dispersal, as has been documented for zooplankton in estuaries (Sandifer 1975, Cronin 

& Forward 1979, Mann 1988, Kaartvedt 1989, Laprise & Dodson 1989, Dauvin & Dodsin 1990), 

deeper coastal and oceanic waters (Scheltema 1975, Rimmer & Phillips 1979, Shanks 1986b, 

Epifanio et aZ. 1988 & 1989, Lipcius et aZ. 1990), and for the diatom Anaulis birostratus -in the surf 

zone off sandy beaches (Talbot & Bate 1988a). In addition, irregular reef or shore topography 

modifies local flow patterns generated by winds, and minimal net water movement out of bays, small 

gullies or channels and eddies associated with reef edges, may have a marked effect on the 

distribution and dispersal of larvae in these areas (Black & Gay 1987, Black 1988, McShane et aZ. 

1988, Sammarco & Andrews 1988, Denny et al. 1992). 

Larval behaviour, reversals in current direction caused by changes in wind direction, as well 

as entrapment of larvae in areas of minimal water movement may affect the distance larvae are 

dispersed by currents. Direct in situ observations of large lecithotrophic larvae have shown that 

larval behaviour, swimming time, current speed and direction influence dispersal, and that two 

models can be used to estimate the dispersal distance. The first, assumes that distance dispersed (d) 

is equal to the product of swimming time (t) and the current speed (s) (Davis & Butler 1989). The 
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second, d=alt t/ = square root), assumes that distance dispersed is proportional to the square root 

of swimming time, as larval movements are more random than linear (Gerrodette 1981). a is related 

to the diffusion constant used for describing Brownian or random motion (Gerrodette 1981). To 

calculate the dispersal range and direction of a larva it is necessary to take into account variations 

in the direction in which it drifts, as this may reduce the net distance the larva is transported if it 

drifts back and forth along the coast. 
~ - -

- At present no means exist to follow the movements of microscopic larvae in the plankton in 

order to assess whether they are transported by wind generated currents and whether larval 

behaviour does influence their dispersal. However, larval dispersal can be simulated using dye, drift 

cards or tubes (Levin 1983, Tegner & Butler 1985) and drogues (Fortier & Legget 1985, Shanks 

& Wright 1987). Alternatively movements of larvae may be simulated by temporal changes in the 

distribution of phyto- or zoo-plankton at a series of stations arranged vertically or horizontally, often 

on a sampling grid (Heath et al. 1987, Talbot & Bate 1988 a,b & c, Pillar et al. 1989, Webb & 

Wooldridge 1990). These studies have mostly been undertaken on a large scale in deep water over 

the continental shelf or in the open ocean, and sampling periodicity varies from days to months and 

transects are generally kilometres long and located several kilometres apart. Few studies have 

examined larvae in the nearshore region but the present study redresses this imbalance. The purpose 

of the study was to follow the movement of larvae adjacent to the surf zone and to assess whether 

their movements were affected by wind-driven currents, and to examine changes in the vertical 

distribution of larvae and currents to assess whether vertical migration of larvae affects longshore 

dispersal. Finally, assuming that larvae are passively dispersed by wind-driven currents, the total 

distance travelled and the net direction and range of dispersal were estimated for planktonic larvae 

with an average life span of a month. 
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Methods 

Larval distribution on plankton grids 

Plankton sampling took place at Kenton, both in the surf zone and offshore of the breaker 

line 100 to 400 metres from intertidal wave cut platforms covered in dense beds of Perna perna 

(Fig. 2.1). 

The position of sampling stations at Kenton was determined by observing the movements of 

rhodamine dye released from the shore shortly after high tide. Dye was released on three days in 

September 1990, each day from a different position on the kilometre-long shore line. On each 

occasion three sealed plastic bags each containing - 333 ml of rhodamine were thrown into the 

water at a rate of one every three minutes. Each bag burst open upon hitting the water, releasing 

the dye, so that three plumes of dye were clearly observed in the water. The movement of the dye 

was traced using photographs taken every 2-3 minutes for the 15 - 20 minutes the dye remained 

visible, from an aeroplane flying overhead at an altitude of 500 m. On one occasion the dye 

released into the surf did not move offshore and eventually accumulated in a shallow embayment 

(Fig. 2.2). However, at two other positions the dye was carried rapidly offshore in rip currents (Fig 

2.3). Just beyond the surf, offshore movement of the dye ceased abruptly (Fig. 2.3) and it dispersed 

slowly along the back line of the surf in the direction of the wind, becoming more and more diffuse 

and eventually disappearing from sight 15 to 20 minutes after being released. The movement of 

larvae beyond the surf zone was simulated over a longer period by observing the movements of eight 

drogues which were released 20 m behind the surf zone from a boat on the 24 September 1990. The 

drogues consisted of bright yellow floats the tops of which protruded about 20 cm out of the water, 

from which orthogonal vanes (20 x 20 cm) were suspended on string at depths of one and three 

metres. Regardless of the depth of the vane most of the drogues drifted in a westerly direction but 

towards the shore, and were probably carried by a longshore current generated by the prevailing 

north easterly wind. Three of the drogues were trapped for over half an hour in a small eddy close 

to an exposed reef about 140 metres offshore, and one of these was washed onto the beach. 
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Figure 2.1: Map of the Algoa Bay region showing the study sites at Kenton and Fountain Rocks. 
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Figure 2.2 (opposite page): Aerial photographs of the Kenon study site, showing how rhodamine 
dye released from the shore at one point, was washed back onshore, where it accumulated in gullies 
and surge channels. The time (minutes) elapsed since the dye was released is shown in the top left 
hand corner of the photographs. 

-~ . 
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Figure 2.3 (opposite page): Aerial photographs of Kenton, showing how rhodamine dye released 
from one point on the shore was rapidly transported offshore by a rip current, accumulating in the 
slack water immediately behind the surf zone. The sand in the water column immediately behind 
the surf zone is typically associated with rip current activity. The time (minutes) elapsed since the 
dye was released is shown in the top left hand corn~r of the photographs. 

r- -
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To assess whether larvae were found within the surf zone adjacent to the rocky shore, 

samples were taken from a gully into which the rhodamine dye released from the shore had been 

washed and trapped for 15 to 20 minutes. Two replicate vertical hauls of 3 to 6 m~tres, depending 
-< 

on the tide, were performed in the centre of the gully, every three hours over three 24 hour periods 

in September 1990. A 0.250 mm mesh plankton net 30 cm in diameter fitted with a cod end with 

a filtering mesh of 0.180 mm, was used to take the samples. The same plankton net was used for 

all plankton sampling in this study. The samples were preserved in phenoxytol and analysed later 

in the laboratory. In the laboratory plankton samples were examined under a dissecting microscope 

fitted with a micrometer. The total number of bivalve larvae in each sample was counted and a 

sample from each day was measured. All plankton samples taken during this study were processed 

in this manner. 

Small scale, short term changes in the distribution and abundance of bivalve larvae on a 

plankton grid located immediately offshore of the breaker line were examined at Kenton on the 24 

and 28 September 1990 and the 18 and 19 March 1991. To establish the uniformity of the larval 

distribution in this region, sampling took place opposite a rocky shore (grid 1) and sandy beach (grid 

2) in 10 m of water about 120 m offshore, and in 20 m of water about 400 m from the .rocky shore 

(grid 3). The position of each grid, the date it was sampled, the dimensions and the arrangement 

of stations, are shown in Figure 2.4. 

The aim of this experimen~ was to obtain an "instantaneous" picture of the distribution and 

abundance of larvae on the grid and to compare this to the distribution at a later time. In this 

respect the spatial and temporal aspects of the experimental design and the method of 'sampling were 

extremely important. One important consideration was to pinpoint the abundance of larvae at a 

station at one time, and another was to be able to sample all the stations on the grid before the larvae 

at one station could be carried to another station. This limited the size of the grid and meant that 

the sampling procedure at each station had to be quick and efficient. However, this had to be 

balanced by the fact that several samples are required to obtain a representative picture of the 

distribution and abundance of larvae, which are patchily distributed over a broad spectrum of scales 
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(Barnes & Hughes 1982). Working from a boat, the number of larvae at a station was established 

by hauling a plankton net vertically through the water column, from the bottom to the surface at a 

rate of approximately 0.33m.s-l . The plankton net "described above was light, easy to handle and 
-~ . 

fine enough to fIlter out veliger bivalve larvae of around 0.250 mm or more, which minimized the 

time (- 3 minutes) spent at each station. Samples were preserved in phenoxytol. Each of the 

stations was numbered and the date, station number, time and depth of the haul were recorded. 

Stations were sampled in numerical order, beginning at station 1 nearest the shore and ending at 

station 25 furthest offshore (Fig. 2.4). A sampling session took an average of 50 minutes to 

complete (Fig. 2.4). The number of sampling sessions per day was limited by deterioration of 

weather conditions in the afternoon. There were four sampling sessions on the 24 September and 

three on the other days. The interval between sampling sessions had to be long enough to allow 

changes in the distribution of the larvae but short enough to avoid larvae being advected away from 

the grid between sessions. The interval between the start of each sampling session varied from 106 

to 150 minutes on the 24 September but was shorter (39 to 85 minutes) on other sampling days (Fig. 

2.4). 

The spatial distribution of larvae within the grid during each sampling session was illustrated 

with a surface contour map using the computer software programme SURFER. The change in the 

distribution of larvae on a grid between sampling sessions was examined to follow the longshore 

movement of larvae. 

To establish whether changes in larval distribution were due to dispersal by wind-driven 

currents, on each of the five sampling occasions the current speed and direction on the grid was 

recorded once or twice at one metre depth intervals down to 10 m. Variation in current speed on 

anyone sampling occasion was small so further replication was considered unnecessary. A current 

meter equipped with a flow meter and a low velocity rotor, capable of measuring very low 

velocities, was used to measure current speed. The current meter was suspended overboard when 

the boat was anchored. A heavy arrow-shaped weight with a horizontal stabilising vane, ensured 

that the meter hung vertically down. The direction of currents at the different depths were 



Grid 3 
e e e ~: 10m • e e 
e e e e 
e e e e .. • 

300m 

Grid 1 Nearshore zone 
15e elO 20e 

1ge 

18e 
14e e9 

13e e8 

es 
e4 
e3 .----sampling station 

_1~ __ 12e&l.:7 ___ e2 
16e 1. I eEl ~ 

Dye~ 
Reef • Grid 2 

e e e 
e e e e 
e e e e 

Wave cut platforms e e e , ~ 

Surf zone ~ 
Rocky shore 

Shore line Beach 

51 

24/9/00 

I 
1 

I 
1 

I 
9:39 - 10:40 

2 12:09 - 13:00 

/ 13:55 - 14:48 
16:17 - 17:18 

/ 
28/9/00 I I 8:14 - 9: 14 

2 9:20 - 10:33 

3 10:40 - 11 :3 1 

18/3/9 1 (am) I I 7:40 - 8: 16 

I 
2 8: 19 - 8:56 

3 9:54 - 10:29 

I 18/3/91 (pm) 2 I 11 :09 - 11 :45 

I 
2 11 :49 - 12:21 

3 13:02 - 13:46 

I 
8:05 - 9:06 19/3/91 3 I 

2 9:29 - 10:22 
3 10:49 - 11 :46 

Figure 2.4: A photograph and stylised map of Kenton, showing where dye was released from the shore and the location of the sampling grids_ The 
date and time each grid was sampled is shown in the table_ 
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established by observing the direction in which the arrow of the stabilising weight pointed. This 

information was used to establish a vertical current profile and to calculate the mean current speed 

and direction on the grid for each sampling occasion. To assess whether current speed varied with 
.< 

depth, the current speed measured at various depths was regressed against depth. In addition, the 

wind direction and relative strength at the sampling site was noted at the start and finish of the 
,.. - -

sampling sessions. The direction of the wind, the general strength and direction of the currents, and 

the speed and direction in which larvae appeared to move were compared. 

Horizontal stratification and vertical migration 

To assess whether larval abundance was horizontally stratified at Kenton on the 24 and 28 

September 1990, 1 and 10 m vertical hauls were performed at each sampling station. On the 

morning and afternoon of 18 March 1991, the vertical distribution of larvae on the grid was 

examined by doing ten vertical hauls starting at the surface and increasing in one metre intervals to 

10 m. This procedure was repeated on the 19 March 1991 except the depth interval increased by 

2 m. If larvae are distributed throughout the water column, the number of larvae captured would 

increase with the volume of water sampled. Consequently on the 24 and 28 September the 

abundance of larvae in the 1 and 10 m hauls were compared using Mann-Whitney test CZar 1984), 

and on the 18 and 19 March 1991 the number of larvae in a sample was regressed against the 

vertical height of the sample. 

To obtain an indication of whether or not larvae migrate vertically between dawn and dusk, 

sampling took place in October 1991 at Fountain Rocks, an exposed reef covered in" dense beds of 

P. perna (Fig. 2.1). The reef is located at the mouth of the Kowie River about 150m offshore. The 

water depth around the reef ranged from 3 to 18 m, but was generally about 10 m. Although 

continuous sampling is ideal for observing changes in the vertical distribution of larvae, sea 

conditions in the vicinity of the surf zone made sampling too dangerous at night, and prevented 

continuous sampling from dawn to dusk. However, the most marked changes in the vertical 

distribution of many planktonic species occurs at dawn and dusk, and this horizontal stratification 
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persists throughout the day (Barnes & Hughes 1982). Therefore, the vertical distribution of larvae 

was examined by taking 3-5 replicate samples from around the reef at dawn (5:30 - 7: 10), during 

the day (9:36 - 11 :00; 12:52 - 13:45) and at dus~< (16:50 - 18:30), between the 16 and 18 October 

1991. Sampling involved executing vertical hauls over discrete depth intervals of 1 to 2 m, from 

the surface to the bottom of the water column. The samples were collected with a 0.250 mm mesh 

strangle net, fitted with a cod end with a flltering mesh of 0.180 mm. The volume of water flltered 

was determined from the vertical height of the haul and from the diameter of the net. Samples were 

preserved in 90% alcohol. The concentration of larvae in each of the samples was calculated. A 

Kolmogorov-Smirnov test (Zar 1984) was used to compare the observed concentration at discrete 

depth intervals with those expected if the larvae were uniformly distributed. 

On each sampling occasion the current direction was observed from the direction of motion 

of orthogonal vanes (20 x 20 cm) suspended at various depths. This was used to establish a vertical 

current proflle that was compared with the vertical distribution of the larvae to test the hypothesis 

that larvae at different depths are carried in different directions. The direction and relative strength 

of the wind at the site during each sampling period was recorded and compared to the current 

direction. 

The information on the vertical distribution of larvae at Kenton and at Fountain Rocks, 

together with the information on the vertical stratification of current direction and speed, was used 

to make a preliminary assessment of whether larvae close to shore could use vertical migration to 

control their longshore dispersal. 

Larval dispersal range 

If larvae are passively dispersed by wind driven currents, it can be assumed that larval 

dispersal rate and direction is the same as the prevailing current speed and direction. Roberts (1989) 

produced a model for the nearshore zone in Algoa Bay which allows current speed and direction to 

be estimated from the prevailing wind speed and direction (Table 2.1). Using this model the total 

distance travelled and the net range and direction of dispersal in a month, were estimated for larvae 



54 

Table 2.1: A summary of a conceptual model of the typical direction and speed of wind generated 
currents immediately behind the surf zone in Algoa Bay, recorded by Roberts (1989). The general 
direction in which these currents transport effluent released into or just behind the surf is also 
indicated. The? denotes a current speed and direc~on which was not recorded by Roberts (1989). 

"~ ". 
Wind Current Effluent 

Direction Speed Speed and direction Direction 

~ - -
(m.s·l ) Surface (0.5 - 1 m) Sub-surface (> 1 - 5 m) 

-
SW 15 0.10 - 0.15 0.15 - 0.02 NE along coast 

NE NE 

NE 15 0.03 - 0.06 ? SW along coast 

SW 

NW <7 0.05 - 0.07 0;03 SE offshore 

SE E (1-2 m) «0.5m). NE 

N (>2 m) longshore & 

sub-surface 

SE <7 <0.05 <0.05 - 0.02 NE along coast 

NW N 

Calms 0 0 <0.03 NE along coast 
-

NE NE in residual sub-

surface drift 
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produced each month between March 1989 and June 1991. Two estimates were made - the first 

using the relationship d = Sf and the second d = It'It. d is the distance travelled, a is a 

proportionality constant estimated from s, the current speed, induced by wind blowing for time t, 
-~ . 

either from the NE, SW, SE or NW or the residual current velocity during calms. The frequency 

(hours. month -1) and mean velocity of these winds each month and the duration of calm periods was 

calculated from hourly wind data recorded at Port Elizabeth Airport. The feasibility of using wind 

data collected 1-2 km inland rather than on the coast, was established by comparing the relative wind 

speed and direction recorded during each of the plankton sampling occasions at Kenton and Fountain 

Rocks, with that recorded over the same time period at Port Elizabeth Airport. Roberts (1989) 

showed that currents generally flow parallel to the coast in the direction of the wind. The total 

distance dispersed was calculated as the sum of the distance moved in each direction, while the net 

dispersal range and direction was calculated as the difference between the distance moved east during 

SW, SE, NW winds and calm periods and the distance moved west during NE winds. 

Furthermore, these theoretical estimates were compared with those obtained when the mean 

larval dispersal rate (s") and the square of the mean distance travelled by larvae per unit time (a n), 

estimated from the in situ experiments described above, were used to calculate the total distance 

travelled and the net range and direction of dispersal. 

Results 

Plankton samples taken 120 to 400 m offshore contained several species of bivalve larvae, 

but no larvae were found within the surf zone over three 24 hour periods. The bivalves fitted the 

description of mytilid veligers provided by Rees (1950) and Fuller & Lutz (1989), and ranged from 

0.2 mm to 0.8 mm (Fig. 2.5 & Fig. 2.6). 
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Figure 2.S (opposite page): The external morphology of various bivalve larvae, found in the water 
column adjacent to the intertidal mussel beds at Kenton. From the descriptions provided by Rees 
(1950) the larvae were identified as belonging to the families, Mytilacea (l,3,5 & 6), Anomiacea 
(2) and possibly Erynacea (4). The magnification varies but measurements showed the larvae were 
- 0.3 mm long. 
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Figure 2.6: The size distribution of mytilid veliger larvae found in the nearshore region adjacent 
to the surf zone at Kenton. 
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Larval distribution on plankton grids 

Surface contour plots indicate that the horizontal distribution of larvae on a grid was patchy 

(Fig. 2.7). The concentration of these patches varied on different sampling occasions. The size of 
-,: -. 

these patches also varied, ranging from 10 to 30 m in width (offshore/onshore) to 100 to 600 m in 

length Oongshore). During each of the sampling sessions on a grid, individual patches were 

classified according to their concentration and size, and the direction, distance ~d speed with which 

-
these patches moved between sampling sessions was determined. Although patches of larvae on a 

grid could be formed by the aggregation of scattered individuals, this was unlikely given the spatial 

and temporal design of the experiment. Changes in the position of patches were generally easy to 

follow on most of the grids sampled, as a sampling session began only + 20 minutes after the 

previous one had finished (Fig. 2.4). On the 24 September 1990 the time lapse between sampling 

sessions was slightly too long (106-150 minutes), but a patch of larvae at the offshore edge (top) of 

the grid appeared to move along the shore in a westerly direction, with a slight onshore component, 

between the third and fourth sampling sessions (Fig. 2.7a). Analysis of the surface contour plots 

showed that larvae moved in opposite directions at different times, and in general, larvae 10 to 20 

m or more behind the breaker line of the surf tended to drift parallel to but also towar~s_ the shore, 

while those closer to shore drifted parallel to the shore behind the surf zone (Figs. 2.7a-d). 

These results indicate that it is possible to use this type of experimental design to trace 

indirectly the horizontal dispersal of larvae in situ, in the nearshore region. However, the 

experiment could be improved upon by increasing the dimensions of the grid to 5 or 6 transects, 

although this must be balanced by the speed with which one sampling session can be completed, and 

by increasing the number of sampling sessions to five or more if possible. On the 19 September 

1990, sampling took place on a grid further offshore, in 20 metres of water, and it was difficult to 

identify any particular patch which could be followed (Fig. 2.7e). It is possible that the patches of 

larvae move across and off the grid far more quickly further offshore where the current speed was 

significantly greater (ANOVA, Tukey range test, P < 0.05) than on the other grids close to shore 

(Table 2.2a & b). Alternatively because it was deeper further offshore and the larvae were 
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Table 2.2a: One way ANOVA comparing the mean current velocity (m.s· l
) measured on each of 

the grids sampled. 

Source of SS DF 'MS F P 

variation 

Between 0.0391 4 0.0098 15.8830 <o.ooof 

groups 

Within 0.0338 55 0.0006 

Groups 

Total 0.0729 59 

Table 2.2b: Tukey multiple range test indicating the difference in the mean current velocity 
recorded on each of the five grids sampled. HG denotes homogenous groups. The mean abundance 
was the same on those dates with stars (*) in the same vertical line, but differed significantly from 
on those dates with stars in another vertical line. This interpretation of multiple range test results 
applies throughout this thesis. 

Date Grid Count Average (m.s· l ) HG 

24/9/90 1 20 0.1300 * 

28/9/90 1 10 0.1170 * 

18/3/91 (am) 1 13 0.1208 * 

18/3/91 (pm) 2 7 0.1329 * 

19/3/91 3 10 0.1780 * 
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distributed throughout a greater volume of water, these patches could have been missed because the 

resolution of the grid was too low. It is possible that high concentration patches of larvae could 

have been identified and followed had there b~n more sampling stations on the grid further 

offshore, as this would have counteracted the spatial effects of the increased volume of water. 

The mean rate of larval patch movement (0.12 + 0.09 m.s· l
) fell within the range of current 

speeds (0.03 to 0.21 m.s· l
), which were recorded on the grids during the sampling period (Fig. 2.8, 

Table 2.3). In addition, the direction in which the larvae moved generally coincided with the 

direction of wind driven currents (Fig. 2.7). On the 24 September a NE wind generated a SW 

current of 0.03 to 0.16 m.s'l, and the larvae moved in a westerly direction along the shore at an 

average rate of 0.07 m.s· l (Fig. 2.7a, Fig. 2.8, Table 2.3). On the 28 September 1990 there was 

no wind during the sampling period but a strong NE wind which had previously been blowing had 

generated a SW current (0.09 to 0.14 m.s· l
), and the larvae drifted west at a rate of 0.06 to 0.08 

m.s· l (Fig. 2.7b, Fig. 2.8, Table 2.3). A SW wind started blowing towards the end of the sampling 

period and resulted in a switch in the current direction in the afternoon, but this was unlikely to have 

affected the dispersal of larvae during the sampling period to any great extent (Fig. 2.7b). There 

was very little wind prior to the morning of the 18 March 1991 and it was calm during the sampling 

period, however, there was a strong residual NE flow of between 0.08 and 0.18 m.s· l (Fig.2.7c, 

Fig. 2.8), as commonly occurs on this coast during long calm periods (Roberts 1989, personal 

observation). By the time sampling began on a second grid on the afternoon of the 18 March 1991, 

a relatively strong NE wind had begun blowing and the current direction switched from NE to SW 

(Fig. 2.7c & d). This switch in the current direction was associated with a switch in the direction 

in which the larvae moved. In the morning the larvae moved in a NE direction at a rate of 0.13 

m.s· l and were probably carried by the residual NE flow, while in the afternoon the larvae were 

carried in a SW direction at a rate of 0.30 m.s· l
, probably by a SW longshore current (Fig. 2.7c & 

d, Table 2.3). On the afternoon of the 18 March the current speed ranged between 0.12 and 0.16 

m.s· l which was slower than the rate at which the larvae were observed to move. However, the 

current speed was measured 20 to 30 metres behind the surf zone whereas longshore currents in the 
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Figure 2.8: Regression of the current speed (dependent variable) against the depth at which the speed was measured (independent variable), during 
each of the sampling occasions at Kenton. Regression lines are only shown for the significant relationships. The:regression equations are shown on 
the graphs, with the correlation coefficient (r) in brackets. This format is followed throughout this thesis. 
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Table 2.3: The direction and average longshore distance moved by high concentration patches of 
larvae, and the rate at which they travelled across the sampling grid. 

Date Longshore movement Dispersal rate (s") Constant (a) , 

Direction Distance (m) Time (m.s- l ) (km.h-1) 

(minutes) 

--
24/9/90 SW 600 143 0.0699 0.2517 0.5496 

-
SW 600 147 0.0680 0.2449 0.5421 

28/9/90 SW 300 79 0.0633 0.2278 0.3697 

SW 300 63 0.0794 0.2857 0.4140 

18/3/91 NE 450 58 0.1293 0.4655 0.6473 

SW 600 33 0.3030 1.0909 1.1442 

Mean + SD 0.1188 + 0.4278 + 0.6112 + 
0.0934 0.3364 0.2797 

a" 0.6050 

Note: a = the square root of the mean square distance (km) travelled per unit time (hour) 

: a = 2 -vic x2
) (Gerrodette 1981) 

Nt 

where in this case x is the change in position of a patch over a period of time (NJ 

: a" = estimate of a using the mean current speed 

ego for current speed of 0.4278 km.h- l a" = 2V(0.4278km)2 

1h 
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surf zone or on the breaker line where the larval patch was situated, may flow far more rapidly 

(Roberts 1989). The larval dispersal rate was generally slower when patches were situated 20 to 

30 metres behind the breaker line (Fig. 2.7, Table 2.3). 
" . 

In general, the results indicate that short term changes in the distribution of larvae on fine 

scale plankton grids can be used to simulate larval dispersal in nearshore environments, and 

preliminary indications are that larvae are dispersed parallel to the shore by wind driven currents. 

Horizontal stratification and vertical migration 

Larvae were not concentrated at the surface of the water column, as ten metre vertical hauls 

retrieved significantly more larvae (Mann-Whitney, P<O.OOOI) than one metre hauls at the surface 

(Fig. 2.9, Table 2.4). On the 18 or 19/3/91, there was no linear relationship between the number 

of larvae and the depth sampled (height of vertical haul), so they were not evenly distributed 

throughout the water column (Fig. 2.10). In fact, larval abundance increased significantly with 

depth on the 18/3/91 (exponential regression, r=0.50, P=O.OI), indicating that larvae were found 

throughout the water column but were concentrated below 7 m (Fig. 2.10). No such relationship 

was observed on the 19/3/91 when samples were taken further offshore (Fig. 2.10), but larval 

abundance was low, and it is not possible to comment on what would have been found had there 

been a concentrated patch of larvae in the vicinity. Samples of discrete depth intervals between the 

surface and bottom of the water column, also showed that larvae may be found at any depth in the 

water column (Fig. 2.11). Kolmogorov-Smirnov (K-S) comparisons showed that 9 of the 11 

sampling occasions showed no significant difference (K-S, P>0.05) between the observed vertical 

distribution pattern and that expected for larvae with a uniform vertical distribution (Table 2.5). 

Only once did larvae accumulate near the bottom at dawn (K-S, DN=0.67, P=0.0366) and near the 

surface at dusk (K-S, DN =0.875, P=O.0044, Table 2.5). However, the significant change in 

abundance with depth on each occasion was based on only one datum point, and no such pattern was 

observed at other sites sampled at more or less the same time (Fig. 2.11), suggesting that vertical 

and horizontal patchiness rather than vertical migration explained these results. Interestingly on the 
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Figure 2.9: The number of larvae caught in vertical hauls of the uppermost metre of the water 
column and the entire ten metre depth of the water column, at each of the sampling stations on grid 
1, on the 24 and 28 September 1990. 
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Table 2.4: Mann-Whitney tests comparing the mean number oflarvae in the top metre of the water 
column and the mean number of larvae in ten metres of water. Z is the test statistic and P is the 
two-tailed probability of equalling or exceeding the critical value of Z. 

Date Group n Average Z P 

rank 
~ -

24/9/90 1 metre 50 38.7100 4.0836 <0.0001 

10 metre 50 62.2900 

28/9/90 1 metre 53 32.3868 7.0775 < 0.0001 

10 metre 53 74.6132 
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Figure 2.10: Regression of the number of larvae caught in a vertical haul (dependent variable) 
against the depth of the vertical haul (independent variable), on grid 1, 2 and 3, on the 18 and 19 
March 1991. Regression lines are only indicated for relationships significant at the 0.05 level. 
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Table 2.5: Results of Kolgomorov-Smirnov tests comparing the observed and expected 
concentrations at discrete depths on each sampling occasion. 

Date Time Distance p .. 

statistic 

(DN) 

16110/91 Morning 0.8 0.0815 

17110/91 Dawn 0.5 0.4413 

17110/91 Dawn 0.7 0.0366 

17110/91 Dawn 0.6 0.2032 

17110/91 Afternoon 0.5 0.4413 

17110/91 Afternoon 0.7 0.1389 

18/10/91 Morning 0.5 0.4413 

18110/91 Morning 0.7 0.1389 

18110/91 Dusk 0.5 0.4413 

18110/91 Dusk 0.9 0.0044 

18110/91 Dusk 0.6 0.3291 
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17 and 18 October larval concentrations recorded after noon were far higher than in the morning 

(Fig. 2.11). Although this may be related to offshore-onshore migration, this is unlikely since high 

larval concentrations were not recorded at all sites after noon (Fig. 2.11) and were recorded on 

plankton grids in the morning at Kenton (Fig. 2. Th). This again suggests that the observed larval 

distribution was determined by patchiness rather than active larval migration. In general, these 

results show that larvae may be found at any depth in the water column, andihat although there may 

occasIonally be a high concentration patch of larvae at the surface or bottom, there is little persistent 

horizon tal stratification. 

During the sampling events at Fountain Rocks the current flow in the top four metres of the 

water column was occasionally different from the subsurface flow, but on the whole, flow was 

largely barotropic moving in the same direction at different depths (Fig. 2.11). Flow was barotropic 

during the sampling events at Kenton, but highly statistically significant regressions (r=0.64, 

P < 0.0025; r=0.76, P=O.Ol) indicated current speed decreased linearly with increasing depth, on 

two of the six occasions this relationship was examined (Fig. 2.8). These results show that larvae 

at the surface may be transported faster and in a different direction to those near the bottom, but that 

this occurs infrequently. 

The lack of persistent horizontal stratification of larvae or currents suggests that larval 

behaviour has little influence over larval dispersal in nearshore waters. Given this, it is reasonable 

to assume that the larval dispersal rate and direction is determined by current speed and direction, 

and that these can be used to estimate the larval dispersal range. 

Larval dispersal range 

The direction and velocity of winds recorded hourly at Port Elizabeth on each of the sampling 

days are shown in Figure 2.12, together with the strength and direction of wind noted at the study 

site during sampling periods. The wind regime recorded at Port Elizabeth was similar to that 

observed at Kenton and Fountain Rocks during sampling, although there was a slight difference in 

the onset of different wind events or calm periods. For example on the 28 September 1990 a SW 
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wind of 4.9 km.h- l was recorded during the study period at Port Elizabeth, whereas it was calm for 

most of this time at Kenton with the SW wind only starting to blow towards the end of the sampling 

period. Consequently, when the actual movement~ of larvae at a particular site are being monitored, 

it is best to record the wind and current conditions at that site, but the wind climate data recorded 

at Port Elizabeth are adequate when estimating the dispersal distance of larvae in the water over 

longer time periods, such as a month. A synopsis of the frequency of the winds in each month is 

presented in Table 2.6. The average speed (s) and direction of currents generated by these winds 

and the estimated dispersal proportionality constant (a) appear in Table 2.7-a. The distance travelled 

in each direction, calculated from.the models d=st (Table 2.8) and d=a/t (Table 2.9), were used 

to estimate the total distance dispersed and the net range and direction of dispersal each month 

(Table 2.1O-a). The first model generated estimates of the total distance travelled by larvae spawned 

during the months between March 1989 and June 1991, of 118 to 229 km (Table 2.1 O-a). However, 

variation in the frequency of winds which generated currents that caused the larvae to drift in 

opposite directions (E/W), resulted in marked variations in the net dispersal distance, which ranged 

from 54 to 180 km to the north of where they were originally spawned (Table 2.1O-a). The 

dispersal range was greatest in winter (June - August) when north easterly winds were less frequent 

and current reversals less likely (Table 2.10-a). In addition, in winter, winds are light and variable 

(Schumann & Martin 1991) and north westerly winds may move larvae in the top half a metre of 

the water column offshore (Roberts 1989), although larvae below this are likely to move eastwards 

along the shore. Thus, in winter larvae are not only dispersed over longer distances but some may 

advect offshore into deeper waters and be dispersed by fast flowing coastal currents. The second 

model yielded estimates of the total distance dispersed which were considerably less (13 - 20 km; 

Table 2. lO-a) , as it accounts for various random effects, such as the entrapment of larvae in gullies 

or bays, which minimize the time larvae are carried linearly along the shore. In this instance, the 

net dispersal range of larvae dispersed passively by wind induced currents was only 8 to 14 km to 

the north, with an average of 12 km (Table 2.1O-a). 

These theoretical estimates, which assume that larval dispersal rate is equivalent to current 
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Table 2.6: The frequency (hours. month-I) of winds blowing from the four principal wind directions 
in the Algoa Bay region, namely from the NE, SW, SE and NW, for the period 4/89 to 6/91. 

Year Month Wind (hours.month-I ) 

NE SW SE NW Calms .- " 

1989 MAR. 199 317 35 98 95 

APR. 200 180 43 86 211 

MAY 122 195 13 151 263 
r - -

JUN. 61 150 18 239 252 

JUL. 43 156 18 327 200 

AUG. 167 169 30 246 132 

SEP. 163 201 33 235 88 

OCT. 213 229 85 144 73 

NOV. 248 227 93 54 98 

DEC. 153 396 33 84 78 

1990 JAN. 280 263 89 35 77 

FEB. 196 79 244 63 90 

MAR. 283 176 73 30 182 

APR. 149 219 44 114 194 

MAY. 98 185 4 246 211 

JUN. 26 187 10 303 194 

JUL. 53 167 1 177 346 

AUG. 134 262 38 105 205 

SEP. 169 214 28 69 240 

OCT. 174 371 50 58 91 

NOV. 179 347 38 74 82 

DEC. 240 337 64 50 53 

1991 JAN. 171 353 79 15 126 

FEB. 155 344 57 13 155 

MAR. 223 232 54 102 133 

APR. 140 184 26 157 213 

MAY 101 83 36 338 186 

JUN. 114 33 6 482 85 
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Table 2.7: The mean current speeds (s), dispersal rate (s") and proportionality constants (a and a"), 
used in the calculations of the total distance dispersed and the net dispersal distance and direction 
of larvae in the water for 28 - 31 days. 

NE 'SW SE SW Calms 
. 

Roberts s m.s- l 0.045 0.125 0.035 0.045 0.030 

(1989) 
J 

s lan.h- l 0.162 0.450 0.126 0.162 0.108 

a" 0.229 0.636 0.178 0.229 0.153 

This study s" m.s- l 0.119 

s" lan.h- l 0.428 

a 0.611 
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Table 2.8: The estimated distance (d =' 8t) travelled by larvae in a westerly direction when the wind blows from the 
NE (WN0 and in an easterly direction when the wind blows from the SW (Esw), SE (ESE) and NW (ENW)' The year and 
month in which spawning occurred between the 4/89 and 6/91 and the total distance moved east (T£) and west (Tw) by 
the larvae for the month they remain in the plankton are shown. 

Year Month Distance (km) move'd·E or W during Total distance (km) 
each wind 

WNE Esw ESE Esw Ecalms Tw T£ 

1989 MAR. 32 143 4 16 10 32 173 
r - ~ 

APR. 32 81 5 14 23 32 123 

MAY 20 88 2 24 28 20 142 

JUN. 10 68 2 39 27 10 136 

JUL. 7 70 2 53 22 7 147 

AUG. 27 76 4 40 14 27 134 

SEP. 26 90 4 38 10 26 142 

OCT. 35 103 11 23 8 35 145 

NOV. 40 102 12 9 11 40 133 

DEC. 25 178 4 14 8 25 240 

1990 JAN. 45 118 11 6 8 45 144 

FEB. 32 36 31 10 10 32 86 

MAR. 46 79 9 5 20 46 113 

APR. 24 99 6 18 21 24 144 

MAY 16 83 1 40 23 16 146 

JUN. 4 84 1 49 21 4 155 

JUL. 9 75 0 29 37 9 141 

AUG. 22 118 5 17 22 22 162 

SEP. 27 96 4 11 26 27 137 

OCT. 28 167 6 9 10 28 192 

NOV. 29 156 5 12 9 29 182 

DEC. 3,9 152 8 8 6 39 174 

1991 JAN. 28 159 10 2 14 28 185 

FEB. 25 155 7 2 17 25 181 

MAR. 36 104 7 17 14 36 142 

APR. 23 83 3 25 23 23 135 

MAY 16 37 5 55 20 16 117 

JUN. 18 15 1 78 9 18 103 
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Table 2.9: The estimated distance (d = dt) travelled by larvae in a westerly direction when the wind blows from the 
NE (WNE) and in a easterly direction when the wind blows from the SW (Esw), SE (EsJ and NW (ENW)' The year and 
month in which spawning occurred between the 4/89 and 6/91 and the total distance moved east (TE) and west (Tw) by 
the larvae for the month they remain in the plankton are shown. 

Year Month Distance (km) mQved E and W Total distance (km) 
during each wind 

WNE Esw ESE Esw Ecahns Tw TE 

1989 MAR. 3 11 1 2 1 3 16 

APR. 3 9 1 2 
~ 

. 
2 3 14 

MAY 3 9 1 3 2 33 15 

JUN. 2 8 1 4 2 2 15 

JUL. 2 8 1 4 2 2 15 

AUG. 3 8 1 4 2 3 15 

SEP. 3 9 1 4 1 3 15 

OCT. 3 10 2 3 1 3 15 

NOV. 4 10 2 2 2 4 15 

DEC. 3 13 1 2 1 3 17 

1990 JAN. 4 10 2 1 1 4 15 

FEB. 3 6 3 2 1 3 12 

MAR. 4 8 2 1 2 4 13 

APR. 3 9 1 2 2 3 15 

MAY 2 9 0 4 2 2 15 

JUN. 1 9 1 4 2 1 15 

JUL. 2 8 0 3 3 2 14 

AUG. 3 10 1 2 2 3 16 

SEP. 3 9 1 2 2 3 15 

OCT. 3 12 1 2 1 3 17 

NOV. 3 12 1 2 1 3 16 

DEC. 4 12 1 2 1 4 16 

1991 JAN. 3 12 2 1 2 3 16 

FEB. 3 12 1 1 2 3 16 

MAR. 3 10 1 2 2 3 15 

APR. 3 9 1 3 2 3 15 

MAY 2 6 1 4 2 2 13 

JUN. 2 4 0 5 1 2 11 
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Table 2.10: The total distance dispersed (TE + T w) and the net dispersal range and direction (TE - T w) of larvae over 
a period of 28-31 days, estimated for each month in which spawning occurred between the 3/89 and the 6/91. The 
results of the simulations for d = sf and d = edt where (a) the current speed s and the proportionality constant a" were 
estimated from Roberts (1989) for each wind direction, and (b) the mean dispersal rate s" and proportionality constant 
a were calculated from longshore movement of high concentration patches of larvae (this study) . 

. 
(a) (b) 

Year Month d = sf d = edt d = sf d = edt 

Total Net Total Net Total Net Total Net 
--

1989 MAR. 205 141 E 19 13 E 88 41 E 35 18 E 

APR. 156 91 E 17 11E 86 38 E 35 18 E 

MAY 162 122 E 17 12 E 88 59 E 35 21 E 

JUN. 146 126 E 16 13 E 86 71 E 34 24 E 

JUL. 154 140 E 17 14 E 88 78 E 34 26 E 

AUG. 161 107E 18 12 E 88 49 E 36 20 E 

SEP. 169 116E 18 12 E 86 47 E 35 19 E 

OCT. 179 110E 19 12 E 88 38 E 36 19 E 

NOV. 173 93 E 18 11E 86 27 E 35 16 E 

DEC. 229 180 E 20 14 E 88 52 E 34 19 E 

1990 JAN. 189 98 E 19 11E 88 22 E 35 14 E 

FEB. 118 54 E 15 8E 80 33 E 34 17 E 

MAR. 159 67 E 17 9E 88 21 E 35 15 E 

APR. 168 119E 18 12 E 86 50 E 36 21 E 

MAY 162 131 E 17 13 E 88 65 E 34 22 E 

JUN. 160 151 E 17 14 E 86 79 E 33 26 E . 

JUL. 150 133 E 16 13E 88 76 E 32 24 E 

AUG. 184 140 E 19 13E 88 57 E 36 22 E 

SEP. 164 1l0E 17 12 E 86 45 E 35 19 E 

OCT. 221 164 E 20 14 E 88 47 E 35 19 E 

NOV 211 153 E 19 13 E 86 43 E 34 18 E 

DEC. 212 135E 19 12 E 88 31 E 34 15 E 

1991 JAN. 213 157 E 19 13E 88 48 E 34 18 E 

FEB. 206 156 E 19 13E 86 49 E 33 18 E 

MAR. 178 106 E 18 12 E 88 35 E 36 18 E 

APR. 157 112E 17 12 E 86 52 E 35 21 E 

MAY 133 100 E 15 lIE 88 64 E 35 23 E 

JUN. 121 84 E 13 8E 86 58 E 31 18 E 

Range 118 - 54 - 13- 8 - 86 - 21 - 31 - 14 -
229 180 E 20 14 E 88 79 E 36 26 E 

Mean 173 121 E 18 12 E 87 49 E 35 20 E 
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speed, were compared to those obtained using experimentally determined values of the mean rate 

of longshore larval dispersal (S") and the square of the mean distance moved per unit time (a") by 

high concentration patches of larvae (Table 2.7-b). The first model generated estimates of 86 - 88 

km for the total distance dispersed, and 21 - 79 km to the north for the net dispersal range, which 

was shorter than the theoretical distance but fell within the lower part of this range (Table 2.10). 

,-- -
The second model generated estimates of 30 to 36 km for the total distance dispersed and 16 to 28 

km to -the north for the net dispersal range, with an average of 21 km, which was slightly further 

than the theoretical estimate (Table 2.10). 

In general although larvae may potentially travel up to 229 km in a month, the effect of wind 

reversals on currents, limits the net dispersal range considerably. In addition the dispersal range 

may be considerably reduced by topographical and hydrological features of the nearshore 

environment which trap larvae and restrict their movements. 

Discussion 

The microscopic size and dilution of planktonic larvae as they become dispersed in the 

plankton has complicated investig~tions of dispersal, but there have been major advances in this field 

during the last eight years. 

Today it is known that larvae of coastal invertebrates are advected offshore into deeper waters 

over the continental shelf, but the abundance declines with distance offshore (Thorson 1950, 

Marliave 1986, Le Fevre & Bourget 1991), and most are probably found in the shallow nearshore 

zone inside the 30 m isobath. Larvae advected offshore, such as crab megalopae, barnacle cyprids 

as well as many other species of zooplankton and fish, accumulate in surface slicks associated with 

the convergence zones of internal waves, oceanic and tidal fronts, and they may well be transported 

shorewards by tidally forced internal waves (Shanks 1983, 1985 & 1986a, Shanks & Wright 1987, 
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Kingsford & Choat 1986, Clancy & Epifanio 1989). Alternatively, in deep coastal and oceanic 

waters, diurnal and ontogenetic vertical migration may cause larvae to be carried offshore by surface 

currents and inshore by shoreward bottom current,s (Rimmer & Phillips 1979, Scheltema 1975, 

Shanks 1986b, Epifanio et al. 1988 & 1989, Lfpcius et al. 1990). 

The present study shows that once larvae enter the nearshore waters in and adjacent to the 

surf zone, those at the surface may be transported faster and in a different direction to those on the 

bottom. However, this occurs infrequently, as there is no persistent horizontal stratification of 

larvae or currents, since turbulence created by wind and wave action mixes the water column 

(Beckley 1983, Goschen & Schumann 1988, Talbot & Bate 1988a&c, McShane et al. 1988, Denny 

& Shibata 1989, Denny et al. 1992). Thus, even if planktonic organisms are able to swim strongly 

enough, or have some sort of adaptive behavior which allows them to migrate vertically in the 

turbulent surf and nearshore zones (Talbot & Bate 1988a, Webb & Wooldridge 1990), this has little 

effect on the dispersal of larvae drifting in the water for long periods. Results also showed that in 

shallow areas (3-18 m) close to shore, concentrated patches of larvae were passively transported by 

wind generated currents (Fig. 2.7), which generally flow along isobaths parallel to the coast (De 

Wolf 1973, Black 1988, Goschen & Schumann 1988, McShane et al. 1988, Sammarco & Andrews 

1988, Tanaka et al. 1986 and references therein, Roberts 1989, Hirota 1990, this study). Friction 

and wave action reduce nearshore current speeds (0 to 0.17 m.s·1
) and changes in wind direction 

result in current reversals, which reduces the dispersal range of larvae (McShane et al. 1988, 

Sammarco & Andrews 1988, Roberts 1989, Fig. 2.7 & 2.8). Furthermore, wind- and gradient­

driven flow patterns are modified by irregular reef or shore topography which create localised 

oceanographic features such as jets, eddies and fronts which may retain pre-settlement fishes and 

zooplankton near reefs or within bays, thereby limiting their dispersal (pearson 1970, Levin 1983, 

Ebert & Russel 1988, McShane et al. 1988, Sammarco & Andrews 1988, Kingsford et al. 1991). 

In the present study two models were used to generate estimates of the dispersal range of larvae 

passively dispersed by wind generated currents. Results showed that current reversals can reduce 

the dispersal distance of larvae in the open water column away from any topographical affects, by 
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as much as 76% from 229 km to 54 km, and topographical effects can reduce this by a further 19% 

to 13 km. Therefore, it can be concluded from the results of this study that wind and topography 

are the primary determinants of the distribution and abundance of larvae close to shore, as larvae 
-< 

have little behavioural control over their passive dispersal by wind generated currents. 

This conclusion agrees with the predictions of hydrodynamic models which use measurements 

of wind-, tide- and gradient-driven flows, to model the complex circulation patterns around shallow 

reefs, -and to simulate dispersal of larvae in these environments (Black & Gay 1987, Black 1988, 

Black & Moran 1991, McShane et al. 1988, Sammarco & Andrews 1988). The models predict that 

areas with low flushing rates will have a greater abundance of larvae and settlers than areas with 

high flushing rates, and, at least in one instance, this has been verified with field data on the 

distribution and abundance of juveniles (Black & Moran 1991). For example, small scale 

topographical features such as surge channels or gullies ( -10 to 12 m holding between 3 .. 5 to 45 

m3 of water) are well mixed within themselves, but current speeds are low (- 0.06 m.s·!) and 

currents oscillate back and forth, thereby minimising net flow (McShane et al. 1988, Sammarco & 

Andrews 1988, Denny et al. 1992). McShane et al. (1988) predicted that haliotid larvae trapped 

in these channels would move no more than 500 m in their 3 to 7 day planktonic phase, and 

suggested that these larvae were able to resist advection away from the protection of the reef. 

Certainly high concentrations of planktonic organisms such as haliotid larvae and mysids have been 

found under rock crevices and overhangs, while comparatively few have been found in the open 

water column (Webb & Wooldridge 1990, McShane et al. 1988). McShane et al. (1988) also 

predicted that those larvae which were advected away from the protection of the reef by rip currents, 

would be passively dispersed by wind generated currents over distances of up to 12 km. 

Consequently hydrodynamic simulations of dispersal and the results of the present study, imply that 

in areas with irregular topography a larva may be dispersed over a short or long distance, depending 

on where it is produced or released. As discussed in Chapter 1, there is increasing evidence to 

suggest that the dispersal range of most planktonic larvae is limited, and this may be attributed to 

the type of topographical effects on circulation patterns described in this study. The following 



87 

chapter examines the spread of an alien mussel after its introduction to the south coast, in order to 

test the hypothesis that topography limits the dispersal range of the majority of larvae while wind 

disperses a smaller proportion of larvae over consid~rab1y longer distances. 
, . 

In conclusion, hydrodynamic models can be used to predict larval dispersal and settlement, 

and may therefore be useful for management of pest species (Black & Moran 1991) or resources 

with spatially variable settlement patterns. However, in contrast to shallow offsnore reefs, very little 

is known of the circulation patterns or the distribution and abundance of larvae around rocky shores. 

In view of this, future studies should focus on generating hydrodynamic models simulating dispersal 

around rocky shores, and testing the predictions of these models with in situ measurements of the 

distribution and abundance of larvae, as was described in this study. 



CHAPTER 3 

THE INTRODUCTION, SPREAD AND DISTRIBUTION OF THE 

MEDITERRANEAN MUSSEL, MYTILUS GALLOPROVINCIALIS, ALONG 

SOUTH AFRICAN SHORES 
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Introduction 

The exotic Mediterranean mussel, Mytilus galloprovincialis, was introduced to Port Elizabeth 

harbour in Algoa Bay (Fig. 3.1), for mariculture pui-poses in 1988 (van Erkom Schurink 1991). M. 

galloprovincialis is thought to be a recent derivative of the biologically similar European blue mussel 

Mytilus edulis (Barsotti & Meluzzi 1968). Today this highly invasive biValVe has successfully 

invaded many regions, and its distribution now ranges from the British Isles to the Atlantic coast of 

France and the Mediterranean Sea. It also occurs in several disjunct areas, including, Japan 

(Wilkins et al. 1983), Hong Kong (Lee & Morton 1985) and California (McDonald and Koehn 

1988), where it was introduced as a result of human activity. M. galloprovincialis spread rapidly 

after being introduced to the west coast of South Africa, probably in the late seventies (Grant & 

Cherry 1985), and by 1990 was distributed between Luderitz on the west coast to Hermanus on the 

south coast (Fig. 3.1, van Erkom Schurink 1991). Since its introduction to the west coast, M. 

galloprovincialis has proven to be a highly invasive, dominant competitor capable of altering 

community structure and displacing the indigenous west coast ribbed mussel Aulacomya ater and the 

limpet Patella granularis (van Erkom Schurink 1991, Hockey & van Erkom Schurink 1992). 

Therefore, there was a possibility that M. galloprovincialis would spread in Algoa Bay, changing 

communities and displacing the indigenous South African mussels Perna perna and Choromytilus 

meridionalis. 

On the west coast of South Africa M. galloprovincialis forms extensive multi-layered beds 

in the intertidal zone of exposed rocky shores. Part of the reason for its success is undoubtedly 

related to its high productivity, growth rate, reproductive output, and recruitment intensity (van 

Erkom Schurink 1991). Furthermore, M. galloprovincialis spreads via its planktonic larval phase 

which allows it to colonise new areas rapidly. It was shown in Chapters 1 and 2, that in the Algoa 

Bay region, larvae are passively transported along the coast by wind-driven nearshore currents, but 

it was suggested that nearshore topography may limit their dispersal considerably, resulting in a link 



90 

I 
24 1 :1000000 

0 10 20 30 40 50 
26 I I I I I I, Kilometres 

1/ I 
I BB Brighlon Beach OC Oceanariwn 

28 

30 SW Swartkops CR Cape Recife 

32 CO Coegas CP Chelsea Point 

34 ME Melville SK Skoenmnkerskop 

WC Woody Cape M Maitland River mouth 

DC Diaz Cro .. JB Jeffreys Bay 

30 32 34 C3 / 1 KW Kwaaihoek AB Aslon Bay 

KE Kenlon CF Cape St. ~cis 

KA Kasouga PL Plettenberg Bay 

SB Sharks Bay M Mo .. el Bay 

EB East Beach IN Cape Infanta 

RU Rufanes AR Amislon 

TS Three Sisters A Cape Agullias 

KL Kleinmond K Kleinmond 

CF FR Fish River W WooleYB Pool 

Cl Ciskei 1 GL Glencaim 

C2 Ciskei 2 CB Camps Bay 

C3 Ciskei 3 K KaYBer Beach 

C4 Ci.kei 4 KB Kid. Beach 

HH Huga Hugo Q Queensbury 

Figure 3.1: Map showing the sites along the South African coastline surveyed for Mytilus galioprovinciaUs between 1989 and 1992, together with 
other areas mentioned in the text. 
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between local patterns of spawning and settlement. If larvae which survive to recruit into the adult 

population are transported only short distances from where they are spawned, the density of M. 

galloprovincialis should decrease significantly wit~ increasing distance from its point of introduction 

(port Elizabeth harbour). However, while the majority of larvae may recruit locally, a small 

fraction may recruit further away, and the dispersal range of these larvae determines the rate at 

wh,ich M. galloprovincialis will invade the Algoa Bay region. Larvae carried offshore to the edge 

of the continental shelf will be transported rapidly south, by the Agulhas current. In contrast, those 

larvae remaining close to shore will be tranported more slowly along the coast by wind-driven 

currents, which flow predominantly eastwards but occasionally westwards. 

The purpose of this study was to investigate the dispersal and spread of M. galloprovincialis 

in the Algoa Bay region, and to assess the possible impact of this invasion on indigenous mussel 

populations. 

Methods 

Study sites and sampling periodicity 

Rocky outcrops to the east and west of Port Elizabeth harbour, between Cape St. Francis and 

East London, were examined annually for M. galloprovincialis from 1989 to 1992 (Fig. 3.1). The 

surveys included several sites beyond the eastern and western most points of the distribution of M. 

galloprovincialis. In 1992 the search for M. galloprovincialis was extended to cover the area 

between Camps Bay on the west coast and Raga Raga on the east coast of South Africa, including 

several of the original sampling sites in the Algoa Bay region (Fig. 3.1). 

Sampling technique 

Preliminary observations indicated that different mussel species dominated sand-covered rocks 

low on the shore « 0.68 m aboye mean low water spring tide level - MLWS) and rocks raised 
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well above the sand level (> 1.51 m above MLWS), while intermediate areas (0.66-1.51 m above 

ML WS) appeared to have a relatively mixed mussel fauna. Not all these habitats were necessarily 

found at a site. After searching visually for M. ga.lZoprovincialis, three quadrats of 12.5 x 25 cm 

were placed randomly in each habitat present, and cleared of all mussels. 

The 1989 survey showed that the distribution of M. galloprovincialis was extremely patchy, 

and that it was not found on sand-covered rocks low on the shore (zone 1). Thus, in 1990 and 

1991, the number of M. galloprovincialis in ten random quadrats (12.5 x 25 cm) on sand-free rocks 

was recorded. If the rocky outcrops stretched along the shore for more than 30 m, these samples 

were repeated three times, with a distance of at least 30 m between them. 

In the 1992 survey, the vertical zonation pattern of M. galloprovincialis in intermediate and 

sand-free habitats was examined in greater detail. The mussel bed was divided into three basic 

zones, namely: a coralline or mixed algal- mussel zone (0.68-1.51 m above MLWS, zone 2), a pure 

mussel zone above this (1.51-1.73 m above MLWS, zone 3), and at the top of the mussel bed a . 

barnacle - mussel zone (> 1.73 m above MLWS, zone 4). The zones (2,3 and/or 4) present at each 

sampling site were identified, and the width and height of the zone above the low water mark were 

recorded. In each zone three quadrats of 12.5 x 12.5 cm were cleared of all mussels arid the total 

percentage cover of mussels, the relative proportion of each species (%) and the number of M. 

galloprovincialis were recorded in 10 random quadrats of 25 x 25 cm. Samples were not removed 

from the shore at some sites, as there was a limited amount of time available in which to complete 

sampling. 

All samples removed from the rocks were sorted into different mussel species, and the 

number of recruits « 20 mm) and adults (> 20 mm) of each species recorded. 

Each year the total density of M. galloprovincialis was regressed against the distance east and 

west of the point of introduction, and the dispersal range of larvae to the east and west was estimated 

from the regression curves fitted to the data. The rate of spread was calculated from the change in 

the distribution of M. galloprovincialis each year. The density and relative proportion of M. 

galloprovincialis, Perna perna, Choromytilus meridionalis and AuZacomya ater in zones 1, 2, 3 and 
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4 were calculated, to compare the habitat preferences and vertical distribution of the Mediterranean 

and indigenous South African mussels. 

Results 

Dispersal range and invasion rate 

Regression analysis showed that the density of Mytilus galloprovincialis declined significantly 

(P < 0.01) with increasing distance east of the point of introduction (Fig. 3.2a). Curves fitted to 

these data show that, during the four years of this study, about 76% were found within 4 or 5 km 

of the parent population, about 90% within 12 to 20 km, and none further than 166 km to the east 

of the harbour (Fig. 3.2a). In contrast, the maximum distance spread west of the harbour was only 

29 km, and densities were low with little difference between sites (Fig. 3.2b). 

The eastward limit of the distribution of M.galloprovincialis the first year after its 

introduction (1989), lay between Woody Cape and Diaz Cross, 70-97 km from the harbour. By 

1990 this had increased by about 56 km and lay between Three Sisters and Kleinmond (KL). It 

increased by 13 km to Fish River by 1991, but M. galloprovincialis had spread no further by the 

time the 1992 survey took place (Fig. 3.3). Thus the rate of spread to the east declined steadily 

after the first year, giving an average rate of 42 km.y-l (Table 3.1). Both the intensity (density) and 

rate of spread were lower to the west of the harbour (Fig. 3.3, Table 3.1). The westward limit in 

1989 was about 16 km from the harbour at Cape Recife, a further 12 km west at Chelsea Point in 

1990 and a further 29 km west at Maitland River Mouth in 1991. It is possible that the long stretch 

of beach separating Maitland River Mouth and the next site, Aston Bay, prevented M. 

galloprovincialis from recruiting further west in 1991. Thus by 1991, three years after its 

introduction to Algoa Bay, M. galloprovincialis had spread along a total (east and west) of 223km 

of coastline. 

By 1992 M.galloprovinciaUs encroaching eastwards from populations originally introduced 



94 
350 1,000 

• 1989 1990 
• 

250~1 • 
y = 694£°·8224 (0.9426) 600 y = 423 - 91.29971nx (0.6283) 

• I I 

150 
i \ h · 

501 .~, ,,,,,., .•. 
200 

,.-.. 

1;~:~ ~ • 
S 
S 

20 60 100 140 20 60 100 140 

.~ 500 I 500 I tZI 1991 1992 c:: 
Q) 

0 
• 

300-1 y = 129 - 25.8982Inx(0.6774) 300i \. y = 2467il.Ol62 (0.7405) 

• 

• 
100 100 

I_ 

• • 
0 • 

25 75 125 175 50 150 250 

Distance (km) 

Figure 3.2a: Regressions of the density of Mytilus gaUoprovincia/is against the distance east or of Port Elizabeth harbour in 1989, 1990, 1991 and 
1992. 
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Figure 3.3: The distribution of Mytilus galloprovincialis in the region of Algoa Bay in 1989, 1990 
and 1991. 



97 

Table 3.1: The yearly increase in the distribution range and the mean invasion rate of Mytilus 
galloprovincialis to the east (a) and west (b) of Port Elizabeth Harbour in Algoa Bay, where the 
alien was first introduced in 1988. 

(a) East 

1988 1989 1990 1991 1992 

-
Distance 0 97 56 13 0 

increment 

(km) 

Mean Introduced 97 77 55 42 

invasion rate 

(km.yol) 

(b) West 

Distance 0 16 12 29 

increment 

(km) 

Mean Introduced 16 14 19 

invasion rate 

(km.yol) 
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to the west coast of South Africa, had reached Cape St. Francis, a site just west of Algoa Bay, 

giving the Mediterranean mussel a more or less continuous distribution along the south coast from 

Cape Point to Fish River (Fig. 3.4). This continuou.s distribution made it difficult to determine the 
.: -. 

westward limit of larvae spawned from Algoa Bay populations in 1992. However, the absence of 

M. galloprovincialis between Maitland River Mouth and Cape S1. Francis, suggests that those at 

Cape St. Francis and sites further west originally arose from west coast populafions, while those at 

Maitland River Mouth and sites further east originally arose from Algoa Bay populations. 

Regression analysis of the 1992 survey data for sites between the harbour and Camps Bay on the 

west coast, indicated that the density of M. galloprovincialis increased significantly west of 

Kleinmond (KD), and was highest on the west coast, where it had been introduced about 15 years 

earlier (Fig. 3.5). 

Distribution and zonation patterns 

Four species of mussels were identified during the course of the four surveys, of these, 

Choromytilus meridionalis and Mytilus galloprovincialis were found on the west and south coast, 

Aulacomya ater was found on the west coast and in False Bay on the south coast, while Perna perna 

was only found on the south coast. Superimposed upon this geographical trend, was a variation in 

the species composition of mussel assemblages in different habitats. Surveys showed that, on the 

south coast at Maitland River Mt?uth and sites further to the east, rocks less than 0.68 m above 

ML WS permanently covered and scoured by sand, were dominated by C. meridionalis, with a small 

proportion of P. perna present, but no M. galloprovincialis (Fig. 3.6a). At the interface of beaches 

and rocky shores, or on beaches subject to marked seasonal fluctuations in sand level, low profile 

rocks (0.68m to 1.51 m above MLWS) were scoured and occasionally buried in sand. These rocks 

had a mixed mussel fauna consisting of varying proportions of P. perna and C. meridionalis, and 

a low percentage of M. galloprovincialis (Fig. 3.6b). Sand-free rocks (1.51 m above MLWS) were 

dominated by P. perna with a small proportion of M. galloprovincialis but no adult C. meridionalis 

(Fig.3.6c). During the 1992 survey, the same pattern was observed on rocks 1.51 m above MLWS 
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Figure 3.4: The distribution of Mytilus galloprovincialis along the coast of South Africa in 1992. 
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Figure 3.5: Regression of the density of Mytlius galloprovincialis against the distance west of Port 
Elizabeth harbour in 1992. 
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Figure 3.6: The species composition (mean percentage + standard error) of mussel assemblages 
on low-shore (a), mid-shore (b) and high-shore (c) rocks, east of Maitland River Mouth. P stands 
for Perna perna, M for Mytilus galloprovincialis and C for Choromyti!us meridionalis. 
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at sites on the south coast between Maitland River Mouth and Kleinmond (KD) (Fig. 3.7a). 

However, at Kleinmond (KD) and sites in False Bay these rocks were dominated by M. 

galloprovincialis, with a much smaller proportion of P. perna, A. ater and C. meridionalis recruits 

present (Fig. 3.7b). At Kleinmond (KD) mixed sand-rock habitats 0.68-1.51 m above MLWS had 

a simlar species composition, except that there were more C. meridionalis adults (38%) and fewer 

M. galloprovincialis adults (26%). The mussel fauna on the west coast 1.51 m above MLWS, 

consisted almost entirely of M. galloprovincialis with perhaps a few A. ater recruits (Fig. 3.7c). 

While surveys indicated that no M. galloprovincialis were found 0.68 m below MLWS (zone 1), 

above this, the density and relative proportion of M. galloprovincialis appeared to increase with 

increasing height on the shore, at some of the sites. Pooling the data from all four surveys, Kruskal-

Wallis tests coupled with Mann-Whitney two-sample tests, confirmed this (p < 0.05) for recruit and 

adult M. galloprovincialis, at 40% of the sites where samples were taken from different heights on 

the shore. At these sites (eg. Cape Infanta) the abundance of M. galloprovincialis, was low in the 

algal-mussel zone (0.68-1.51 m above MLWS, zone 2), and was greatest above this in the pure 

mussel (1.51-1.73 m above MLWS, zone 3) and barnacle-mussel zones (> 1.73 m above MLWS, 

zone 4) (Fig. 3.8). 

It can be concluded from these results that the vertical distribution of M. galloprovincialis 

overlaps with P. perna and A. ater, but that C. meridionalis is found lower down on the shore. 

Furthermore, for each species the vertical zonation pattern of adults and recruits were similar, but 

C. meridionalis recruits had a slightly broader distribution than the adults, which were restricted to 

sand covered rocks low on the shore or damp sand-filled crevices. 
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Figure 3.7: The species composition (mean + standard error) of mussel assemblages 1.51 m above 
MLWS, between Kleinmond and Maitland River (a); 0.68 m above MLWS, at Kleinmond and in 
False Bay (b); and 1.51 m above MLWS on the west coast (c). P stands for Perna perna, M for 
Mytilus galloprovincialis, C for Choromyti!us meridionalis and A for Aulacomya ater. 
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Figure 3.8: The density (mean + standard error) of Mytilus galloprovincialis at Cape Infanta in 
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Discussion 

It was suggested in Chapter 1 that limited larval dispersal, was the primary reason for the 
.,: . 

link between local spawning and settlement patterns of mussels in the Algoa Bay region, as well as 

the positive correlation between the abundance of mature adults, larval or spore production and the 

abundance of recruits in local populations of other invertebrates and algae (Dayton 1972, Deysher 

& Norton 1982, Prince et al. 1987 & ·1988, Hunte & Younglao 1988, McShane et aI. 1988). 

Support for this hypothesis was obtained by following the introduction and subsequent spread of 

Mytilus galloprovincialis, in Algoa Bay. 

The density of M. galloprovincialis decreased significantly with increasing distance from Port 

Elizabeth harbour, where it was introduced in 1988. About 76% were found within 5 km of the 

harbour and 90% within 20 km (Fig. 3.2a). The remaining 10% were found up to 73 kmeast of 

the harbour after a year and up to 166 km east after two years (Fig. 3.3). As this invasive mussel 

spreads via its planktonic larval phase, this suggests that the majority of the larvae which 

successfully recruited into benthic populations, had a limited dispersal range, but a small fraction 

were dispersed over longer distances. As discussed in Chapter 2, hydrodynamic models simulating 

larval dispersal show that larvae can be trapped in areas of minimal water movement near the parent 

population, which reduces their estimated dispersal range considerably. In support of this, the 

effective dispersal range « 12-20 km) of about 90% of M. galloprovincialis larvae, coincided with 

the net dispersal distance (8-14 km) estimated from a model (see Chapter 2 for details) which takes 

topographical effects on circulation and dispersal into account (d=tPlt,"'; = square root, Table 

3.2a). In contrast, hydrodynamic models simulating dispersal, predict that larvae advected into the 

open water column away from any topographical effects, will be passively dispersed by wind-

generated currents, and this increases their estimated dispersal range considerably. Data presented 

in Chapter 2 provides evidence that in the Algoa Bay region, winds generally transport larvae 

parallel to the coastline in the direction .of the wind, most often in an easterly direction but 

occasionally in a westerly direction. 
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Table 3.2: The predicted dispersal range of planktonic mussel larvae passively dispersed by wind generated nearshore 
currents (a) and those released into areas of minimal water movement or trapped by eddies (b). The values represent 
the predicted dispersal range of larvae occupying the plankton within the Algoa Bay region for a month, in 1989, 1990 
and 1991, and were calculated from data presented in Chapter 2, which provides a detailed explanation of how these 
predictions were made. T E is the total distance travelled east, Tw the total distance travelled west, T10!al the total distance 
travelled and Tnol the net dispersal range. 

.c: -. 

(a) d = st 

Year TE Tw T10!al Too 

Mean 1989 148 25 173 123E 

Standard 23 10 24 25E 
deviation 

Minimum 123 7 146 91E 

Maximum 204 40 229 180E 

Mean 1990 148 27 175 121E 

Standard 28 13 28 32E 
deviation 

Minimum 86 4 118 54E 

Maximum 192 46 221 164E 

Mean 1991 144 24 168 119E 

Standard 30 6 34 28E 
deviation 

Minimum 103 16 121 84E 

Maximum 185 36 213 157E 

(b) d = tNt 

TE Tw T'otal Tno, 

Mean 1989 15 3 18 12E 

Standard 1 1 1 IE 
deviation 

Minimum 14 2 16 lIE 

Maximum 17 4 20 14E 

Mean 1990 15 3 18 12E 

Standard 1 1 1 2E 
deviation 

Minimum 12 1 15 8E 

Maximum 17 4 20 14E 

Mean 1991 14 3 17 lIE 

Standard 2 1 2 2E 
deviation 

Minimum 11 2 13 8E 

Maximum 16 3 19 13E 



107 

In support of this, the intensity (density) and rate (distance spread each year) of invasion of M. 

galloprovincialis was far greater to the east than to the west (Fig. 3.2, Table 3.1). Furthermore, 

following the change in the distribution of M. galloprovincialis to the east in 1989 and 1990, it was 

apparent that the distance spread each year correSponded with the minimum net dispersal distance 

(TneJ predicted for larvae produced by newly established marginal popUlations, which were advected 

into the open water column and dispersed by nearshore wind generated currellts~(Table 3.1 & 3.2b). 

Similarly, following the change in distribution to the west from year to year, it was apparent that 

the distance spread each year coincided with the lower limit of the estimated mean dispersal range 

(eg. 25 - 10km = 15km west in 1989) of larvae only transported west of the harbour (Tw, Table 

3.1 & 3.2b). It is possible that all recruits could have come from the original source population at 

the harbour as the maximum predicted dispersal range during this period was 36-40 km (Tw) to the 

west and 157-180 km (T0 to the east (Table 3.2b), but this was unlikely, especially since the source 

population was removed towards the end of 1990 when the mussel was no longer being grown on 

ropes in the harbour. Despite the removal of the source population, M. galloprovincialis continued 

to appear on the coast in 1991 and 1992 (Fig. 3.2, Fig. 3.3), suggesting that reproductively viable 

populations had become established in the first two years it was introduced to Algoa Bay. The 

distance spread eastwards in 1990 was only 13 km and M. galloprovincialis did not spread any 

further in 1991 (Table 3.1). This suggests that recruits at the eastern limit of the distribution in 

1991 and 1992 (157 km) came from a previously established marginal population around Woody 

Cape, 73 km east ofthe harbour (Fig. 3.1, 3.2 & 3.3), and that by 1992 no reproductive populations 

had been established further east. 

In general, the decline in the density of recruits with increasing distance from isolated newly 

introduced adult populations (Fig. 3.2), coral reefs (Sammarco & Andrews 1988), deep sea 

hydrothermal vents, or from areas (reserves, offshore islands) which protect stocks of invertebrates 

heavily exploited in accessible regions (Hunte & Younglao 1988, Hockey unpublished data), as well 

as the simulation of larval dispersal using drift tubes (Levin 1983, Tegner & Butler 1985) and 

hydrodynamic models (Black & Gay 1987, Black 1988, McShane et al. 1988, Sammarco & Andrews 
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1988, Black & Moran 1991), all.suggest that most larvae are trapped in areas of minimal water 

movement and settle within 300 m to 12 km of the parent population. A much smaller proportion 

of larvae advected into the open water column an.9 ~ssively dispersed by wind generated nearshore 

currents, settle up to 100-200 km away. This scale of dispersal is greater than the centimetres or 

metres observed in situ for large, short-lived planktonic Oecithotrophic) and demersal larvae (Olson 
r' -

1985, Olson & McPherson 1987, Davis & Butler 1989), but shorter than the hundreds if not 

thousands of kilometres estimated for teleplanic larvae, which spend several months as opposed to 

several weeks (planktotrophic larvae) in the plankton (Scheltema 1966, 1968, 1971, 1972, 1977). 

It is also shorter than expected from the extensive geographic range (Buroker 1985) and widespread 

genetic homogeneity among populations of species with planktotrophic larvae (Scheltema 1975 & 

1978, Koehn et al. 1976, Levitan & Suchanek 1978, Gosling & Wilkins 1981, Beaumont 1982, 

Janson 1987, Behrens Yamada 1989, Felvoden 1989, Watts et al. 1990, Grant & Lang 1991, Grant 

et al. 1992, Beaumont et al. 1993, Co chard & Devauchelle 1993, Mackie & Ansell 1993). One of 

the reasons for this may be that while recruitment is localised on an ecological time scale due to 

limited dispersal, on an evolutionary scale, repeated colonisation and dispersion of a small 

proportion of the larvae increases the biogeographic range considerably, and promotes gene flow 

between existing populations (Crisp 1958, Sammarco & Andrews 1988). Increased dispersal ability, 

and therefore gene flow, results in low rates of speciation and endemism (Scheltema 1975 & 1978, 

Hansen 1978, Jablonski & Lutz 1983, Buroker 1985, Kay & Palumbi 1987), but the rate of 

extinction is lower than for species with short-lived larvae, and several of the latter species have 

evolved alternative means of dispersal (Highsmith 1985, Jackson 1985, Johannesson 1988, Behrens 

Yamada 1989, 0 Foighi11989). Consequently, the evolutionary advantages conferred by dispersal 

seem to outweigh the costs incurred through high larval and settler mortality, although there are 

probably several other biological and physical factors which contributed towards the evolution of 

planktonic larvae (Thorson 1950, Mileikovsky 1971, Grassle 1972, Strathmann 1974, Menge 1975, 

Scheltema 1977 & 1978, Jablonski & Lutz 1983, Buroker 1985, Highsmith 1985, Johannesson 1988, 

Motro 1991). 
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On a smaller scale several -marine invertebrates, algae and fish, as well as terrestrial plants 

and animals (Cohen & Motro 1989) have some propagules which remain near the adults and some 

which disperse, suggesting there are ecological advantages to this. The advantages are clearly 

illustrated by the successful spread of M. gallopro'vincialis along South African shores. Although 

only a very small proportion (10%) of M. galloprovincialis larvae which successfully recruited into 

the adult population were dispersed over distances greater than 20 km, these larvae allowed M. 

galloprovincialis to 1I1eap frog 11 along the coast, expanding its geographic distribution at an average 

rate of 42 krn.yl in the Algoa Bay region. There is convincing evidence that suggests M. 

galloprovincialis was introduced to Saldahna Bay on the west coast of South Africa around 1977. 

If this is the case the geographic distribution of M. galloprovincialis introduced to the west coast 

expanded by approximately 900km in about 10 years, ranging from Luderitz to Hermanus on the 

south coast in 1988 (Fig. 3.1). M. galloprovincialis originating from west coast populations, 

continued spreading eastwards along the south coast and by 1992 had reached Cape St. Francis, 

-564 km east of Hermanus, and 621 km west of Maitland River, the westward distribution limit 

of the population originally introduced to Algoa Bay in 1988. Consequently, by 1992 M. 

galloprovincialis had a more or less continuous distribution from Luderitz on the west coast to the 

Great Fish River on the south coast of South Africa, a distance of some 1 859 km of coastline (Fig. 

3.4). Furthermore, results show that M. galloprovincialis is found in extremely high densities (> 

5 000 adu1ts.m-~ and is the dominant species (-96%) in mussel assemblages on the west coast, and 

on the south coast as far east as Kleinmond (KD) (Fig. 3.4, 3.5 & 3.9). The density declines 

sharply to <200 adu1ts.m-2 to the east of Kleinmond (KD), where M. galloprovincialis has only 

recently been found, and the indigenous Perna perna still dominates (> 90 %) the mussel fauna (Fig. 

3.4,3.5,3.7 & 3.8). However, in Algoa Bay the density of M. galloprovincialis at Brighton Beach 

(4km) and Coegas (19km), the two eastern sites closest to the harbour, more than doubled between 

1989 and 1990, and continued to increase over the next two years at Coegas, although recruitment 

failure lead to a decline and virtual disappearance of the mussel bed (P. perna and M. 
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galloprovincialis) at Brighton Beach from 1990 to 1992 (Fig. 3.2). Therefore, it is likely that those 

larvae which recruit locally will rapidly build up populations in newly colonised areas east of 

Kleinmond (KD). Once this occurs, it is probably only a matter of time until M. galloprovincialis 

spreads into the Transkei on the east coast of South Africa, which may be advantageous, since P. 

perna forms an important part of the diet of Transkeins, and has been overexploited in unprotected 

areas (Siegfried et al. 1985, Lasiak & Dye 1989, van Erkom Schurink & Griffiths 1990). However, 

since the vertical distribution of M. galloprovincialis overlaps with that of P. perna, this is likely 

to be at the expense of P.perna, which unlikeM. galloprovincialis, appears to be a weak competitor, 

slow to recover from disturbance (Lambert & Steinke 1986, Hockey & van Erkom Schurink 1992, 

Dye 1994). 

With the introduction and subsequent spread of M. galloprovincialis there are now four 

species of mussel common along South African shores, including the indigenous Choromytilus 

meridionalis, Aulacomya ater and P. perna. The geographical distribution of these species 

described by van Erkom Schurink (1991) was confirmed in this study. The change in species 

composition of mussel assemblages with habitat and height on the shore was probably related to 

variation in the period of immersion and emersion, as well as sand burial and scouring. _ Since the 

psammophilic C. meridionalis is sensitive to dessication, it dominates low profIle rocks covered in 

sand and only emersed for short periods at low tide. On the other hand, since the psammophobic 

P. perna and M. galloprovincialis are capable of withstanding prolonged periods of emersion at high 

tide, they dominate high shore sand-free rocks. Not unexpectedly, the species composition is mixed 

in intermediate mid-shore habitats. The similarity between the distribution of adults arid recruits and 

the slightly broader distribution of C. meridionalis recruits, suggests that the zonation pattern of the 

various mussel species found on South African shores is determined by selective larval settlement 

and/or post settlement mortality, rather than factors affecting the adults. Several studies have shown 

that settlement patterns reflect the distribution of larvae and that selective settlement of larvae may 

reduce post-settlement mortality (Denley & Underwood 1979, Grosberg 1982, Hawkins & Hartnoll 
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1982, Petersen 1984, Davis 1987 & 1988, Bushek 1988, Young 1989a & b, Wilson 1990, Gunther 

1991, Bertness et al. 1992, Hurlbut 1993, 0 Connor 1993), but others have shown that post-

settlement mortality can still modify the distribution and abundance of juveniles on the shore (Buss 
.: . 

1981, Keough & Downes 1982, Wethey 1984 & 1986, McGuiness & Davis 1988, Osman et al. 

1989 & 1992, Rowley 1989, Harvell et al. 1990, Grosberg 1991, Martel & Chia 1991, Feller et al. 

1992). However, analysis of studies by Grosberg (1982), Dalby & Young (1992) and Fowler et ai. 

(1992) showed that it is extremely difficult to distinguish between the effects of larval distribution, 

selective settlement and post-settlement mortality on settlement patterns. 

In summary, viewed in isolation the results of the three independent studies described in this 

chapter and in Chapters 1 and 2 may be dismissed as being indirect and circumstantial. However, 

taken together they provide convincing evidence that approximately 76 % of planktonic mussel larvae 

have a dispersal range ofless than 5 km, 90% disperse less than 20 km, but about 10% are passively 

transported by wind-generated currents over distances of up to 100 km. One of the most important 

consequences of this is the positive correlation between reproductive effort and the intensity of 

settlement in local mussel popUlations. This relationship influences the management of shellfish 

resources with limited dispersal and spatially and temporally variable recruitment, an i~~ue which 

will be addressed in Chapter 5 and the final synthesis of this thesis. 
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CHAPTER 4 

FACTORS INFLUENCING SETTLEMENT OF BIVALVE MYTILID LARVAE 

ON INTERTIDAL ROCKY SHORES. 



114 

Introduction 

Larval dispersal, settlement and metamorphosis are critical stages in the life history of marine 
-~ . 

invertebrates, linking the reproductive efforts of adults to recruitment of offspring into local 

populations (Barker 1977). Dispersal of mussel larvae off the coast of South Africa was dicussed 

in the first three chapters, but little is known about the factors affecting settlement on South African 

shores. 

It has been shown elsewhere, that after a period of development in the water, larvae become 

competent and metamorphose in response to various chemical or tactile environmental cues, which 

indicate the presence of a substratum or habitat suitable for juvenile life (Morse 1990). Substratum 

preferences and habitat selection by marine invertebrate larvae have been reviewed by many authors 

(Meadows & Campbell 1972, Scheltema 1974). Caffey (1982) pointed out that much of the very 

early work was based on single factor experiments done in the laboratory, and that while these 

experiments were useful in isolating each important factor, the experimental results may bear no 

relation to what happens under natural conditions where several factors interact to determine where 

larvae settle. To date there have been in situ observations of larval settlement on various artificial 

and natural substrata and in different habitats under varying physical (desiccation, wave action) and 

biological (predation, competition) conditions (Crisp & Barnes 1954, De Wolf 1973, Scheltema 
, 

1974, Denley & Underwood 1979, Sebens 1983, Benayahu & Loya 1984, Shepherd & Turner 1985, 

Davis 1987, Raimondi 1988, Dirnberger 1990, Tursi et al. 1990). In general larvae have been 

shown, in the laboratory and in situ, to prefer certain substrata and/or habitats over others and this 

selective settlement generally increases their post-settlement survival (Davis 1987). For example, 

gregarious settlers settle only on or near con specifics (Crisp & Knight-Jones 1953, Bayne 1969, 

Sheltema et al. 1981, Young & Chia 1982, Jensen & Morse, 1984), while the larvae of weak 

competitors may settle away from stronger competitors (petersen 1984). In areas where predation 

is intense, larvae tend to settle or survive in cryptic rather than exposed habitats (Costelloe 1988, 

Cameron & Fankboner 1989). Alternatively, larvae may settle on their food source (Sarver 1979) 
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and in some cases the food source also provides protection from predators (Shepherd & Turner 

1985). Turbulence and flow rate affect the rate of settlement in wave-exposed and sheltered areas. 

Intertidally, settlement is often concentrated in cracks and crevices which provide protection from 
.~ . 

wave action and as they retain water, perhaps decrease desiccation (Jensen & Morse 1984, Bergeron 

& Bourget 1986, Chabot & Bourget 1988). It has frequently been observed that more larvae settle 
r 

on rough surfaces than on smooth surfaces and that larvae have a distinct preference for artificial 

substrata which simulate natural foliose algae and hydroids (Bayne 1964, King et aZ. 1990, Tursi 

et aZ. 1990). 

The larvae of octocorals (Sebens 1983), abalone (Shepherd & Turner 1985) and mussels (De 

Blok & Geleen 1958, Bayne 1964, Seed 1969 & 1976, Bayne 1971, King et aZ. 1990) are commonly 

found in situ on various types of foliose algae. Maas Geesteranus (1942), Verwey (1952) and De 

Blok & Geleen (1958) noted that mytilid larvae settling on foliose substrata subsequently disappeared 

from the temporary sites of attachment and suggested that the plantigrades drifted around in the 

plankton before settling permanen"tly onto adult mussels. Indirect support for this hypothesis was 

provided by the occurrence of metamorphosed mussel plantigrades in plankton samples (Bayne 1964, 

Sigurdsson et aZ. 1976) and by their appearance on spat collectors placed in the sea (Bayne 1964, 

Bohle 1971, Dare 1976, Blok & Tan-Maas 1977). Bayne (1964) first quantified this process of 

primary and secondary settlement. Mytilus edulis in North Wales have a clearly defined breeding 

period with distinct peaks in spawning, plankton availability and settlement. Bayne (1964) sampled 

the plankton, algae and mussels weekly during the breeding period and the resulting time series, 

indicated that M. edulis larvae settle from the plankton to foliose algae and, after a period of growth, 

the larger "late plantigrades II detach and undergo a period of bysso-pelagic dispersal, before settling 

permanently amongst adult mussels. This was supported by Seed (1969) and Dare (1976) working 

on M. edulis in northern Wales and northern England. However, other studies suggest or have 

shown that larvae do settle directly into adult beds (Cross and Southgate 1983 in McGrath et aZ. 

1988, Fell & Balsamo 1985, Eyster & Pechenik 1987, McGrath & King 1991) or onto both foliose 

algae and adults (petersen 1984, McGrath et aZ. 1988, King et aZ. 1989). There is little quantitative 
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evidence that settlers on algae migrate to adult beds. Thus settlement on algae may in fact be 

"wasted settlement" rather than the primary source of recruits in adult mussel beds. 

On the coast of southern Africa Choromytilus meridionalis and Perna perna s~ttlers have been 
• it. • 

observed on a variety of foliose algae (du Plessis 1977, Berry 1978, Beckley 1979, Griffiths 1981, 

Lambert & Steinke 1986), but it is not known whether these settlers migrate to mussel beds or 

whether other larvae settle directly onto mussels. 

The purpose of this study was to examine the influence of larval behaviour, substratum 

availability and wave action on the settlement pattern of mussels, and to assess how important direct, 

primary and secondary settlement are in maintaining mussel populations along the south coast of 

southern Africa. 

Methods 

Study sites 

The intertidal distribution and abundance of planktonic larvae, settlers and late plantigrades 

were quantified simultaneously, at"a wave-exposed and a wave-sheltered platform, situated about 30 

m from each other at Kenton on the south coast (Fig. 4.1). These platforms are covered in Perna 

perna which forms a distinct mussel belt, extending from the lower to the upper balanoid, between 

0.5 and 1.6 m above MLWS. The distribution of mussels within the mussel belt is irregular. Dense 

patches of mussels are surrounded by bare rock, and various algal and barnacle species growing on 

their shells and on the rocks. Algae such as Cheilosporum cultratum, Gelidium pristoides, Giganina 

paxillata, Hypnea spicij'era, Jania sp., Laurencia spp., Plocamium corallorhiza and Pterosiphonia 

cloiophylla occur intertidally at Kenton. 

Sampling periodicity 

Changes in the size and appearance of the gonad indicated that Perna perna spawned between 
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Figure 4.1 (opposite page): The wave-exposed (E) and sheltered-platforms (S) used as study sites 
at Kenton. 

.: -. 
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the 24 August and 2 September 1990 at Kenton. To quantify larval abundance and settlement, 

sampling took place as often as possible on a daily and weekly basis from the 6 to the 27 September 

1990. 

Sampling procedure 

Larval abundance 

The plankton present in the intertidal surf zone adjacent to the study sites was sampled daily 

on an incoming tide. A calibrated bucket was used to collect three water samples of 50 litres each, 

which were subsequently filtered through the 0.180 mm mesh of a cod end, attached to a 0.250 mm 

mesh plankton net, 30 cm in diameter. This method was abandoned after a week and instead, the 

same plankton net was used to collect three samples of approximately 320 litres each. Each sample 

was taken adjacent to the sheltered platform, by hauling the net vertically through water column ten 

times, since the water was only about 1 m deep. All plankton samples were emptied into separate 

labelled containers and preserved in phenoxytol. 

A dissecting microscope fitted with a micrometer was used to count and measure the bivalve 

veligers present in the plankton samples. 

Settlement 

Settlement of larvae from the plankton onto mussels, bare rock, barnacles, encrusting and 

upright coralline algae as well as a mixture of other algae in the mussel belt, were examined on both 

the wave-exposed and the sheltered platforms. The availability of these substrata varied from the 

bottom to the top of the mussel belt and there were four clear vertical zones. The width and height 

of each zone was measured and the distribution and abundance of settlement substrata on the shore 

was assessed by estimating the percentage cover of the dominant space occupiers within two 50 x 

50 cm quadrats in each zone. 

The number and size frequency distribution of juvenile mussels (settlers and late plantigrades) 

on each substratum was quantified on a daily or weekly basis. Before the number of settlers and 
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late plantigrades could be estimated it was necessary to defme the size range of these propagules. 

Bivalve larvae collected in the plankton immediately behind the surf zone adjacent to the rocky 

platforms at Kenton in September 1990 consisted of two cohorts one with a mode at 0.35 to 0.39 

mm and the other at 0.45 to 0.49 mm, but larvae ranged in size from 0.25 to 0.90 mm (Fig. 2.6, 

Chapter 2). Consequently, juvenile bivalves less than 1 mm long were considered to have recently 

settled on the shore, and increases in their density were regarded as being aue to settlement of 

larvae: This would be verified by the presence of cohorts with modes of 0.35 to 0.39 mm and 0.45 

to 0.49 mm on the shore. Juvenile mussels 1 to 19 mm in length were highly mobile and the sudden 

appearance of individuals of this size resulted in marked periodic increases in abundance at Kenton 

(Chapter 1) and several other sites along the coast of southern Africa (Berry 1978, Griffiths 1981, 

Lambert & Steinke 1986). Thus, juveniles less than 1 mm were classified as settlers, while 

individuals 1 to 19 mm were classified as late plantigrades. 

Daily sampling: Where possible mussels and upright coralline algae on the shells or rocks 

around the mussels, were sampled daily between the 6 and 27 September 1990. Each day upright 

coralline algae and mussels with the byssus still attached were cleared from tlp"ee 5xl0 cm quadrats 

of each substratum. Samples were not taken from each zone as the settlement rate on a substratum 

was assumed to be equal at different heights above the low water level. 

WeekJy sampling: In addition to the daily samples a number of potential settlement substrata 

within the mussel bed were examined on the 6,11,18 and 26 September for juvenile mussels less 

than 20 mm in length. Bare rock, encrusting coralline algae and barnacles were examined in situ 

with a magnifying glass. Mussels with the byssus threads attached, upright coralline algae and a 

mixture of other algae consisting mainly of Viva sp. 1 Cladophora ruguiosa, Plocamium corallorhiza 

and Gelidium pristoides, were removed from ten 5xlO cm quadrats of each substratum. 

All samples removed from the shore were preserved in phenoxytol. In the laboratory, 

samples were thoroughly rinsed and all juveniles less than 20 mm collected in a 0.180 mm sieve. 

Rinsed algae and mussel byssus threads were periodically checked under a dissecting microscope, 

to ensure that the rinsing procedure was effective in removing all the juveniles. A dissecting 
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microscope fitted with a micrometer was used to count primary settlers less than 1 mm in length, 

and late plantigrades 1-19 mm long in the samples. To establish the size frequency distribution on 

each substratum on the 6, 11, 18 and 26 September, representative samples, varying from 
.:. -. 

approximately 50, but normally 150 to 1 300 individuals were measured. 

Preliminary analysis of size frequency histograms indicated that there were four distinct 

cohorts of juveniles. Cohort 1 included mussels of 0.3 to 0.84 mm, cohort 2 mussels of 0.85 to 

1.04 mm, cohort 3 mussels of 2 to 7 mm and cohort 4 mussels 8 to 19 mm in length. Four by four 

contingency tables and Chi-square tests comparing the expected and observed size distribution of 

juveniles, were used to examine the temporal variation in the relative proportion of individuals in 

cohorts one to four on coralline algae, other algae and mussel between the 6,11,18 and 26 

September. If there was significant variation in the size distribution then the contingency tables were 

sub-divided by excluding various cohorts and days, and Chi-square tests were used to identify when 

and in which of the cohorts the change occurred. 

Results 

No bivalve larvae were found in the surf zone during the day (this study) or at night (Chapter 

2), but bivalve juveniles were found on the shore at Kenton. Only bivalves belonging to the family 

Mytilidae were quantified. Settlers were not distinguished to species, but late plantigrades were 

Pemapema. 

Settlement substrata 

No settlers were observed on bare rock, encrusting coralline algae or barnacles in the mussel 

belt. Recently settled bivalves of 0.3-0.75 mm were found among the byssus threads of adult 

mussels, as well as on upright coralline algae and other types of foliose algae, where they occurred 

in small axils at the tips of finely branched fronds (Fig. 4.2). 
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Figure 4.2a: The size frequency distribution of juvenile mussels (0.3-19 mm) on upright coralline 
algae, other algae and adult mussels on the 6,1118 and 26 September 1990, at (a) the exposed and 
(b) the sheltered platform. 



Figure 4.2b 
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The density of settlers « 1 mm) on each of these substrata was highly variable resulting in 

high standard deviations around the mean density (Table 4.1). This was possibly due to patchy 

settlement, growth and/or mortality on the scale of a few metres. In addition, mul)iple range tests 

showed larvae did not settle with the same intensity on the different substrata, settler density was 

significantly higher (Kruskal-Wallis, P< 0.00001) on coralline algae than on mussels (Table 4.2). 

This was true on both the exposed and sheltered platforms. On the exposed platform density was 

similar on coralline and other types of algae, but on the sheltered platform it was significantly higher 

(Kruskal-Wallis, P<O.OOOOl) on coralline algae (Table 4.2). There was a slight difference in the 

density of settlers on a substratum if it was directly exposed or protected from wave action, but 

Mann-Whitney tests showed this was not significant (Fig. 4.3, Table 4.3) and as a result, the mean 

settlement intensity on the exposed and sheltered platform was the same (Mann-Whitney, P=0.4013, 

Table 4.4). 

The distribution and abundance of juveniles on the shore 

The abundance and distribution of settlers and late plantigrades on the shore were determined 

by the "preference" of settling larvae for coralline algae over mussels, and the percentage -cover and 

distribution of the settlement substrata. 

Distribution of settlement substrata: The overall distribution pattern of coralline algae, 

other algae and mussels was similar at the exposed and sheltered sites, although there were slight 

differences in the absolute percentage cover of each substratum within each zone (Table 4.5). The 

most obvious difference between the exposed and sheltered sites was in the width of the zones, a 

factor probably related to differences in wave action, since the slope of the two platforms was 

similar. The combined width of zones 1 and 2 was reduced from 13 m on the exposed platform to 

about one metre on the sheltered platform (Table 4.5). Consequently, the mussel belt was much 

narrower (7.43 m) on the sheltered platform than on the exposed platform (19m). In Zone 1 (0.5 -

1.5 m above MLWS) at the bottom of the lower balanoid, the vertical face and top edge of the 

wave-cut platform were dominated by mussels and coralline algae growing on and amongst the 
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Table 4.1: Mean density + standard deviation (s) of settlers on coralline algae, other algal species 
and on mussels, during September 1990. The sample size was 10 for each substratum. No settlers 
were recorded on bare rock, encrusting coralline algae or barncales. 

(a) Exposed 

Date Corallines Algae Mussels -

no.m-2 s no.m-2 s no.m-2 s 

6 6370 2171 3880 3433 730 577 

11 7320 6553 4182 2560 4000 2850 

18 14840 8232 5460 3494 1200 706 

26 1380 512 1600 989 1420 1640 

(b) Sheltered 

6 4180 3339 1268 999 540 482 

11 10820 8403 4040 2921 5160 5090 

18 7100 3839 3680 1104 9980 8528 

26 5780 1976 1980 1168 1360 1833 
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Table 4.2: Kruskal-Wallis and non-parametric multiple range tests (Sokal & Rohlf 1981) comparing 
the density (no.m-~ of settlers « 1 mm) on different substrata, for the exposed and sheltered sites. 

Platform Substratu 
m 

Exposed Mussels 

Algae 

Corallines 

Sheltered Mussels 

Algae 

Corallines 

Sample 
SIze 

40 

40 

40 

40 

40 

40 

Average-
rank 

38.0750 

64.3049 

80.5375 

48.0000 

48.0875 

85.4125 

Homogenous 
groups 

* 
* 
* 

* 
* 

* 

Test Probability 
Statistic 

29.898 <0.00001 

30.7957 <0.00001 
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Figure 4.3: The mean density of settlers (no. < 1 mm.m-~ on exposed and sheltered coralline algae, 
other algae and mussels. 
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Table 4.3: Non-parametric Mann-Whitney two sample tests comparing the density (no. < 1 mm.m-2
) 

of settlers on exposed and sheltered (a) coralline algae, (b) other algae and (c) mussels. 

(a) Coralline algae 

Site Count Average rank Test statistic (Z) Probability 

Exposed 40 37.4250 1.1790 8;2384 

Sheltered 40 43.5750 

(b) Other algae 

Exposed 40 44.8250 -1.6607 0.0968 

Sheltered 40 36.1750 

(c) Mussels 

Exposed 40 38.5250 0.7562 0.4495 

Sheltered 40 42.4750 
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Table 4.4: Non-parametric Mann-Whitney two sample tests comparing (a) the density of settlers 
(no. < 1 mm.m-~ and (b) the abundance of settlers (no. < 1 mm.m- l

) on the exposed and sheltered 
platforms. 

(a) Density 

Site Count Average rank Test statistic Probability 

(Z) 

Exposed 120 117.244 0.8392 0.4013 

Sheltered 120 124.787 

(b) Abundance 

Exposed 480 518.975 -4.0884 <0.0001 

Sheltered 480 445.721 
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Table 4.5: The percentage cover of coralline algae, other algae and mussels in the four zones 
constituting the mussel belt at the exposed (a) and sheltered (b) sites. The height on the shore above 
the mean low tide level at spring tides and the width of each zone are also recorded . 

. :, . 

(a) Exposed 

Height (m) Zone Corallines Mussels Algae Total- - -Width (m) 

- 0.5 - 1.5 1 13 88 0 100 8 

1.5 - 2.1 2 2 84 0 86 5 

0.90 - 1.4 - 0.90 3 9 23 19 51 5 

1.4 - 1.6 4 2 24 17 43 1 

Mean 7 55 9 70 19 

(b) Sheltered 

0.5 - 1.5 1 7 87 4 98 0.53 

1.5 - 2.1 2 4 70 1 75 0.53 

0.90-1.4 3 13 36 16 65 2.87 

1.4 - 1.6 4 0 32 18 50 3.50 

Mean 4 56 10 72 7.43 
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mussels (Table 4.5). In Zone 2 the rocky platform rises and drops sharply down again (1.5 m - 2.1 

m - 0.9 m above MLWS), forming a rocky protrusion covered mainly with mussels, while above 

this the gently rising horizontal platform in zone:3. (0.90 - 1.4 m above MLWS) in the mid to upper -. . 

balanoid, was covered by a mixture of mussels, coralline and other foliose algae growing in shallow 

depressions amongst the mussels (Table 4.5). The relatively flat rocky platform in Zone 4 (1.4 -1.6 

m above MLWS) at the top of the mussel belt, was characterized by a sparse cover of mussels and 

the algae Gelidium pristoides (Table 4.5). Overall, mussel cover (- 55 %) was far greater than 

upright coralline algae (- 6%) or other algal species (-10%). The percentage cover of mussels 

dropped with increasing height above the water (Table 4.5), consequently the total availability of 

these potential settlement substra~ decreased from an average of 99 % at the bottom of the mussel 

bed, to an average of 47% at the top of the mussel bed. 

Distribution of settlers: The settlement intensity on a substratum was assumed to be equal 

in each of the zones. Consequently variations in the abundance of juveniles within and between 

zones (Table 4.6) was a reflection of the changes in the zone width and percentage cover of each 

substratum (Table 4.5), rather than changes in the settlement rate. Even though the density of 

settlers was greater on coralline algae than on mussels (Table 4.2), mussels covered a far greater 

area than coralline algae, and multiple range tests (Table 4.7) indicated there were significantly more 

(Kruskal-Wallis, P < 0.00001) settlers per metre of shore on mussels (59-60 %) than on coralline (30-

23%) or other algae (11-17%, Table 4.6). The preference of settling larvae for coralline algae was, 

however, clearly evident. For example, at the exposed site the mean percentage cover of coralline 

algae was only 13% of that of mussels (Table 4.5), but settlers prefer the former substratum and the 

total abundance of settlers on coralline algae (12 039.m-l
) was 52 % of that on mussels (23 271. m-l

, 

Table 4.6). In zone 3 the percentage cover of coralline algae was 9% as opposed to 23% mussels 

(Table 4.5) and yet a multiple range test showed the mean abundance (Table 4.6) on the two 

substrata was no different (Table 4.8). A similar pattern occurred on the sheltered platform (Table 

4.5, 4.6 & 4.8). 

On the exposed platform the decrease in the percentage cover of mussels, and consequently 
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Table 4.6: The mean abundance of settlers per metre of shore on coralline algae, other algae and 
mussels in zones 1,2,3 and 4, for the exposed (a) and sheltered (b) sites. The percentage of the total 
number of settlers on the shore present in each zone and on each substratum is also recorded. 

(a) Exposed 

Zone Corallines Mussels Algae Total Percentage 

1 7777 12936 0 20713 - - 52 

2 748 7718 0 8466 22 

3 3365 2176 3601 9142 23 

4 149 441 644 1234 3 

Total 12039 23271 4245 39555 

Percentage 30 59 11 

(b) Sheltered 

Zone Corallines Mussels Algae Total Percentage 

1 340 1632 58 2030 11 

2 194 1313 30 1537 9 

3 3546 3658 1259 8463 48 

4 0 3965 1727 5692 32 

Total 4080 10568 3074 17222 

Percentage 23 60 17 
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Table 4.7: Kruskal-Wallis and non-parametric multiple range tests comparing the abundance of 
settlers (no. < 1 mm.m- I

) on different substrata, for the exposed and sheltered sites. 

Site Substratum Sample Average. Homogenous Test Probability 

size rank groups statistic 

Exposed Algae 160 156.366 * 107.S19- <0.00001 

Corallines 160 258.544 * 

Mussels 160 314.744 * 

Sheltered Algae 160 206.525 * 74.2442 <0.00001 

Corallines 160 197.527 * 

Mussels 160 317.450 * 
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Table 4.8: Non-parametric multiple range comparisons indicating the difference in the abundance 
of settlers (no. < 1 mm.m-1

) on coralline algae, other algae and mussels in each zone, for the exposed 
and sheltered sites. Data for each zone were tested separately. 

Site Zone 

Exposed 1 

2 

3 

4 

Sheltered 1 

2 

3 

4 

Substratum 

Algae 

Corallines 

Mussels 

Algae 

Corallines 

Mussels 

Mussels 

Corallines 

Algae 

Corallines 

Mussels 

Algae 

Algae 

Corallines 

Mussels 

Algae 

Corallines 

Mussels 

Algae 

Mussels 

Corallines 

Corallines 

Algae 

Mussels 

. .c~)Unt 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

Average Homogenous 
rank groups 

0.0000 * 
76.1000 * 
86.9000 * 

0.0000 * 
63.2000 

99.8000 

48.6500 

63.1375 

70.9634 

34.9500 

65.4750 

82.0488 

25.3750 

68.7000 

87.4250 

24.5375 

65.7375 

91.2250 

* 

* 
** 
* 

* 
* 
* 

* 
* 

* 
* 

43.5000 * 

* 

* 

* 

60.7125 

77.2857 

** 

20.5000 * 
78.0250 

82.9750 

* 

* 
* 
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in the total availability of settlement substratum with increasing height on the shore (Table 4.5), 

resulted in a decrease in total settler abundance from 20 713. m-l of shore at the bottom of the 

mussel bed to 1234. mol at the top' (Table 4.6). On the sheltered platform the reduction in the width 

of zones 1 and 2 where the availability of settlement substratum was highest, and the slightly higher 

percentage cover of mussels in zones 3 and 4 (Table 4.5), resulted in marked differences in the 

abundance and distribution of settlers across the mussel belt in comparison wfth the exposed site. 

On the exposed platform 74% of the settlers were concentrated in zones 1 and 2 at the bottom of 

the mussel bed while on the sheltered platform 80% were found in zones 3 and 4 at the top of the 

mussel bed (Table 4.6). Multiple range tests showed the mean abundance of settlers was 

significantly higher (Kruskal-Wallis, P<0.00001) in zones 3 and 4 than in zones 1 and 2 on the 

sheltered platform (Table 4.9). On the exposed platform mean abundance was greatest in zones 1 

and 3 reflecting the presence of both algae and mussels, and significantly lower (Kruskal-Wallis, 

P<O.OOOOl) in zones 2 and 4 where very few algae were available to settle on (Table 4.9). On both 

the exposed and sheltered platform the mean abundance was highest in zone 3 (Table 4.9) where all 

three types of settlement substrata were relatively abundant (Table 4.5). Although the rank mean 

density of settlers was equal (Mann-Whitney, P=0.4013) on the exposed and shelter~d. platforms 

(Table 4.3a), the rank mean abundance was significantly higher (Mann-Whitney, P<O.0004, Table 

4.3b) in the exposed mussel bed than in the narrower sheltered mussel bed. The total abundance 

of settlers in the exposed mussel bed was 39555. mol as opposed to the 17 222. mol in the sheltered 

mussel bed as a result of the greater area covered by the settlement substrata, particularly coralline 

algae (Table 4.5 & 4.6). Thus, although the settlement rate (no.m-~ was equal on the exposed and 

sheltered platform, more larvae did not crowd into the narrower sheltered mussel belt. This suggests 

that there was a limit to the carrying capacity of a settlement substratum, that this was the same on 

both platforms and that larval availability equalled or exceeded this carrying capacity. 

In general, although 59-60% of the total number of settlers on the shore on any particular 

day, settled directly onto mussels, a large proportion (40-41 %) settled from the plankton onto foliose 

algae (Table 4.6). 
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Table 4.9: Kruskal-Wallis and non-parametric multiple range tests comparing the abundance of 
settlers (no. < 1 mm.m- l

) in zones 1,2,3 and 4, for the exposed and sheltered sites. 

Site Zone Sample Average Homogenous Test Probability 

size rank group statistic 

Exposed 1 120 277.690 * 81.0293 - < 0.00001 

2 120 209.512 * 

3 120 314.566 * 

4 120 168.231 * 

Sheltered 1 120 203.342 * 105.9180 < 0.00001 

2 120 175.458 * * 

3 120 347.000 * 

4 120 236.200 * 
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Distribution of late plantigrades: Late plantigrades were observed among the byssus threads 

of adult mussels, as well as on foliose algae, although no individuals greater than 19mm were found 

on coralline or other algal species. The mean density of late plantigrades was highly variable on 
.,:. -.. 

each substratum and standard deviations were high (Table 4.10). The mean density of late 

plantigrades on each substratum varied significantly (Kruskal-Wallis, P< 0.05, Table 4.11). Unlike 

settlers, the mean density of late plantigrades was higher on mussels than on coralline algae, and 

lowest on other algal species within the mussel belt (Table 4.11). Occasionally, late plantigrades 

accumulated in the holdfast of coralline algae attached to mussel shells in densities similar to those 

recorded on mussels, as was indiCated by the multiple range test for the exposed site (Table 4.11). 

As with primary settlers, the availability of the settlement substrata influenced the abundance and 

distribution of the late plantigrades within the mussel bed, and this pattern (Table 4.12) was similar 

to that already described for settlers. 

Settlement behaviour 

The behaviour of settling larvae was examined using Kruskal-Wallis and mUltiple range tests 

to compare temporal variations in the density, and Chi-square tests to compare temporal variations 

in the size frequency distribution of juveniles on mussels and algae. In-depth analyses showed there 

were slight differences in the timing and frequency of events on sheltered and exposed shores but 

the general settlement patterns and behaviour of larvae (described below) were the same. 

In general, increases in the density of settlers and the percentage of individuals 0.30 to 

0.49mm in the population, indicate that direct settlement into the adult mussel bed and primary 

settlement on coralline algae occurred repeatedly, mainly between the 6 and 18 September (Fig. 4.2, 

Table 4.1, 4.13 & 4.14). The increase in density and the maintenance of constant levels of settlers 

from one week to the next showed that the pattern was the same on other types of algae, although 

the frequency and timing of peaks in settlement could not be determined (Table 4.1 & 4.15). The 

intensity of direct and primary settlement was low as the relative proportion of cohort 1 (0.30-0.84 

mm) did not increase during settlement (Table 4.16,4.17 & 4.18). 
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Table 4.10: Summary statistics for the mean density (no. m-2
) + the standard deviation (s) of late 

plantigrades (1-19 mm) on coralline algae, other algae and mussels, during September 1990. 

(a) Ex-posed 

Date Corallines Algae Mussels 

no.m-2 s no.m-2 s no.m-2 
r _ s~ 

6 1180 598 560 941 1040 1534 

11 2040 1107 1620 656 2180 1089 

18 2580 2273 900 981 1780 1615 

26 180 148 420 175 1660 1831 

(b) Sheltered 

6 1040 604 405 308 765 238 

11 3860 3233 2460 2296 7680 10838 

18 2320 1108 1000 618 7760 9111 

26 1280 801 800 516 2880 2012 
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Table 4.11: Kruskal-Wallis and non-parametric multiple range tests comparing the density (no.m·2) 

of late plantigrades (l-19mm) on different substrata. 

Site Substratum Sample Average Homogenous Test Probability 

size rank groups statistic 

Exposed Algae 40 49.0854 * 7.4004 0.0247 

Corallines 40 65.3625 * * 

Mussels 40 68.8500 * 

Sheltered Algae 40 42.4875 * 16.7043 0.0002 

Corallines 40 66.5875 * 

Mussels 40 72.4250 * 
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Table 4.12: The mean abundance per metre of shore of late plantigrades (1-19 mm) on coralline 
algae, other algae and mussels in zones 1,2,3 and 4, for (a) the exposed and (b) the sheltered site. 
The percentage of the total number of settlers on the shore present in each zone and on each 
substratum is also recorded. 

(a) Exposed 

r 

Zone Corallines Mussels Algae Total Percentage 

1 1555 11722 0 13277 55 

2 150 6993 0 7143 30 

3 673 1733 820 3226 13 

4 30 342 147 519 2 

Total 2408 20790 967 24165 

Percentage 10 86 4 

(b) Sheltered 

1 79 2465 25 2569 14 

2 45 1983 6 2034 11 

3 793 5523 536 6852 38 

4 0 5987 735 6722 37 

Total 917 15958 1302 18177 

Percentage 5 88 7 

c 
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Table 4.13: Kruskal-Wallis tests comparing the mean density of settlers (no. < 1 mm.m-2) on the 
6, 11, 18 and 26 September on coralline algae and mussels. 

. . 
. ,: -. 

Platform Substratum Date Sample Average Test statistic Probability 

size rank 

Exposed Corallines 6 10 21.4000 24.6889- - <0.0001 

- 11 10 21.2500 

18 10 32.6000 

26 10 6.7500 

Mussels 6 10 11.5500 20.0497 0.0002 

11 10 34.0000 

18 10 18.6000 

26 10 17.8500 

Sheltered Corallines 6 10 20.5500 23.3492 <0.0001 

11 10 27.4500 

18 10 28.0500 
- -

26 10 5.9500 

Mussels 6 10 14.3000 5.7213 0.1260 

11 10 26.6500 

18 10 21.4000 

26 10 19.6500 
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Table 4.14: Tukey multiple range test indicating the difference in the mean density of settlers 
(no. < 1 mm.m-~ on coralline algae and mussels, sampled during September 1990, from (a) the 
exposed and (b) the sheltered sites. The sample size was three except for the 6,11 ,18 and 26 
September when it was ten. 

.~ -. 

(a) Exposed 

Date Corallines Mussels 

Average Homogenous Average Homogenous 

rank groups rank groups 

6 45.5000 *** 25.5556 *** 

7 6.6667 * 4.5000 * 

8 5.0000 * 4.5000 * 

9 7.0000 * 21.1667 ** 

10 8.5000 * 32.6667 *** 

11 43.2000 **** 59.4500 * 

16 33.1667 . ** 42.1667 *** 

18 60.2000 * 35.1500 *** 

19 50.6667 ** 57.1667 ** 

20 47.6667 ** 31.3333 **** 

21 37.0000 ** 43.0000 ** 

22 38.8333 *** 48.5000 *** 

26 22.0000 * 33.9500 **** 

27 16.0000 * 23.8333 ***** 
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Table 4.14 continued: 

(b) Sheltered 

Date Cora1lines Mussels 

Average Homogenous groups Average HOl1]og~nous groups 

rank rank 

6 29.5556 *** 17.6667 **** 

7 24.3333 **** 3.5000 * 

8 10.6667 ** 15.3330 * 

10 7.0000 ** 24.8333 *** 

11 54.5500 ** 48.2000 *** 

15 24.5000 *** 61.5000 *** 

16 14.0000 ** 39.5000 ***** 

17 36.3333 *** 63.6667 ** 

18 45.9500 *** 64.0000 * 

19 71.5000 * 56.3333 **** 

20 59.5000 ** 41.5000 **** 

21 29.1660 **** 42.6667 *** 

22 61.0000 * 52.0000 ***** 

23 18.8333 ***** 36.1667 ****** 

24 48.5000 ** 43.5000 ** 

26 45.4000 **** 27.9000 *** 

27 33.3333 *** 26.5000 ** 
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Table 4.15: The results of Krusk~-\vallis and non-parametric multiple range tests comparing the 
density of settlers (no. < 1 mm.m-2) on algae other than corallines, on the 6, 11, 18 and 26 
September 1990 at the exposed and sheltered platforms. 

Platform Date Sample Average Homogenous Test P,robability 
.,:. -.. 

size rank groups statistic 

Exposed 6 10 20.6000 ** 11.2934 0.0102 

11 10 23.6818 * 

18 10 28.4000 * 

26 10 11.0500 * 

Sheltered 6 10 14.0000 * 12.5581 0.0057 

11 10 31.2727 * 

18 10 20.2500 * 

26 10 17.4500 * 
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Table 4.16: The relative proportion (%) and number (n) of mussels in the mussel bed, within 
cohorts 1,2,3 and 4 on the 6,11,18 and 26 September 1990, at the exposed and sheltered sites. The 
results of Chi-square tests comparing the number within cohorts on different days are also recorded. 
If the number varied significantly the contingency tables were subdivided by excluding various days 
or cohorts and Chi-square tests used to determine on which day and in which cohort the change 
occurred. Of the latter tests only those which were not significant are shown here. A * indicates 
a cohort or date which has been excluded from that particular Chi-square test. DF denotes degrees 
of freedom. 

Date Exposed Shelfered 

1 2 3 4 n 1 2 3 4 n 

6 35 13 31 21 71 68 10 8 14 100 

11 31 8 49 12 374 46 5 35 13 201 

18 38 11 39 12 637 43 13 34 10 157 

26 36 11 35 17 732 44 14 29 14 273 

CHI-SQUARE TESTS 

Site Test DF Test statistic Probability 

Exposed 6,11,18,26 x 1,2,3,4 9 38.4685 <0.0{)05 

Sheltered 6,11,18,26 x 1,2,3,4 9 30.7198 <0.0005 

6,11,18,26 x 1,2,*,4 6 7.5499 >0.2000 

6, *,18,26 x 1,2,3,4 6 10.4057 0.1 <p<0.2 
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Table 4.17: The relative proportion (%) and number (n) of mussels within each cohort 1,2,3,and 
4 on coralline algae, on the 6,11,18 and 26 September 1990, at the exposed and sheltered sites. The 
results of Chi-square tests comparing the number of mussels within cohorts on different days, are 
also recorded. A * represents a date or a cohort which was excluded from that particular Chi-square 
test. DF denotes degrees of freedom. 

.: . 

Date Exposed 

1 2 3 4 n 1 2 

6 76 13 9 2 760 63 25 

11 80 10 8 2 615 68 17 

18 66 17 15 2 510 46 24 

26 80 11 8 1 487 64 23 

CHI-SQUARE TESTS 

Site Test DF 

Exposed 6,11,18,26 x 1,2,3,4 9 

6,11,*,26 x 1,2,3,4 6 

Sheltered 6,11,18,26 x 1,2,3,4 9 

6,11,*,26 x 1,2,3,4 

6,11, *,26 x 

*,2,3,4 

6 

4 

Test statistic 

43.1106 

7.0052 

122.4273 

15.5331 

4.1791 

Sheltered 

3 r- -4 n 

11 

12 

25 

10 

1 290 

4 634 

$ 593 

3 1346 

Probability 

<0.0005 

0.1 <p<0.2 

<0.0005_ -

0.1 <p<0.05 

>0.2000 
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Table 4.18: The relative proportion (%) and number (n) of mussels on algae other than corallines, 
in cohorts 1,2,3 and 4 on the 6,11,18,and 26 September 1990, at the exposed and sheltered sites. 
The Chi-square tests comparing the number within cohorts on different days are also recorded. A 
* represents a cohort which has not been included in that particular Chi-square test. DF denotes 
degrees of freedom. Cohorts 3 and 4 were merged "as the number of mussels in these cohorts was 
occasionally below five, which is the minimum number required for a Chi-square test. 

Date Exposed Sheltered 

1 2 3+4 n 1 r "2- 3+4 n 

6 83 11 6 428 70 18 12 152 

11 74 21 5 219 58 19 23 321 

18 70 22 8 50 75 22 3 225 

26 65 32 3 81 61 26 13 141 

CHI-SQUARE TESTS 

Site Test DF Test statistic Probability 

Exposed 6,11,18,26 x 1,2,3+4 6 27.7945 <0.0005 

6,11,18,26 x 1,*,3+4 3 1.6096 >0.2000 

Sheltered 6,11,18,26 x 1,2,3+4 6 49.7324 <D. 0005 

6,11,18,26 x 1,2 * 3 3.5085 >0.2000 
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Except for settlers on exposed algae, the low settlement rate made it virtually impossible to 

estimate the growth rate of settled cohorts. However, shifts in the distribution of sizes within each 

cohort on the different substrata, and the signi<fi~ant increase (Chi-square, P <n.0005) in the 

proportion (10-11 %) of cohort 2 relative to cohort 1 on exposed algae, suggest that growth of 

recently settled individuals was rapid (Fig. 4.2, Table 4.18). This was supported by the sharp 
r- -

decline in density of settlers between settlement events (Table 4.1 & 4.14), and the concomitant 

significant increase (Kruskal-Wallis, P<O.OOOI & P<0.0018) in the density of late plantigrades 

between the 6 and 18 September (Table 4.10, 4.19). However, the magnitude of the decline (14-

22%) in the number of juveniles (generally >0.60 mm - Fig. 4.2) on exposed and sheltered algae 

on the 11 and 18 September (Fig. 4.2, Table 4.17 & 4.18), and the magnitude of the increase (18-

27%) of cohort 3 on mussels between the 6 and 11 September (Fig. 4.2, Table 4.16), exceeded that 

expected from normal levels of growth andlor mortality of larvae which settled on these substrata 

(10-11 % exposed algae, Table 4.18). 

In the absence of further settlement, rapid growth and mortality resulted in a marked decline 

in the density of both settlers and late plantigrades on algae and sheltered mussels between the 18 

and 26 September (Table 4.1,4.10,4.14 & 4.19), although this did not exceed normal rates, since 

the relative proportion of cohorts did not vary significantly (Chi-square, P> 0.05) from what was 

expected over this period (Table 4.17 & 4.18). Repeated settlement between the 18 and 26 

September on exposed algae mitigated the decline in density on exposed mussels (Table 4.1, 4.10, 

4.14 & 4.19). 

The results thus indicate that larvae which settle primarily on algae occasionally disappear 

from this substratum, and that di!ect larval settlement on mussels is supplemented by occasional 

dense settlement of late plantigrades 2-7 mm in length in the adult bed. However, there was little 

temporal co-ordination between the disappearance of settlers greater than 0.60 mm from algae and 

the appearance of late plantigrades on mussels. 
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Table 4.19: Kruskal-Wallis and non-parametric multiple range tests comparing the mean density 
of late plantigrades on mussels, on the 6, 11, 18 and 26 September 1990 at the exposed and 
sheltered platforms. 

Platform Date Sample Average . Homogenous Test Probability 

size rank groups statistic 

Exposed 6 10 8.6500 * 23.1491 - <0.0001 

11 10 25.1000 ** 

18 10 32.1000 * * 

26 10 16.1500 * * 

Sheltered 6 10 8.7000 * 14.9718 0.0018 

11 10 23.1000 * 

18 10 27.9000 * 

26 10 22.3000 * 
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Discussion 

The size range of settling larvae varies with the rate of larval development and growth 

(pechenik 1984 & 1990, Pechenik et ai. 1990). Furthermore, once development is complete, larvae 

can delay settlement for short periods if settlement sites are unavailable (Bayne 1964, du Plessis 

1977). Mytilid larvae generally settle when they are 0.25 to 0.5 mm long ~(McGrath et ai. 1988). 

The present study shows that mytilid (probably Perna perna) larvae of this size, settle 

simultaneously on algae and mussels, but settler density is greater on coralline algae than on mussels 

(Fig. 4.2, Table 4.1). Primary settlement on algae and direct settlement on mussels has also been 

recorded for Mytilus edulis in Ireland (McGrath et ai. 1988, King et ai. 1989), and Mytilus 

caiifornianus and M. edulis on the east coast of North America (petersen 1984). Furthermore, 

Petersen (1984) showed that, given a choice between algae and mussel byssus threads, larvae choose 

to settle on algae, which explains why he recorded a higher density of settlers on algae than on 

mussels. This IIpreference ll for foliose algae is taken to the extremes in some areas around Britain 

and Ireland, where M. edulis larvae appear to avoid settling directly into the mussel Q~ (Bayne 

1964, Dare 1976, McGrath & King 1991). Bayne (1964) recorded no mussels less than 0.75 mm 

on adult beds in the Menai Straits, North Wales. He estimated that M. edulis settlers grow at an 

avergae rate of 0.025 mm per day, and at this rate it would take approximately 17 days for an 

averaged sized settler (0.325 mm), and 28 days for the smallest sized settler (0.250 mm), to reach 

0.75mm. Bayne (1964) sampled the mussel beds once every two weeks so it is unlikely that he 

would have missed direct settlement to the adult bed, and post-settlement mortality would have to 

have been extremely high to preclude the collection of any recently settled individuals from the 

mussel bed (McGrath et ai. 1988). Dare (1976) recorded slightly smaller sized M. edulis (0.48-0.70 

mm) in the mussel bed at Morecambe Bay in the Irish Sea. Since the sampling interval was two 

weeks and it would take only six days for recently settled mussels to reach this size, he may have 

missed direct settlement to the mussel bed. The same can be said for McGrath & King (1991) who 
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sampled adult populations of M. edulis at 23 exposed sites around Ireland. The presence of a cohort 

with a modal size of 0.325 to 0.375 mm indicated that direct settlement had just occurred at 30% 

of these sites, while the presence of a cohort with a modal size of 0.40 to 0.50 mI? indicated that 

direct settlement had occurred recently at another 35 % of the sites. They found no or virtually no 

individuals less than 0.40mm at the remaining 8 sites, suggesting that direct settlement did not occur 

at 35 % of the sites sampled. However, at these sites the fraction of individuals less than 1mm in 

the population was extremely low on the adult mussel bed and on algae, suggesting that there had 

been no settlement for quite some time. As they pointed out, if they had sampled these shores 

immediately after settlement they may have found that larvae did settle directly on the adult bed. 

Thus, while Bayne (1964) provided conclusive evidence that M. edulis larvae do not settle directly 

in the adult beds, the same cannot be said for Dare (1976) and McGrath & King (1991) as the 

sampling interval between settlement and sampling was too long. The present study on the closely 

related but faster growing brown mussel, P. perna, showed that, because of mortality and the rapid 

growth rate of settlers, if the sampling interval exceeds three to four days it is quite possible that 

peaks in settlement activity will be missed (Table 4.14). 

The preceeding discussion shows that the settlement behaviour of mussellarvaeis complex, 

and there are several questions which need to answered before it can be understood. Firstly, why 

do larvae prefer algae to mussels? Secondly, why settle on mussels at all if algae is the preferred 

settlement substratum i.e. why does direct settlement occur in some areas but not in others? 

Thirdly, what happens to settlers on algae - do they die or do they migrate to the adult bed? 

There are several reasons why larvae settle from the plankton onto folIose algae and 

hydroids. Resident species are known to affect settlement and early post-settlement survival and 

growth by, for example, usurping available settlement space (Woodin 1976 & 1978, Woodin 1983, 

Osman et aZ. 1989), increasing settlement through gregarious responses (Crisp & Knight-Jones 1953, 

Scheltema et aZ. 1981, Jensen & Morse 1984, Osman et aZ. 1989) and altering current flow (Butman 

1987, Eckman 1987, Eckman et aZ. 1989). Filter feeding communities like mussels may filter out 

larvae attempting to settle on them. Consequently, settlers will be concentrated on algae either 
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because larvae avoid settling on the mussel bed or because mortality during settlement is higher on 

mussels than on algae. Early post-settlement predation and competition may also be important 

considerations. Shepherd & Turner (1985) suggestf?d that larvae settled on coralline algae because 

the cryptic habitat provided a refuge from predators living in the adult matrix. Thorson (1957) and 

Bayne (1964) speculated that larvae settled on algae initially in order to avoid competition with 

adults. Petersen (1984) also showed that competition may be an important factbr in that, M. edulis 

larvae- settled on clumps of adult M. edulis but avoided clumps of the superior competitor M. 

califomianus. However, selective settlement will concentrate larvae on algae, so while competition 

with adults decreases, the intensity of competition between settlers increases. Therefore, the larvae 

do not avoid competition they merely exchange one form for another. In addition, the intensity of 

predation and competition varies locally and primary settlement on algae is a biogeographica1ly 

widespread phenomenon. This suggests that while predation and competition may modify local 

settlement patterns, they do not entirely explain the primary and secondary settlement behaviour of 

larvae. An alternative explanation is that initial settlement on algae may be a passive physical 

process. In 1886 Wilson (cited by Seed 1969) attributed the presence of small mussels, about 0.250 

mm long, on zoophytes and seaweeds to a process of passive interception. De Blok & Geleen 

(1958) found that larvae settled on a variety of materials in the sea from twigs of birch and elm to 

artificial hydroids of soft plastic cotton to glass wool. They concluded that general morphology 

rather than chemical composition was important to settling larvae. Specifically, threadforms and 

little niches in the form of ramifications, which trap water and filter out particles from the water. 

The filiform nature of foliose algae, like the upright coralline algal species, may make it easier for 

larvae to settle and/or may passively filter out larvae from the water more efficiently than the 

monofilamentous byssus threads (Lane et ala 1985) of adult mussels. This will result in more 

settlers per unit area on algae than on mussels, as was shown in this study (Table 4.2) and by 

Petersen (1984). If settlement of mussel larvae is largely passive, then no matter where the site may 

be located a large proportion of larvae arriving at the site will settle naturally on algae. 

It is more difficult to explain why larvae settle directly on the mussel bed at some sites but 
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not at others, as McGrath et ale (1988) discounted the chance that genetic differences alone were 

responsible for contrasting settlement patterns. Bayne (1964) worked at a site sheltered from direct 

wave action while most other studies appear to have- been located in relatively exposed areas. Even 
.:. -. 

the platform sheltered from direct wave action in the present study was battered by waves at high 

tide, especially during rough seas. Consequently, as the morphology of the settlement substratum 

and the hydrodynamic field this creates immediately around the substratum influences the ability of 

larvae to settle, it is possible that variation in small scale hydrodynamic factors associated with the 

mussel bed, such as the time taken for water to percolate through the bed, will influence the ability 

of mussels to settle directly onto the adult bed at different sites. The slight differences in the 

frequency and timing of settlement on algae and mussels between a wave exposed and sheltered 

platform only 30 m apart (Table 4.14), also suggests that local hydrography plays an important role 

in determining small scale patterns of larval availability and settlement. Alternatively, as there 

appears to be a limit to the number of larvae that can settle on a substratum (this study), and as 

larvae choose to settle on algae rather than on mussels (petersen 1984), if the availability of 

preferred algal settlement substrata exceeds requirements, then larvae need not settle directly on the 

mussel bed at all. 

In the South African mussel population studied about 40% of the settlers on the shore were 

found on foliose algae (Table 4.6). If these primary settlers do not migrate to the adult bed a 

substantial proportion of the reproductive output would be lost, but in support of work by Bayne 

(1964) and Seed (1969), indirect evidence suggests that this does occur. M. edulis appear to migrate 

off algae and re-settle in the adult bed when they are 1-2 mm, possibly because their-thigmotactical 

needs are no longer met by the temporary algal settlement site (Maas Geesteranus 1942, Bayne 1964, 

Seed 1969). The present study showed that P.perna of 0.60-7 mm periodically disappeared from 

the algae, resulting in a low proportion ( < 16 %) of individuals greater than 2 mm (Table 4.20), and 

none larger than 19 mm on algae, just as Beckley (1979) found at a nearby site. Since there was 

no evidence of mass mortality, these disappearances probably occurred when plantigrades migrated 

off the algae. Furthermore, secondary settlement resulted in an increase in the density and relative 
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Table 4.20: The relative proportion (%) of juvenile mussels within each cohort (size category) on 
coralline algae (C), other algae (~) and mussels (M) at the exposed and sheltered sites. The data 
come from Figure 4.2. 

.< 

Sheltered Exposed 

Cohort Size (mm) 
C A M C A M 

r- -
1 <0.80 61 65 36 76 77 48 

2 0.80-1.00 22 21 11 12 17 11 

3 2.00-7.00 13 9 40 10 5 29 

4 8.00-19.00 3 5 14 2 1 13 
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proportion of plantigrades 2-7 mm long, which exceeded that expected from growth of larvae which 

settled directly in the mussel bed. These two results suggest that plantigrades which migrate off 

algae settle secondarily on mussels. The lack of -temporal co-ordination between migration off 

temporary settlement sites and secondary settlement in the mussel bed, probably occured because 

the migrants undergo bysso-pe1agic dispersal before settling, and may even settle elsewhere. 

Primary and secondary settlement behaviour may be common along the South African coastline since 

settlement of larvae onto algae and the sudden appearance of large numbers (4 600 - 210 000.m-2, 

Berry 1978) of late plantigrades less than 10 mm long in the mussel bed, have been recorded in 

several places (du Plessis 1977, Berry 1978, Griffiths 1981, Crawford & Bower 1983, Lambert & 

Steinke 1986, Chapter 5). 

Thus it appears that larvae passively and/or selectively settle on algae and later migrate to 

the mussel bed, unless algal settlement sites are saturated, in which case larvae settle directly on 

mussels. However, although larvae prefer algae and settle in low intensities on mussels, this study 

shows that the importance of dire~t settlement cannot be overlooked. Since mussels covered a far 

greater area on the shore than algae, 60% of the settlers on the shore at Kenton, were in fact found 

on mussels. It is difficult to assess the relative contributions of direct, primary and_ ~econdary 

settlement towards recruitment into mussel populations. Primary and secondary settlement behaviour 

is obviously crucial to the maintenance of mussel populations in areas where there is no direct 

settlement of larvae on mussels. For example, the populations of Macoma balthica in the North Sea 

probably arise entirely as a result of secondary settlement of larvae which settle six months before 

on high tidal flats in the Wadden Sea (Beaukema & de VIas 1989). However, the settlement 

behaviour is less important in areas where the rate of direct settlement into the mussel bed is high 

enough to balance the losses from the population. In areas like Kenton where the rate of settlement 

is generally low (Chapter 5), and a large proportion of the settlers are found on both mussels (60%) 

and algae (40%), it is probable that direct and secondary settlement contribute equally towards 

recruitment into mussel populations. 
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CHAPTER 5 

PRE- AND POST-SETTLEMENT FACTORS DETERMINING RECRUITMENT 

AND POPULATION DEMOGRAPHY 
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Introduction 

A combination of pre- and post-settlement· factors result in variability in recruitment of 

mobile offspring into sedentary adult populations, and this variability affects the structure and 

abundance of the populations (Roughgarden et ale 1984 & 1985, Connell 1985, Lewin 1986, Menge 

& Sutherland 1987, Hughes 1990, Bertness et ale 1992, Milicich et ale 1992~ Meekan et ale 1993). 

Along the south coast of southern Africa, fluctuations in spawning intensity are directly linked to 

fluctuations in settlement intensity (Chapter 1). However, it is not known whether spawnlng 

intensity is linked to the intensity of recruitment into the adult population, since little is known about 

the relationship between settlement and recruitment. Thus the relative importance of pre- and post-

settlement factors determining recruitment, and the abundance and structure of intertidal mussel 

populations is unkown. 

The relationship between settlement and recruitment of invertebrates and algae is determined 

by post-settlement factors which modify the distribution and abundance of settlers prior to maturity 

(Buss 1981, Keough & Downes 1982, Wethey 1984 & 1986, Caffey 1985, Sale & Farrell 1988, 

McGuiness & Davis 1989, Osman et ale 1989 & 1992, Rowley 1989, Harvell et a1199_0J Grosberg 

1991, Martel & Chia 1991, Feller et al 1992, 0 Connor 1993). These include factors such as 

canopy shading and sweeping, environmental stress and predation (Connell 1961a&b, Sutherland 

1974, Hawkins 1983, Young & Chia 1984, Stoner 1990, Brawley & Johnson 1991, Michington & 

Scheibling 1991). Post-settlement growth and mortality are also influenced by settlement intensity. 

Therefore, the relationship between settlement and recruitment, is determined by settlement intensity 

(Connell 1985). When settlement intensity is low it has little effect on growth and mortality, and 

pre-settlement factors influencing settlement control recruitment (Buss 1981, Keough & Downes 

1982, Connell 1985, Davis 1988, Fairweather 1988, Bertness 1989, Harvell et ale 1990, Reed 

1990, Reed et ale 1991). However, high settlement intensity uncouples the relationship between 

settlement and recruitment by reducing growth and increasing mortality (Connell 1985, Davis 1988, 

Holm 1990, Hughes 1990, Karlson & Levitan 1990, Sutherland 1990, Robertson 1992). 
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Furthermore, due to the effect of settlement intensity on growth and mortality, the abundance and 

size structure of populations may be very different in areas receiving consistently different levels of 

settlement (Guillou & Hily 1983). 

On the south coast spawning intensity was consistently greater in Algoa Bay than on the open 

coast (Chapter 1). This suggests that settlement intensity should be greater in the bay, and that the 

abundance and structure of mussel populations will vary between the bay and the coast. 

This study examines patterns of settlement, post-settlement growth and mortality, and 

considers the relative importance of pre- (spawning intensity and dispersal) and post-settlement 

factors (settlement intensity, growth, mortality) to recruitment, the structure and density of intertidal 

mussel populations along the south coast of southern Africa. 

Methods 

Study sites 

Study sites were chosen to represent the full range of regional (bays/open QQast) , local 

(sandstone/dune rock) and habitat (tidal elevation and the quantity of sand) conditions in the Algoa 

Bay region (Fig. 5.1). Sites on the open coast, were established at four dune rock shores (Diaz 

Cross, Kwaaihoek, Kenton, Three Sisters) and at five sandstone shores (Chelsea Point, Kasouga, 

Sharks Bay, East Beach, Rufanes). The three study sites (Brighton Beach, Swartkops, Melville) in 

the Bay were located on small platforms (- 25 m~ of consolidated dune rock: The mussel 

populations at Brighton Beach, Diaz Cross, Kwaaihoek, Kenton, Three Sisters, Kasouga and Sharks 

Bay, were free of sand as they were raised (> 1.51m above MLWS) well above the seasonally 

fluctuating sand levels (Dower 1990). In contrast, sand was permanently found among mussels in 

the low shore « 0.68 m above ML WS) populations at Swartkops and Melville. Mussels found at 

intermediate heights (0.68-1.51 m above MLWS) on the shore at Chelsea Point, East Beach and 

Rufanes were scoured by sand at high tide and periodically buried, when the sand level rose in late 
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Swartkops SW (4)7/89-8/90 monthly 
8/90-6/91 hi-monthly 

Melville ME (4)6/89-8/90 monthly 

RU 
SB •• TS Brighton Bench BB 4/89-8/90 monthly 

EB 8/90-6/91 hi-monthly 
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K
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ME KA Dinz Cross DC 6/89-7/90 monthly 

Port Elizabeth KW 
[] sw Algoa Bay Kwaaihoek KW 6/89-7/90 monthly 

i BB Kenton KE 7/89-8/90 monthly 

CP 8/90-6191 hi-monthly 

Three S islers TS 4/89-4(8)/90 monthly 

Knsouga KA 7/89-7/90 monthly 

Sharks Bay SB 6/89-8/90 monthly 

CheL,ea Point CP 7/89-8/90 monthly 

East Bench EB 7/89-8/90 monthly 

Rufanes RU 7/89-8/90 monthly 

1 

Figure 5.1: Map of the study region on the southern coast of South Africa indicating the position of the study sites: Choromytilus meridionalis was 
studied at Swartkops (SW) and Melville (ME) and Perna perna was studied at the rest of the sites. 
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summer between January and May (Dower 1990). 

Sampling periodicity 

The sampling periodicity at each site is summarised in Fig. 5.1 and explained in Chapter 1. 

Sampling procedure 

The technique used to sample mussel populations and process the samples, was described in 

Chapter 1. 

Data were used to establish the monthly species composition, density, and size frequency 

distribution of mussels in the population at each site. The settlement pattern was established by 

examining temporal variations in the density of mussels < 20 mm at each site. Cohort analysis of 

size frequency histograms was used to estimate post-settlement growth and mortality, settlement 

intensity and the intensity of recruitment into adult populations. 

Cassie's (1954) method of probability analysis of cumulative frequencies obtained from size 

frequency histograms, was used to identify cohorts and estimate their mean size and density. This 

was complicated by repeated settlement occurring over extended periods and the difficulty in 

identifying discrete cohorts at sites where settlement intensity was low (eg. Three Sisters). Only 

those cohorts which could clearly be identified and followed until they disappeared or merged with 

other cohorts, were used in the following analyses. Regression of the change in mean size and 

density over time was used to estimate the growth and mortality rates of individual cohorts and all 

cohorts together. Settlement intensity was estimated as the density of a cohort at settlement, and 

recruitment intensity as the density of the cohort after 10 months on the shore, when it reached 

maturity. 

Data on the spawning intensity (gamete output) prior to each settlement event were presented 

in Chapter 1. 
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Results 

Species composition 

Not unexpectedly (see Chapter 3) the spec~es composition of mussel beds varied with height 

on the shore (Table 5.1). Populations low on the shore at Swartkops and Melville were dominated 

by Choromytilus meridionalis (90%) with a small proportion of Perna perna (10%). In contrast 

populations high on the shore were dominated by 94-99 % P. perna with a trace « 1 %) of C. 

meridionalis and Mytilus galloprovincialis. The species composition of populations at intermediate 

heights on the shore varied over time. For example, in April 1989 the mussel population at Chelsea 

Point consisted of 90% P. perna and 10% C. meridionalis, but when the mussel bed was next 

sampled in August 1989 the species composition had changed to 52 % P. perna and 48% C. 

meridionalis (Table 5.2). Thereafter the proportion and density (Fig. 5.2, Table 5.2) of C. 

meridionalis declined steadily and by April 1990 the population was again dominated by 97% P. 

perna with only 3 % C. meridionalis (Table 5.2). Similar temporal fluctuations in the abundance of 

C. meridionalis were recorded at East Beach and Rufanes, the other two intermediate sites (Fig. 5.2, 

Table 5.2). 

Settlement, growth and mortality 

The settlement patterns of different species were similar. Following Chapter 4 mussels < 10 

mm were classified as settlers, however, recruits of 10 -19 mm were highly mobile and capable of 

moving and re-settling elsewhere. Temporal variation in the density of settlers indicated that one 

or two new cohorts appeared in the population each year (Fig. 5.3). Each cohort settled over an 

extended period with 2-3 peaks in settlement activity during that time. The intensity, timing and 

duration of settlement peaks varied considerably between sites and over time (Fig. 5.3). Peaks in 

the density of recruits <20 mm (settlers < 10 mm + juveniles 10-19 mm) were clearer than 

settlement peaks, at sites (eg. Three Sisters) where settlement intensity was low. 

Cohort analysis showed that because of the extended settlement period, each cohort consisted 

of different aged mussels of varying size. To save space, examples of changes in the mean size, 

size range and density of each cohort in the population are given for Brighton Beach, Swartkops and 
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Table 5.1: The species composition of the mussel populations located less than 0.66-0.68 m (low), 
0.66-1.73 m (mid or intermediate) and 1.51-2.15 m (high) above MLWS. 

Site Height < • Percentage 

Perna Choromytilus Mytilus 

SW Low 10 90 0- -

ME Low 8 92 0 

BB High 94 4 2 

DC High >99 <1 <1 

KW High >99 <1 <1 

KE High >99 <1 <1 

TS High >99 <1 <1 

KA High >99 <1 <1 

SB High >99 <1 <1 

CP Mid 82 17 <1 

EB Mid 91 9 <1 

RU Mid 88 11 <1 



163 

Table 5.2: Temporal variation in the species composition (%) of populations at intermediate heights 
on the shore at (a) Chelsea Point, (b) East Beach and (c) Rufanes. 

(a) Chelsea Point 

Date Perna Choromytilus Mytilus 

04/89 90 10 0 

07/89 75 23 2 

08/89 52 47 1 

09/89 76 24 0 

10189 64 33 3 

11189 74 25 1 

01190 72 27 1 

02/90 79 20 1 

03/90 62 38 0 

04/90 96 2 2 

05/90 96 4 0 

07/90 97 3 0 

08/90- 88 11 1 

(b) East Beach 

Date Perna Choromytilus Mytilus 

07/89 86 13 0 

08/89 90 10 0 

09/89 93 6 0 

10189 95 5 0 

11189 93 7 1 

01/90 93 6 0 

02/90 97 3 0 

03/90 98 2 0 

04/90 88 11 0 

05/90 82 18 0 

07/90 93 7 0 

08/90 86 14 1 



Date 

07/89 

08/89 

09/89 

10/89 

11/89 

01/90 

02/90 

03/90 

04/90 

05/90 

07/90 

08/90 

Table 5.2 continued ... 

(c) Rufanes 

Perna Choremytilus 
.~ . 

94 5 

90 10 

86 14 

93 5 

72 28 

71 29 

87 4 

86 14 

97 3 

93 6 

79 20 

86 12 
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Mytilus 
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Figure 5.2: Temporal variation in the density of Perna perna and Choromytilus meridionalis at 
intermediate heights on the shore at Chelsea Point, East Beach and Rufanes. 
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Figure S.3a: Temporal fluctuation in the density of settlers (0-9 mm), juveniles (10-19 mm) and 
the total density of recruits (0-19 mm) at sites within Algoa Bay (a), and on dune rock (b) and 
sandstone (c) shores on the open coast. 
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Melville only (Fig. 5.4). Unsurprisingly, regression analysis showed that the mean size and density 

of a cohort were usually significantly correlated (P<0.05, Table 5.3) with the period since 

settlement. The growth relationship varied for individual cohorts and regression curves which best 
"< 

fit the data were calculated, of which all, except one, were significant (p<0.05, Table 5.3). Not 

unexpectedly, density always declined exponentially. However, this relationship was not significant 

(p>0.05, Table 5.3) for some cohorts at open coast sites, probably because low settlement intensity 

and merging of cohorts made it difficult to estimate density accurately. Data for individual cohorts 

were pooled and a common growth and mortality curve calculated for mussels. Newly settled 

cohorts generally grew rapidly initially, and it was estimated from the common logarithmic growth 

curve, that they reach maturity (25-30 mm, Chapter 1) after 7 to 10 months (Fig. 5.5). However, 

because the growth of individual cohorts differed, there was some scatter about this, and the actual 

size of each cohort varied at maturity. Mortality was generally high during this time, and it was 

estimated from the common exponential decay curve, that only 17 to 29 % of a cohort survived to 

maturity. It was also apparent that the mortality rate of individual cohorts varied quite substantially, 

and this resulted in a low correlation coefficient (r=0.3718, Fig. 5.6). Both mortality and growth 

slowed with time and age, adults only growing about 10 mm in their second year on the -shore and 

even less in subsequent years (Fig. 5.5 & 5.6). 

The density of Perna perna and Choromytilus meridionalis cohorts at settlement, ranged from 

approximately 5 000 - 60 000. m-2
, except on one occasion when the settlement intensity of C. 

meridionalis was 130000. m-2• Over the range of settlement intensities commonly recorded during 

this study, both growth and mortality of recruits were density independent, as regression analyses 

showed that there was no significant correlation between settlement intensity and the size or % 

mortality of individual cohorts after 10 months on the shore (Fig. 5.7 & 5.8). Thus, settlement 

intensity (5 000 - 130 000. m-2) accounted for 73 % of the variance in the intensity of recruitment 

into the mature adult population, and there was a positive linear relationship between these variables 

(r=0.8554, P<O.OOl, Fig. 5.9). However, analysis of this relationship indicated that it was not 

possible to predict recruitment into the adult population accurately when settlement densities were 
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Figure 5.4: Temporal variation in the size frequency distribution at Brighton Beach, Swartkops and 
Melville. The modal size and density of each cohort in the population are indicated. The sample 
size (N) is shown in the top right hand comer, and the mid-point of each 4mm size class are shown 
on the X axis (eg. 0-4 mm size class denoted as 2 mm). 
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Table 5.3: Coefficients for regression (best fit) of the modal size (G=growth) and density 
(M = mortality) of a cohort (C) against the length of time since settlement (mode 2-7mm, maximum 
density). Data for regressions were obtained from Fig. 5.4, and the number of data pairs for 
regressions depended on the length of time cohorts could be clearly identified. No data are shown 
for Three Sisters, Kasouga or East Beach as either settlement intensity was too low to identify clear 
cohorts and/or the time series was not long enough to do a regression. -. 

Site Length Type a b rz n P 

BB G C1 4/89- Exponential 9.12 0.14 0.93 9 <0.05 
10/89 

M Cl 5189- Exponential 27406.00 -0.60 1.00 3 <0.05 
7/89 

G C2 9/89- Logarithmic 4.06 9.82 0.80 14 <0.05 
6/91 

M C2 10/89- Exponential 33076.00 -0.16 0.74 7 <0.05 
5190 

G C3 12/90- Exponential 6.07 0.15 0.86 4 <0.05 
6/91 

M C3 12/90- Exponential 24387.00 -0.22 0.58 4 >0.05 
6/91 

SW G C1 4/89- Power 15.10 0.33 0.89 10 <0.05 
8/90 

M C1 4/89- Exponential 13748.00 -0.16 0.76 5 <0.05 
10/89 

G C2 4/90- Linear 1.85 2.18 0.83 -8 <0.05 
6/91 

M C2 4/90- Exponential 47773.00 -0.27 0.89 4 <0.05 
8/90 

G C3 12/90- Linear 6.30 1.15 0.90 4 <0.05 
6/91 

M C3 12/90- Exponential 22326.00 -0.40 0.90 4 <0.05 
6/91 

ME G C1 4/89- Logarithmic 1.48 15.56 0.94 13 <0.05 
8/90 

M Cl 4/89- Exponential 9271.00 -0.17 0.90 4 <0.05 
8/89 

G C2 4/90- Linear 2.85 1.20 0.93 4 <0.05 
8/90 

M C2 4/90- Exponential 122846.00 -0.24 0.80 4 <0.05 
8/90 
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Table 5.3 continued ... 

Site Length Type a b rz n P 

DC G C1 4/89- Power 5.60 0.76 0.98 9 <0.05 
7/90 

M C1 7/89- Exponential 11 126.00 -0.23 0.93 4 <0.05 
1190 

r - ~ 

G C2 3/90- Linear 3.20 2.03 0.88 4 <0.05 
7/90 -

M C2 11/89- Exponential 6400.00 -0.10 0.37 7 >0.05 
7/90 

KW G C1 6/89- Logarithmic 10.30 12.32 0.98 6 <0.05 
3/90 

M C1 6/89- Exponential 6836.00 -0.37 0.99 4 <0.05 
10/89 

KE G C1 11189- Exponential 2.18 0.01 0.91 3 >0.05 
2/90 

M C1 11/89- Exponential 4764.00 -0.19 0.64 3 >0.05 
2/90 

G C2 4/90- Linear 3.28 1.08 0.82 5 <0.05 
2/91 

M C2 4/90- Exponential 7782.00 -0.39 0,87 4 <0.05 
10/90 

SB G C1 11/89- Linear 7.43 2.14 0.97 4 <0.05 
3/90 

M C1 11/89- Exponential 6991.00 -0.14 0.84 4- <0.05 
3/90 

M C2 4/90- Exponential 7958.00 -0.34 0.89 3 >0.05 
7/90 

RU G C1 4/90- Power 2.07 0.97 0.96 4 >0.05 
8/90 

M C1 4/90- Exponential 12256.00 -0.52 0,95 4 <0.05 
8/90 

CP G C1 7/89- Linear 9.58 1.30 0.87 7 <0.05 
1190 

M C1 11/89- Exponential 15778.00 -0.37 0.96 3 <0.05 
2/90 

G C2 4/90- Linear 7.45 3.40 0.89 4 <0.05 
8/90 

M C2 4/90- Exponential 5013.00 -0,36 0.43 4 >0.05 
8/90 
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Figure 5.5: Regression of cohort age (independent variable) against the modal size (dependent 
variable) of a cohort. The data for different cohorts were pooled to establish a general growth curve 
for mussels. The coefficients of the logarithmic curve fitted to the data and the significance of the 
correlation are a=2.8162, b=ll. 7961, r2=O.7629, P<O.OOl and the sample size was 176. 
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Figure 5.6: The change in density of settled cohorts over time. The data for the different cohorts 
were pooled to establish a general decay or mortality curve for mussels. The regression coefficients 
of the exponential curve fitted to the data and the significance of the correlation are a=ll 073, b=-
0.1751, r2=0.1382, P< 0.001 and the sample size was 75. 
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Figure 5.7: Regression of settlement intensity or density of a cohort at settlement· (independent 
variable) against the modal size of a cohort after ten months on the shore (dependent variable). The 
modal size was calculated from the growth curve for each individual cohort. 



185 

Figure 5.8: Regression of settlement intensity or density of a cohort at settlement (independent 
variable) against the mortality (%) suffered by a cohort during the 10 months prior to maturity 
(dependent variable). Mortality was calculated from the decline in density of each individual cohort. 
No curve was fitted to the data (sample size 19) as there was no significant relationship (P> 0.05) 
between these two variables. 
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Figure 5.9: Regression of settlement intensity (density of newly settled cohort) against the intensity 
of recruitment into the mature adult population (density of cohort after 10 months). The recruitment 
intensity was calculated from the decline in density of each individual cohort. The coefficients of 
the linear curve fitted to the data and the significance of the correlation are a = 28.6745, b = 0.0883, 
r=O.7317, P<O.OOl and the sample size was 19. 



187 

below 60 000. m-2
• Furthermore, when settlement intensities were below 60 000. m-2

, regression 

analysis showed there was a positive linear correlation between spawning intensity and settlement 

intensity (Chapter 1, Fig. 1.4), but not between spawning intensity and subsequent recruitment 

intensity (Fig. 5.10). Multiple regression analysis indicated that together spawning intensity, 

settlement intensity, growth and mortality prior to maturity accounted for 76% of the variance in 

recruitment into the adult population (Table 5.4). 

Population size structure and abundance 

Mean settlement intensity was significantly higher in Algoa Bay than on the open coast 

(ANOVA, P<0.05), and slightly,. but not significantly, higher on coastal sandstone shores than on 

dune rock shores (Table 5.5). This was associated with differences in population size structure (Fig. 

5.11) and abundance (Fig. 5.12) between the bay, coastal dune rock and sandstone shores. ANOV A 

and Tukey multiple range tests identified significant differences (p < 0.0001) in the mean density of 

recruits < 20 mm, immature adults 20-24 mm and mature adults > 25 mm between Algoa Bay, 

coastal dune rock and sandstone shores. 

Repeated high intensity settlement at sites in Algoa Bay (Fig. 5.3a), especia~ly Brighton 

Beach, resulted in populations dominated by a high density of small individuals (2-30 mm) (Fig. 

5.11a). The maximum mean cohort size of P. perna recorded at Brighton Beach was 30-32 mm, 

and it was estimated from the growth curves for individual cohorts at this site, that these individuals 

were less than a year old. The' estimated longevity was slightly longer for C. meridionalis at 

Swartkops (1-2 years) and Melville (2-3 years) where maximum mean cohort sizes of 35mm and 47 

mm respectively, were recorded (Fig. 5.4, Table 5.6). Populations underwent large temporal 

fluctuations in abundance (from - 5 000 to 130000. m-2
) as recruit (16471 + 1 791. m-2

) and adult 

(3 441 + 132. m-2
) densities varied greatly over time (Fig. 5.12a, Table 5.7 & 5.8). 

In contrast populations on coastal dune rock shores (eg. Three Sisters, Fig. 5.3b) had a low 

density oflarge individuals, - 34-44 % of which were > 30 mm (Fig. 5 .11 b). The maximum mean 

cohort size ranged from 37 - 57 mm, and it was estimated that P. perna survived for 2-4 years on 
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Figure 5.10: Regression of spawning intensity (gamete output in g dry weight) against the intensity 
of subsequent recruitment into the adult population. The regression equation, sample size and 
correlation coefficients were: y = 1478x - 15714, n = 11, r = 0.2197, p>0.05. 
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Table 5.4: Multiple regression model [y = 15410 -19 980x(GO) + 0.3380x(sl) + 113x(G) - 155x(M)] 
for gamete output (g) during spawning (from Chapter 1), settlement intensity, growth and mortality 
of settled cohorts in the 10 months prior to maturity (independent variables) against the intensity of 
recruitment into the mature adult population (dependent variable) . 

. 
Independent variable Coefficient Standard error (SE) t-value P 

Constant 15410 3809 4.0455 0.0155 
- -

Ga!l1ete output (GO) -19 980 8973 -2.2268 0.0899 

Settlement intensity 0.3380 0.1 2.9956 0.0401 

(S1) 

Growth (G) 113 67 1.6892 0.1664 

Mortality (M) -155 37 -4.2133 0.0135 

r = O. 7551, SE = 1 077, Durban Watt Statistic = 2. 7830 
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Table 5.5: The range and mean (±standard error) settlement intensity (density of newly settled 
cohorts) at sites within Algoa Bay (AB) and on coastal dune rock (DR) and sandstone shores (SS). 

Region Site n Mean . Standard Range (no.m-2
) 

, 

(no.m-2
) error (no. m-2

) 

AB BB 3 35095 3523 10 000 - 118 000 
--

SW 3 31 495 11 072 

ME 2 63782 53598 

DR DC 2 8 171 1 974 5 000 - 11 000 

KW 2 7563 416 

KE 2 7968 2806 

SS CP 2 12213 3296 6000 - 16000 

KA 1 8789 -

SB 3 6521 259 

EB 2 8501 1 824 

RU 1 12501 -
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Figure 5.11a: The general size frequency distribution using pooled data from each month, of 
mussel populations within Algoa Bay (a), on dune rock (b) and sandstone (c) shores. The standard 
deviation for recruits «20 mm) was 1-16% and for adults 1-9%. The sample size each month was 
approximately 1 000 in Algoa Bay, 600 on dune rock shores and 500 on sandstone shores. The mid­
point of each 4 mm size class (eg. 0-4 mm size class is denoted as 2mm) are shown on the X axis. 
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Figure 5.12a: Temporal variation in the total density of (R) recruits (0-19 mm), (IA) immature 
adults (20-24 mm), (MA) mature adults and in the (T) total density of mussels at sites within Algoa 
Bay (a), on dune rock (b) and sandstone (c) shores. 
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Table 5.6: The maximum modal size of adult cohorts (from Fig. 5.4) and the age of these cohorts 
estimated from the growth curves- for each newly settled cohort at a site. The age represents the 
longevity of most mussels at each site. The mean age + standard error for each site is also shown. 
No estimates could be made for Kasouga, East Beach or Three Sisters. 

- . 

Region Site Cohort Maximum modal Estimated age or longevity 
size (mm) (months) 

AB BB Cl 30 9 
~ . -

C2 14 

C3 11 

mean 11+ 3 

SW Cl 35 13 

C2 15 

C3 25 

meap 18 + 6 

ME Cl 47 19 

C2 37 

mean 28 + 13 

DR DC Cl 57 21 

C2 27 

mean 24 + 4 

KW Cl 57 44 -
KE C2 40 34 

TS 37 -

SS CP Cl 43 26 

C2 10 

mean 18 + 11 

SB C2 32 11 

RU Cl 34 18 

KA 30 -
EB 35 -
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Table S.7: The mean density of recruits (0-19 mm), immature adults (20-24 mm), mature adults 
(> 25 mm) and the range of total mean density for each site and group of sites in Algoa Bay (AB) , 
on coastal dune rock (DR) and sandstone shores (SS). The density (no. m-2

) + the standard error 
(beneath) is shown for each group and site. 

Group Site Recruits Immature<alIults Mature adults Total range 

AB SW 16471 13 885 1280 1478 3441 3600 8098 - 63 205 
1 791 2014 78 134 132 231 

ME 20036 738 3281 • - "3 278 -127 607 
4957 128 220 

-
BB 15704 1563 3438 10 897 - 55 385 

1 780 116 237 

DR DC 3089 3 109 690 586 3976 3 150 3205 - 11 432 
139 251 49 58 86 147 

K 3588 559 4227 5 000 - 14274 
W 348 68 193 

K.E 3296 636 3987 3 814 - 16 111 
324 126 143 

I 

TS 2483 957 4680 6738 - 11 282 
179 111 149 

SS KA 5727 8699 905 1477 4360 5308 9979 - 24 915 
360 759 53 121 118 348 

SB 5716 829 3999 7 628 - 15 021 
548 67 184 

EB 4084 655 4517 5 043 -16 603 
680 117 173 

RU 4824 848 4268 6731 - 22 340 
833 131 207 

CP 6380 550 1459 4359 - 25 962 
959 64 215 
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Table 5.8: Summary table of results from Kruskal Wallis tests examining the monthly variation in 
the density of (a) recruits, (b) immature adults, (c) mature adults and the (d) total monthly density 
at each site. The test statistic (Three Sisters) and significance at the 0.05 level (P) are shown. 

Recruits Immature Mature adults Total density 

adults 

r- ~ 

Group Site Sample TS P TS P TS P TS P 

- size 

AB SW 50 45 0.0002 26 0.0548 36 0.0028 45 0.0002 

ME 48 42 <0.0001 31 0.0040 37 0.0004 38 0.0003 

BB 60 44 0.0037 37 0.2650 40 0.0117 42 0.0055 

DR DC 67 28 0.0029 24 0.0127 1 0.4398 26 0.0067 

KW 51 30 0.0016 25 0.0102 20 0.0395 27 0.0041 

KE 49 27 0.0262 18 0.2426 30 0.0113 30 0.0118 

TS 61 14 0.3150 28 0.0051 18 0.1122 15 0.2288 

SS KA 30 9 0.3193 20 0.0119 18 0.0195 12 0.1348 

SB 39 20 0.0471 25 0.0078 26 0.0069 16 , ,0.1443 

EB 35 14 ' 0.1737 23 0.0114 19 0.0390 20 0.0309 

RU 33 21 0.0190 22 0.0148 14 0.1668 20 0.0315 

CP 46 34 0.0051 31 0.0096 37 0.0015 36 0.0019 
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the open coast (Fig. 5.4, Table 5.6). Recruit densities on dune rock shores (3 089 + 139. m-2) were 

lower and temporal fluctuations in density (-3000 - 16000. m-2) smaller than in Algoa Bay, but 

the low intensity of continuous settlement maintained relatively stable and comparatively higher 

numbers of adults (3 976 + 86. m-2
) in the pop~hition (Fig. 5.12b, Table 5.7, 5.8, 5.9 & 5.10). 

This reached an extreme at Three Sisters where settlement intensity was so low that recruit density 

did not fluctuate significantly over time, although settlement was high or frequent enough to replace 

lost mussels and maintain a constant density of adults in the popUlation (Table 5.8). 

Sites on sandstone shores receiving intermediate levels of settlement were generally bimodal 

with equal proportions and relatively high densities of recruits (5727 + 360. m-2
, 47%) and adults 

(4360 + 118. m-2, 53%, Fig. 5.11c, Table 5.7). Recruit densities were intermediate between Algoa 

Bay and dune rock shores (Table 5.9 & 5.10) and populations underwent occasional marked 

temporal variations (-4 000 - 22 000. m-2) in abundance (Fig. 5.12c, Table 5.7). Adults were 

smaller (maximum mean cohort size 30 - 37 mm), and survived for shorter periods (1-:2 years), than 

on dune rock shores (Fig. 5.4, Table 5.6) but, although adult densities generally fluctuated over time 

(Fig. 5.12c, Table 5.8), adult density was equal to that on dune rock shores (Table 5.9 & 5.10). 
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"-Table 5.9: One-way ANOV A comparing mean recruit, adult and total population density in Algoa 

Bay, on dune rock shores and sandstone shores. The analysis was conducted on transformed data 
(In density). 

Source of variation Recruits Adults Total 
'" 

-< 

density 

MS Between groups 54.8137 3.0397 33.7129 

Within groups 1.5944 0.2134 0.-3298 

DF Between groups 2 2 2 

Within groups 619 619 619 

F 34.379 14.2410 102.2280 

p <0.0001 <0.0001 <0.0001 
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Table 5.10: Tukey multiple range test indicating the difference in mean recruit, adult and total 
population density On no.m-2

) between Algoa Bay, dune rock shores and sandstone shores. The 
analysis was conducted on transformed data. HG refers to homogenous groups . 

Recruits . < Adults Total 

Count Group Average HG Group Average HG Group Average HG 

234 DR 7.76 * AB 8.00 * DR 8.87 * 
~ 

r 

230 SS 8.12 * SS 8.22 * SS 9.29 * 
158 AB 8.84 * . DR 8.24 * AB 9.71 * 
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Discussion 

Intertidal mussel populations along the south coast of southern Africa are a typical example 

of populations regulated by the supply of offspring: Perna perna and Choromytilus meridionalis 

grow rapidly (30-65 mm in the first year) and reach maturity at an early age (-10 months), but 

suffer high mortality (71-83% after -10 months) and generally survive rforless than 2-3 years 

(Berry 1978, Griffiths & Hockey 1987, Lasiak & Dye 1989, Fig. 5.5, 5.6, Table 5.6). Thus, 

populations consist of 1-2 juvenile and adult cohorts and undergo marked temporal and spatial 

variation in structure and abundance as settlement intensity varies (Fig. 5.4 & 5.12, Table 5.5 & 

5.7). Other populations, such as the long-lived blue wrass (Warner & Hughes 1989, Hughes 1990) 

and echinoderm, Amphiura chiajei (Munday & Keegan 1992), have several adult year classes. This 

enables them to ride out periods of low settlement, unless settlement failure is prolonged, as 

Sutherland (1987) recorded for the barnacle, Tetraclita panamaensis. The settlement intensity of 

mussels along the south coast ranged from approximately 5 000 - 130 000.m-2 but was generally 

below 60 000. m-2 (Fig. 5.9). Furthermore, there were consistent differences in settlement intensity, 

and thus population structure and density, between Algoa Bay (10000 - 118 000. m-~, coastal dune 

rock (5 000 - 11 000. m-2
) and sandstone shores (6 000 - 16 000. m-2

; Table 5.5). 

The supply of offspring is determined by a combination of pre- and post-settlement factors. 

Planktonic processes causing larval dispersal and survival, are more important determinants of 

recruitment than spawning intensity or post-settlement growth and mortality in populations of the 

barnacle, Semibalanus balanoides (Kendall et al. 1985), barnacle, Chthamalus (Kendall & Bedford 

1987, Myares 1986) and bryozoan, Membranipora (Yoshioka 1989b). In contrast, the spawning 

intensity of mussels (this study) and the abundance of adult scallops (peterson & Summerson 1992) 

together with post-settlement factors determine recruitment into the adult population, when larval 

dispersal is limited. The spawning intensity of mussels accounted for 92 % of the variance in 

settlement intensity (Chapter 1), but since post-settlement mortality is high (71-83%) (Fig. 5.6), less 

than 30% of those settlers reach maturity, and spawning intensity accounts for a very low proportion 
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of the variance in recruitment (Fig. 5.10). Therefore, estimates of post-settlement growth and 

mortality are required to make accurate predictions of recruitment. Together, spawning intensity, 

settlement intensity, growth and mortality of recruits prior to maturity, account for 76 % of the 

variance in recruitment into the adult population (Table 5.4). 

Thus, while environmental conditions controlling spawning are important determinants of 

r 

settlement (Chapter 1), factors influencing post-settlement growth and mortality are important 

deterrillnants of recruitment into adult populations. Variations in growth rate may be related to 

variations in reproductive effort (Gage 1990), since growth rates are high prior to maturity but 

decline with age, a pattern which has also been recorded for several other species (Duineveld & Van 

Noort 1986, Defeo et al. 1992, Munday & Keegan 1992, Ramon & Richardson 1992). It is unlikely 

that high post-settlement mortality was due to predation of juvenile mussels by small whelks found 

within the mussel bed, since their feeding rate is low (Griffiths & Hockey 1987). However; newly 

settled recruits are highly sensitive to extreme temperatures and food shortages, and variations in 

local environmental conditions may account for the variation in post-settlement mortality (Barnes 

1956, Lewis 1980). Barnacles, like mussels, are filter-feeders forming dense aggregations on rocky 

shores, but when settlement intensity exceeds 250 000. m-2 competition among juveniles reduces 

growth and survivorship considerably (Barnes & Powell 1950, Connell 1985). Kautsky (1982) also 

suggested that the growth rate of Mytilus edulis recruits was stunted by very high settlement 

intensities. The settlement intensity of mussels on the south coast was considerably lower than 250 

000. m-2 and did not affect growth or mortality of recruits prior to maturity (Fig. 5.7 & 5.8). 

However, in situ observations suggest that mortality of adults is high after intense settlement events, 

due to the same type of "biophysiCal" mortality as described by Griffiths (1981) for a population of 

Choromytilus meridionalis. Fairly intense settlement (> 20000. m-2
) occurred irregularly once every 

four to six years in the population studied by Griffiths (1981). After settlement, adult density 

declined markedly and adults suffered 100% mortality within a year of settlement. Sand and debris 

accumulating amongst the mussels, can have the same effect, as this weakens their attachment to the 

rocks and makes them more susceptible to wave action (Griffiths 1981). This "biophysical" 
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mortality of adults explains why P. perna survived for less than a year in Algoa Bay (eg. Brighton 

Beach) where settlement frequently exceeded 20 ODD. m-2
, but for up to four years on coastal dune 

rock shores, where settlement intensity was below 11 DOD. m-2 (Table 5.5 & 5.6). Furthermore, 

very dense settlements or perodic sand burial may' smother mussels resulting in mass mortality of 

adults and variations in species composition, as psammophilic species like C. meridionalis replace 

sand intolerant species like P. perna (Berry 1978, Fig. 5.2, Table 5.2). r TIie predation rate of 

octopuses and oyster catchers feeding on larger adult mussels is high (Griffiths & Hockey 1987), 

and may also be partly responsible for the short life span of mussels. 

The results of this study and those described in Chapters 1-4 all suggest that topography 

through its affect on local environmental conditions (temperature, food availability) and circulation 

patterns, plays a very important role in determining spawning, dispersal, settlement and spat 

survival. As a result, settlement, population structure and abundance vary predictably between 

different types of shore (Fig. 5.11 & 5.12, Table 5.7). In New South Wales in Australia, Caffey 

(1985) recorded significant variation in settlement of the barnacle, Tesseropora rosea, both within 

and between shores and at all temporal scales, even annual settlement. However, there appear to 

be consistent general differences between sites in the magnitude of annual recruitment. This was 

confirmed by Connell (1985) who ranked the sites according to the relative annual magnitude of 

recruitment and found that recruitment was consistently greater at some sites than at others. Lewis 

(1980) remarked on the same thing in his review of the long term studies (8-20 years) of annual 

recruitment of a number barnacle, limpet and other gastropod species at sites around Britain. 

Connell (1985) re-analysed the data from some of these studies and statistically confirmed that over 

a period of 5 years annual recruitment of Semibalanus balanoides (data from Kendall et al. 1982, 

and unpubl.) and Patella vulgata (data from Bowman & Lewis 1977) was consistently ranked higher 

at some sites than at others. Connell (1985) performed similar analyses and obtained the same result 

for the clam, Tivela stultorum, sampled over 20 years on three Californian beaches (data from Fitch 

1952) and for the starfish, Asterias /orbesi, sampled over 17 years at a number of sites on Long 

Island Sound. He suggested that local coastal morphology and geology are important in determining 
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recruitment in that they produce a characteristic set of local physical conditions involving currents, 

wave action, substratum types, degree of desiccation etc., which would maintain that site at a 

particular level in a hierarchy of sites. 

Thus, multi-scale studies have shown that'~~ruitment is a combination of stochastic events, 

superimposed upon deterministic spatial and temporal patterns (Doherty & Williams 1988, Feller 

et ala 1992, Fowler et ala 1992). To predict the timing and intensity of recruifment, future studies 

need to focus on identifying the way in which easily measured climatic factors (wind, tides, 

temperature) affect spawning intensity and post-settlement mortality, during the "windows of time" 

when spawning and settlement are more likely to occur (Chapter 1), and in areas where breeding 

activity is likely to be greater than others. 
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The aim of this thesis was to estimate the dispersal range of planktonic larvae and to establish 

the effect of larval dispersal, settlement and post-settlement mortality on the recruitment patterns and 

demography of intertidal mussel populations. This fmal synthesis gives an overview of research in 

this field of marine ecology, formulates the major conclusions of the research described in Chapters 

1-5, and discusses their practical implications for management and conservation of over-exploited 

mussel populations. 

The distribution and abundance of many plant and animal populations in a variety of 

terrestrial and marine habitats is known to be highly variable in space and time (Roughgarden et al. 

1985, Henderson et al. 1988, DeSante 1990, Hughes 1990). Johnstone et al. (1924), Coe & Allan 

(1937), Hatton (1938), Burkenroad (1946), Thorson (1946 & 1950), Corlett (1948), Pyefmch (1948), 

Dickie (1955), Barnes (1956) and Southward & Crisp (1956), were amongst the first to suggest that 

variable recruitment may explain the large temporal variations in the distribution and abundance of 

"open" benthic marine invertebrate popUlations, maintained by an erratic supply of planktonic larvae. 

Much research over the last 50 years has indicated that this is in fact the case. In the United 

Kingdom after the pioneering work of Burrows & Lodge (1949), Southward & Crisp (1954 & 1956), 

Southward (1956), Connell (1961a&b), Seed (1969), Feare (1970) and Lewis (1972), long term 

studies on the breeding and recruitment patterns of several rocky shore species were begun. These 

included the barnacles Semibalanus balanoides (Hawkins & Hartnoll 1982, Kendall et al. 1982 & 

1985) and Chthamalus spp (Myares 1986, Kendall & Bedford 1987, Southward 1991), several 

patellid limpets (Bowman & Lewis 1977, Bowman 1985, Bowman & Lewis 1986, Guerra & 

Gaudencio 1986) and a few gastropods (Lewis 1986, Kendall & Lewis 1986, Kendall et al. 1987). 

Lewis (1980) summarizes the preliminary results of several of these long term studies on variation 

in spawning, recruitment and population abundance. Elsewhere much has been published about 

recruitment in coral reef fish populations (Sale et al. 1984, Shulman 1984 & 1985, McFarland et 

al. 1985, Victor 1986, Doherty & Williams 1988 & 1989, Doherty 1991, see Robertson 1992 for 
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list), invertebrates such as corals (Gerrodette 1981, Sammarco 1983, Sammarco & Andrews 1988), 

abalone (Sheperd & Turner 1985, Prince et ai. 1987 & 1988, McShane et al. 1988, McShane & 

Smith 1991, Shepherd et ai. 1992), ascidians (Davi~ 1987 & 1988, Young 1989, Stoner 1990), sea 

urchins (Rowley 1989), holothurians (Young & du"a 1982), oysters (Dayton et ai. 1989), bryozoans 

(Yoshioka 1982 & 1989b, Keough 1983 & 1986), barnacles (Caffey 1985), starfish (Barker & 

Nichols 1983) and polychaetes (Hannan 1984, Butman 1987, & 1989, Memfra et ai. 1989, Duggins 

et ai.- 1990, Dauvin & Gillet 1991). Another important source of information is that on the 

variability in recruitment, population abundance and demography of numerous exploited species 

(Cushing 1973 & 1975, Conan & Shafee 1978, Andrews 1979). Mussels are heavily exploited all 

over the world and extensive data have been published on their spawning, settlement and recruitment 

patterns (Chipperfield 1953, Bayne 1964, Seed 1969, Bayne 1976, Seed 1976, Kautsky 1982, Fell 

& Balsamo 1985, Tursi et ai. 1990, King et ai. 1989 & 1990, Petraitis 1990). Demographicmodels 

describing the dynamics of 1I0pen benthic marine populations II with planktonic larvae, provide the 

theoretical background for these empirical studies (Connell 1985, Roughgarden et ai. 1984, 1985 

& 1988, Menge & Sutherland 1987, Hughes 1990). 

These studies encompass a variety of species, habitats, environmental conditions, 

methodologies and a range of temporal and spatial scales, but they all come to the same general 

conclusion - recruitment is highly variable and the effect of this variability on populations depends 

on the general intensity of recruitment. When recruitment intensity is generally high, variations in 

recruitment have little effect on populations (Connell 1985, Roughgarden et ai. 1985, Southward 

1991). If recruitment intensity is low, variation in recruitment has a marked impact on the 

distribution, abundance and demography of the populations (Woodin 1976, Dayton 1979, Peterson 

1979, Underwood 1981, Keough 1983 & 1984, Underwood & Denley 1984, Watanabe 1984, Caffey 

1985, Connell 1985, Roughgarden et ai. 1985, Lewin 1986, Sutherland 1987, Underwood & 

Fairweather 1989, and see references in Peterson & Summerson 1992). For example, Menge (1991) 

showed that recruitment accounted for 11 %, and predation and competition for 50 to 78 % of the 

variation in abundance of sessile invertebrates in New England, where recruitment intensity was 
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high. In Panama, where intensity was low, recruitment accounted for 39 to 87% and competition 

and predation for only 10% of the variation in abundance. 

In recent years the emphasis has shifted away from quantifying variation in recruitment and 

it's effect on populations, towards identifying the factors responsible for this variation. Recruitment 

is the end point in a sequence of events and variation in recruitment could arise at any stage. 

r - -

Progress has been limited by the difficulty in monitoring dispersal, settlement and post-settlement 

mortality (Keough & Downes 1982, Martel & Chia 1991). Instead, links between patterns of 

spawning and settlement (Olson & McPherson 1987, Gaines & Roughgarden 1987), or settlement 

and recruitment (Sutherland 1974 & 1990, Buss 1981, Keough & Downes 1982, Whethey 1984 & 

1986, Young & Chia 1984, Caffey 1985, Connell 1985, Davis 1987 & 1988, Fairweather 1988, 

Bertness 1989, McGuiness & Davis 1989, Osman et ai. 1989 & 1992, Rowley 1989, Harvell et ai. 

1990, Holm 1990, Hughes 1990, Karlson & Levitan 1990, Reed 1990, Reed et ai. 1991, Stoner 

1990, Grosberg 1991, Feller et ai. 1992, 0 Connor 1993) are established, but only a few studies 

(Yoshioka 1982, Bertness et ai. 1992, Peterson & Summerson 1992) have been able to distinguish 

between pre- and post-settlement factors influencing recruitment. 

The present study redressed this imbalance by examining dispersal, settlemeI!t_ and post-

settlement mortality and their influences on the relationships between spawning, settlement and 

recruitment into the adult population; as well as the structure and abundance of intertidal mussel 

popUlations. 

In agreement with the findings of more recent studies (Doherty & Williams 1988, Fowler et 

ai. 1992), the supply of offspring to mussel populations along the south coast of southern Africa was 

regulated by the interactive effects of stochastic and deterministic processes acting over a variety of 

scales, at all stages of the reproductive cycle, viz. spawning, dispersal, settlement, post-settlement 

growth, mortality and recruitment. Stochastic variation in the exact timing and intensity of spawning 

and settlement at localities only 4 krn apart, was superimposed on a more general pattern of 

increased breeding activity around the spring and autumn equinox, and a higher intensity of 

spawning and settlement in Algoa Bay than on the open coast (Chapters 1 & 5). These general 
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patterns were linked to changes in wind, tide and temperature, which determine local environmental 

and hydrodynamic conditions. 

The dispersal range of planktonic bivalve larvae was linked to wind and topography, through 

their effect on circulation patterns. Larvae in the open water column were dispersed back and forth 

along the coast by wind-driven currents and recruited up to 100 km from the parent population 

~ 

(Chapters 2 & 3). However, the number of larvae found in the open water column was very low 

in comparison to the number of settlers on the shore (Chapters 2, 4 & 5), suggesting that larvae 

must accumulate elsewhere. It is possible that the majority of larvae are trapped in small gullies or 

crevices around rocky shores and are not dispersed. In support of this, it was estimated that 76% 

of the larvae produced by an isolated population of the invasive Mytilus galloprovincialis, recruited 

within 5 km (Chapter 3). Limited larval dispersal could explain the link between local patterns of 

spawning and settlement observed for Perna perna and Choromytilus meridionalis (Chapter 1). 

Spawning intensity was linked to settlement intensity, and when settlement intensity was very 

heavy (> 100000. mo2) it could be linked to recruitment (Chapter 1 & 5). However, post-settlement 

mortality was highly variable and this uncoupled the relationship when settlement intensity was low 

(Chapter 5). Thus, since P. perna" generally settles in low numbers ( < 60 000. mo~, it's recruitment 

intensity cannot be predicted from spawning intensity unless mortality can be estimated. 

In general, the research presented in Chapters 1-5 showed that the supply of offspring is one 

of the most important factors regulating intertidal mussel populations along the south coast of 

southern Africa. Variations in recruitment resulted in marked spatial and temporal variation in 

population structure and abundance, since settlement intensity was low and mussels were short-lived 

(Chapter 5). Furthermore, it can be concluded that, spawning intensity, dispersal, settlement and 

post-settlement mortality all influence the supply of recruits to benthic populations, but their relative 

importance depends on topography because of its effect on local environmental and hydrodynamic 

conditions. 

Therefore, in order to predict the source and supply of offspring into benthic popUlations of 

marine invertebrates, future studies need to concentrate on modelling the hydrodynamic patterns 
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around rocky shores, to simulate dispersal and settlement patterns. Furthermore, the effects of 

easily measured climatic factors such as wind, tides and temperature on spawning, post-settlement 

mortality need to be quantified. 

One of the reasons for predicting recruitment is that it determines the ability of a population 

to recover from disturbance caused by prolonged exploitation pressure. Mussels are heavily 

exploited along the south and Transkei coasts of South Africa (Siegfried et aI. 1985, Lasiak & Dye 

1989, van Erkom Schurink & Griffiths 1990). As mentioned above, these populations are 

characterised by limited dispersal so the reproductive efforts of the adults are linked to settlement, 

and high levels of natural larval mortality which result in irregular recruitment. They are therefore, 

highly sensitive to the intense, concentrated harvesting practised by Transkeins, and the indigenous 

brown mussel, Perna perna, has been overexploited in many regions. It is recommended that 

management of shellfish resources with these characteristics should be approached by controlling 

utilisation to protect the local brood stock. Furthermore protecting a proportion of the population 

in several small reserves placed at regular intervals along the coast, may be effective in controlling 

the short-term effects of controlled harvesting. In the long-term, the small proportion of larvae 

produced by protected adult mussels that disperse over long distances, may allow recolonisation of 

exploited areas outside reserves, if concentrated harvesting is avoided. 



REFERENCES 



214 

Andrews, J. D. (1979). PelecyPoda:-Ostreidae. In: Giese, A.C., Pearse, J. S. (eds.) Reproduction 

of marine invertebrates, Vol. 5: Pelecypods and lesser classes. Academic Press, New York, p. 293-

339 

Armonies, W. (1992). Migratory rythms of drifting juvenile molluscs in tidal waters of the Wadden 

Sea. Mar. Bcol. Prog. Ser. 83: 197-206 

Banse, K. (1968). Hydrography of Arabian Sea Shelf of India and Pakistancmd effects on demersal 

fishes.. Deep Sea Res. 15: 45 

Barker, M. F. (1977). Observations on the settlement of the brachiolaria larvae of Stichaster 

australis (Verrill) and Coscinasterias calamaria (Gray) (Echinodermata: Asteroidea) in the laboratory 

and on the shore. J. Exp. Mar. BioI. Bcol. 30: 95-108 

Barker, M. F. (1979). Breeding and recruitment in a population of the New Zealand starfish 

Stichaster australis (Verrill). J. Exp. Mar. BioI. Bco1. 41: 195-211 

Barker, M. F., Nichols, D. (1983). Reproduction, recruitment and juvenile ecology of the starfish, 

Asterias rubens and Manhasterias glacialis. J. mar. bioI. Ass. U.K. 63: 745-765 

Barnard, K. H. (1964). Contributions to the knowledge of South African marine mollusca. Part V. 

Lamellibranchiata. Annals of the South African Museum XLVII 

Barnes, H. (1956). Balanus balanoides (L.) in the Firth of Clyde: The development and annual 

variation of the larval population and the causative factors. J. Anim. BioI. 25: 72-84 

Barnes, H., Powell, H. T. (1950). The development, general morphology and subsequent 

elimination of barnacle populations, Balanus crenatus and B.balanoides, after a heavy initial 

settlement. J. Anim. BcoI. 19: 175-179 

Barnes, R. S. K., Hughes, R. N. (1982). An introduction to marine ecology. Blackwell Scientific 

publications, Oxford. pp. 339 

Barsotti, G., Meluzzi, C. (1968). Osservazioni su Mytilus edulis L. e M.galloprovincialis Lmk. 

Conchiglie 4: 50-58. 



215 

Bauer, R. T. (1989). Continuous reproduction and episodic recruitment in nine shrimp species 

inhabiting a tropical seagrass meadow. J. Exp. Mar. BioI. Beo1. 127: 175-187 

Bauer, R. T., Rivera Vega, L. W. (1992). Pattern. of reproduction and recruitment in two siyonid 

shrimp species (Decapoda: Penaeoidea) from a tropical seagrass habitat. J. Exp. Mar. BioI. Beo1. 

161: 223-240 

Bayne! B. L. (1964). Primary and secondary settlement in Mytilus edulis L. (Mollusca). J. Anim. 

Beo1. 33: 513-523 

Bayne, B. L. (1969). The gregarious behaviour of the larvae of Ostrea edulis L. at settlement. J. 

Mar. BioI. Ass. UK. 49: 327-356 

Bayne, B.L. (1975). Reproduction in bivalve molluscs under environmental stress. In: Vernberg, 

F. J. (ed.) Physiological ecology of estuarine organisms. p. 259-277 

Bayne, B. L. (1976). Aspects of reproduction in bivalve molluscs. In: Wiley (ed.) Estuarine 

processes. Vo1.1 Use, stresses and adaptation to the estuary. Academic Press Inc., New York, p. 

432-448 

Beaumont, A. R. (1982). Geographic variation in allele frequencies at three loci in Chlamys 

opercularis from Norway to the Brittany coast. J. mar. bioI. Ass. U.K. 62: 243-261 

Beaumont, A. R., Morvan, C., Huelvan, S., Lucas,A., Ansell, A. D. (1993). Genetics of 

indigenous and transplanted populations of Pecten moximus: No evidence for the existence of 

separate stocks. J. Exp. Mar. BioI. Beo1. 169: 77-88 

Beckley, L. E. (1979). Primary settlement of Perna perna (L.) on littoral seaweeds on St. Croix 

island. S. Afr. J. Z001. 14(3): 171 

Beckley, L. E. (1983). Sea-surface temperature variability around Cape Recife, South Africa. S. 

Afr. J. Sci. 79: 436-438 

Beckley, L. E. (1988). Spatial and temporal variability in sea temperature in Algoa Bay, South 

Africa. S. Afr. J. Sci. 84: 67-69 



216 

Behrens Yamada, S. (1989). Are direct developers more locally adapted than planktonic developers? 

Mar. BioI. 103: 403-411 

Benayahu, Y., Loya, Y. (1984). Substratum Pl~ferences and planulae settling of two red sea 

alcyonaceans: Xenia macrospiculata Gohar and Parerythropodiumfulvum (Forskal). J. Exp. Mar. 

BioI. EcoI. 83: 249-261 

Bennell, S. J. (1981). Some observations on the littoral barnacle populations of North Wales. Mar. 

Environ. Res. 5: 227-240 

Bergeron, P., Bourget, E. (1986). Shore topography and spatial partitioning of crevice refuges by 

sessile epibenthos in an ice disturbed environment. Mar. EcoI. Prog. Ser. 28: 129-145 

Berry, A. J. (1986). Daily, tidal and two-weekly spawning periodicity and brief pelagic dispersal 

in the tropical intertidal gastropod Umbonium vestiarium (L.). J. Exp. Mar. BioI. EcoI. 95: 211-223 

Berry, P. F. (1978). Reproduction, growth and production in the mussel Perna perna (L.) on the 

east coast of South Africa. Investigational Report of the Oceanographic Research Institute South 

African association for Marine Biological research 48: 1-28 

Bertness, M. D. (1989). Intraspecific competition and facilitation in a northern ac~rp barnacle 

population. Ecology 70: 257-268 

Bertness, M. D., Gaines, S. D., Stephens, E. G., Yund, P. O. (1992). Components of recruitment 

in populations of the acorn barnacle Semibalanus balanoides (Linnaeus). J. Exp. Mar. BioI. Ecol. 

156: 199-215. 

Beukema, J. J., De VIas, J. (1989). Tidal-current transport of thread-drifting postlarval juveniles 

of the bivalve Macoma balthica from the Wadden Sea to the North Sea. Mar. Ecol. Prog. Ser. 52: 

193-200 

Black, K. P. (1988). The relationship of reef hydrodynamics to variations in numbers of planktonic 

larvae on and around coral reefs. Proc. 6th int. Coral Reef Symp. 2: 125-130 



217 

Black, K. P., Gay, S. L. (1987). Hydrodynamic control of the dispersal of crown-of-thorns starfish 

larvae. 1. Small-scale hydrodynamics on and around schematized and actual coral reefs. Tech. Rep. 

No.8 Victorian Institute of Marine Sciences, Melbourne. 

Black, K. P., Moran, P. J. (1991). Influence of nydrodynamics on the passive dispersal and initial 

recruitment of larvae of Acanthaster planci (Echinodermata: Asteroidea) on the Great Barrier Reef. 

Mar. Bco1. Prog. Sera 69: 55-65 

Bohle; B. (1971). Settlement of mussel larvae Mytilus edulis on suspended collectors in Norwegian 

waters. In: Crisp D. J. (ed.) Proc. 4th European Mar. BioI. Symp. Bangor 1969. Cambridge 

University Press, Cambridge, p. 63-69 

Bowman, R. S. (1985). The biology of the limpet Patella vulgata L. in the British Isles: Spawning 

time as a factor determining recruitment success. In: Moore, P. G. and Seed, R. (eds.) The ecology 

of rocky coasts. Hodder & Stoughton, London, p. 178-193 

Bowman, R. S., Lewis, J. R. (1977). Annual fluctuations in the recruitment of Patella vulgata L. 

J. Mar. BioI. Ass. UK. 57: 793-815 

Bowman, R. S., Lewis, J. R. (1986). Geographical variation in the breeding cycles and recruitment 

of Patella spp. Hydrobiologia 142: 41-56 

Braley, R. D. (1982). Reproductive periodicity in the indigenous oyster Saccostrea cucullata in Sasa 

Bay, Apra Harbor, Guam. Mar. BioI. 69: 165-173 

Branch, G. M., Branch, M. L. (1981). The Living Shores of Southern Africa. Struik Publishers, 

Cape Town, South Africa. pp.272 

Branch, G. M., Griffiths, C. L., Branch, M. L., Beckley, L. E. (1994). A guide to marine life of 

southern Africa. David Phillip Publishers (Pty) Ltd, South Africa. pp. 360 

Brawley, S. H., Johnson, L. E. (1991). Survival of fucoid embryos in the intertidal zone depends 

upon development stage and microhabitat. J. Physiology 27(2): 179-186 

Burkenroad, D. D. (1946). Fluctuations in abundance of marine animal. Science 103: 684-686 



218 

Buroker, N. E. (1985). Evolutionary patterns in the family ostreidae: larviparity vs. oviparity. J. 

Exp. Mar. BioI. Bco1. 90: 233-247 

Burrows, E. M., Lodge, S. M. (1949). Notes on inter-relationships of Patella, Balanus and Fucus. 

Rep. Mar. bioI. Sta. Pt. Erin 62: 30-34 

Bushek, D. (1988). Settlement as a major determinant of intertidal oyster and barnacle distributions 
~ . 

along a horizontal gradient. J. Exp. Mar. BioI. BcoI. 122: 1-18 

Buss, L. W. (1981). Group living, competition and the evolution of co-operation in a sessile 

invertebrate. Science 213: 1012-1014 

Butman, C. A. (1987). Larval settlement of soft-sediment invertebrates: The spatial scales of pattern 

explained by active habitat selection and the emerging role of hydro dynamical processes. Oceanogr. 

Mar. BioI. Annu. Rev. 25: 113-165 

Butman, C. A. (1989). Sediment-trap experiments on the importance of hydrodynamical processes 

in distributing settling invertebrate larvae in near-bottom waters. J. Exp. Mar. BioI. Bco1. 134: 37-

88 

Caceres-Martinez, J., Robledo, J. A. F., Figueras, A. (1993). Settlement of mussels Mytilus 

galloprovincialis on an exposed rocky shore in Ria de Vigo, NW Spain. Mar. Bco1. Prog. Ser. 93: 

195-198 

Caffey, H. M. (1982). No effect of naturally-occurring rock types on settlement or survival in the 

intertidal barnacle, Tesseropora rosea (Krauss). J. Exp. Mar. BioI. Bco1. 63: 119-132 

Caffey, H. M. (1985). Spatial and temporal variation in settlement and recruitment of intertidal 

barnacles. BcoI. Monogr. 55(3): 313-332 

Cameron, J. L., Fankboner, P. V. (1989). Reproductive biology of the commercial sea cucumber 

Parastichopus califomicus (Stimpson) (Echinodermata: Holothuroidea). II. Observations on the 

ecology of development, recruitment, and the juvenile life stage. J. Exp. Mar. BioI. Bco1. 127: 43-

67 



219 

Cassie, S. E. (1954). Some uses of probability paper in the analysis of size frequency distributions. 

Aust. J. mar. Freshwat. Res. 5: 513-522 

Chabot, R., Bourget, E. (1988). Influence of substratum heterogeneity and settled barnacle density 
.~ ~ 

on the settlement of cypris larvae. Mar. BioI. 97: 45-56 

Chen, B. I., Chen, C. P. (1992). Reproductive cycle, larval development, juvenile growth and 

population dynamics of Patiriella pseudoexigua (Echinodermata: Asteroidea) in-Taiwan. Mar. BioI. 

113(2}: 271-280 

Chipperfield, P. N. J. (1953). Observations of the breeding and settlement of Mytilus edulis (L.) 

in British waters. J. Mar. BioI. Ass. UK. 32: 449-476 

Christy, J. H. (1982). Adaptive significance of semilunar cycles of larval release in fiddler crabs 

(Genus Uca): Test of an hypothesis. BioI. Bull. (Woods Hole) 163: 251-263 

Clancy, M., Epifanio, C. E. (1989). Distribution of crab larvae in relation to tidal fronts in 

Delaware Bay, USA. Mar. EcoI. Prog. Ser. 57: 77-82 

Cochard, J. C., Devauchelle, N. (1993). Spawning, fecundity and larval survival and growth in 

relation to controlled conditioning in native and transplanted populations of Pecten maximus (L.): 

evidence for existence of seperate stocks. J. Exp. Mar. BioI. EcoI. 169: 41-56 

Coe, W. R. (1953). Resurgent populations of littoral marine invertebrates and their dependence on 

ocean currents and tidal currents. Ecology 34(1): 225-229 

Coe, W. R., Allen, W. E. (1937). Growth of sedentary marine organisms on experimental blocks 

and plates for nine successive years at the pier of the Scripps Institution of Oceanography. Bull. 

Scripps Instn Oceanogr. tech. Ser. 4: 101-136 

Cohen, D., Motro, U. (1989). More on optimal rates of dispersal taking into account the cost of 

the dispersal mechanism. Am. Nat. 134(4): 659-663 

Conan, G, Shafee, M. S. (1978). Growth and biannual recruitment of the black scallop Chlamys 

varia (L.) in Lanveoc area, Bay of Brest. J. Exp. Mar. BioI. EcoI. 35: 59-71 



220 

Connell, J. H. (1961a). The influence of interspecific competition and other factors on the 

distribution of the barnacle Chthamalus stellatus. Ecology 42: 710-723 

Connell, J. H. (1961b). Effects of competition, predation by Thais lapillus, and Qther factors on 
.;:, -~ 

natural populations of the barnacle Balanus balanoides. Ecol. Monogr. 31: 61-104 

Connell, J. H. (1985). The consequences of variation in initial settlement vs. post-settlement 
r- ~ 

mortality in rocky intertidal communities. J. Exp. Mar. BioI. Ecol. 93: 11-45 

Corlett, J. (1948). 'Rates of settlement and growth of the IIpile" fauna of the Mersey estuary.' Proc. 

Lpool BioI. Soc. 56: 2-28 

Costelloe, J. (1988). Reproductive cycle, development and recruitment of two geographically 

separated populations of the dendrochirote holothurian Aslia lefevrei. Mar. BioI. 99: 535-545 

Cowen, R. K. (1985). Large scale pattern of recruitment by the labrid, Semicossyphus pulcher: 

causes and implications. J. mar. Res. 43: 719-742 

Crawford, R. J. M., Bower, D. F. (1983). Aspects of growth, recruitment and conservation of the 

brown mussel Perna perna along the Tsitsikamma coast. Koedoe 26: 123-133 

Crisp, D. J., Knight-Jones (1953). The mechanisms of aggregation in barnacle populations. J. 

Anim. EcoI. 27: 360-362 

Crisp, D. J., Southward, A. J. (1953). Isolation of intertidal animals by sea barriers. Nature 172: 

208-209 

Crisp, D. J., Barnes, H. (1954). The orientation and distribution of barnacles at settlement with 

particular reference to surface contour. J. Anim. EcoI. 23: 142-162 

Crisp, D. J. (1958). The spread of Elminius modestus Darwin in north-west Europe. J. Mar. BioI. 

Ass. UK. 37: 483- 520 

Cronin, T. W., Forward Jr., R. B. (1979). Tidal vertical migration: An endogenous rythm in 

estuarine crab larvae. Science 205: 1020-1021 



221 

Cross, T. F., Southgate, T. (1983). An approach to ecological monitoring in the rocky intertidal: 

a survey of Bantry Bay and Dunmanus Bay, Ireland. Mar. environ. Res. 8: 149-163 

Cushing, D. H. (1973). Dependence of recruitment on parent stock. J. Fish. Res. Bd. 30(12): 1965 
-< 

- 1976 

Cushing, D. H. (1975). Marine ecology and fisheries. Cambridge University Press, Cambridge. 

Dalby-Jr., J. E., Young, C. M. (1992). Role of early post-settlement mortality in setting the upper 

depth limit of ascidians in Florida epifaunal communities. Mar. EcoI. Prog. Sera 80: 221-228 

Dare, P. J. (1976). Settlement, growth and production of the mussel, Mytilus edulis, in Morecambe 

Bay, England. Fishery Invest. Lond. n. 28: 1-25 

Dauvin, J. C., Dodson, J. J. (1990). Relationship between feeding incidence and vertical and 

longitudinal distribution of rainbow smelt larvae (Osmerus mordax) in a turbid well-mixed estuary. 

Mar. Eco1. Prog. Sera 60: 1-12 

Dauvin, J. C., Gillet, P. (1991). Spatio-temporal variability in population structure of Owenia 

fusiformis Della chiaje (Amelida: Polychaeta) from the Bay of Seine (easten English Channel). J. 

Exp. Mar. BioI. Eco1. 152: 105-122 

Davis, A. R. (1987). Variation in recruitment of the subtidal colonial ascidian Podoclavella 

cylindrica (Quoy & Gaimard): the role of substratum choice and early survival. J. Exp. Mar. BioI. 

EcoI. 106: 57-71 

Davis, A. R. (1988). Effects of variation in initial settlement on distribution and abundance of 

Podoclavella moluccensis Sluiter. J. Exp. Mar. BioI. EcoI. 117: 157-167 

Davis, A. R., Butler, A. J. (1989). Direct observations of larval dispersal in the colonial ascidian 

Podoclavella moluccensis Sluiter: evidence for closed populations. J. Exp. Mar. BioI. Eco1. 122: 

189-203 

Dayton, P. K. (1972). Dispersion, dispersal, and persistence of the annual intertidal alga, Postelsia 

palmae/ormis Ruprecht. Ecology 54(2): 433-438 



222 

Dayton, P. K. (1979). Ecology: a science and a religion. In: Levingston, R. J. (ed.) Ecological 

processes in coastal and marine systems. Plenum Press, New York, p. 3-18 

Dayton, P. K., Carleton, J. H., Mackley, A. G., Sammarco, P. W. (1989). Patterns of settlement, 
.;: . 

survival and growth of oysters across the Great Barrier Reef. Mar. Eco1. Prog. Sera 54: 75-90 

De Blok, J. W., Geleen, H. J. (1958). The substratum required for the setyng of mussels (Mytilus 

edulis). Arch. neerl. Z001.,Vo1. Jubilaire, p.446-460, 

De Blok, J. W., Tan-Maas, M. (1977). Function of byssus threads in young postlarval Mytilus. 

Nature Lond. 267: 386-387 

Defeo, 0., Ortiz, E., Castilla, J. C. (1992). Growth, mortality and recruitment of the yellow dam 

Mesodesma mactroides on Uruguayan beaches. Mar. BioI. 114: 429-437 

Denley, E. J., Underwood, A. J. (1979). Experiments of factors influencing settlement, survival, 

and growth of two species of barnacles in New South Wales. J. Exp. Mar. BioI. Eco1. 36: 269-293 

Denny, M., Dairiki, J., Distefano, S. (1992). Biological consequences of topography on 

wave-swept rocky shores: 1. Enhancement of external fertilization. BioI. Bull. (Woods Hole) 183: 

220-232 

Denny, M. W., Shibata, M. F. (1989). Consequences of surf-zone turbulence for settlement and 

external fertilization. Am. Nat. 134: 859-889 

De Sante, D. F. (1990). The role of recruitment in the dynamics of a Sieran subalpine bird 

community. Am. Nat. 136(4): 429-445 

De Wolf, P. (1973). Ecological observations on the mechanisms of dispersal of barnacle larvae 

during planktonic life and settling. Neth. J. Sea Res. 6: 1-129 

Deysher, L., Norton, T. A. (1982). Dispersal and colonization in Sargassum muticum (Yendo) 

Fensholt. J. Exp. Mar. BioI. Eco1. 56: 179-195 



223 
-

Dickie, L. (1955). Fluctuations in abundance of the giant scallop, Placopecten magellanicus 

(Gmelin) in the Digby Area of the Bay of Fundy. Bull. Fish. Res. Bd. Can. 12: 787-856 

Dirnberger, J. M. (1990). Benthic determinants of'settlement for planktonic larva~: availability of 
.~ -~ 

settlement sites for the tube-building polychaete Spirorbis spirillum (Linnaeus) settling onto seagrass 

blades. J. Exp. Mar. BioI. Eco1. 140: 89-105 

Doherty, P. J. (1991). Spatial and temporal patterns in recruitment. In: Sale, P. F. (ed.). The 

ecology of fishes on coral reefs. Acadeinic Press, San Diego, p. 261-293 

Doherty, P. J., Williams, D. M. (1988). The replenishment of coral reef fish populations. Ocean. 

Mar. BioI. Annu. Rev. 26: 487-551 

Doherty, P. J., Williams, D. McB. (1989). Are populations of coral reef fishes equilibrial 

assemblages? The empirical data base. In: Choat, J. H. et al. (eds) Proc. 6th into Coral Reef 

Symp. Sixth International Coral Reef Symposium Executive Committee, Townsville, 1: 131-139 

Dower, K. M. (1990). Sand inundation on rocky shores: its effects on species richness and the 

structure of species assemblages. MSc Thesis, Rhodes University. 

Duggins, D.O., Eckman, J. E., Sewell, A. T. (1990). Ecology of understory kelp environments. 

n. Effects of kelps on recruitment of benthic invertebrates. J. Exp. Mar. BioI. Eco1. 143: 27-45 

Duineveld, G. C. A., Van Noort, G, J. (1986). Observations on the population dynamics of 

Amphiurafiliformis (Ophiuroidea: Echinodermata) in southern North Sea and its exploitation by the 

dab, Limanda limanda. Neth. J. Sea Res. 20: 85-94 

Dunstan, F. D. J. (1993). Time series analysis. In: Fry J.C. (ed.) Biological data analysis. A 

practical approach. Oxford University Press, Oxford, 243-290. 

Du Plessis, A. J. (1977). Larval development, settlement and growth of the black mussel 

Choromytilus meridionalis in the Saldanha Bay region. Trans. Roy. Soc. S. Afr. 42(3&4): 303 

Dye, A. H. (1994). Management and conservation of exploited rocky shores: a practical possibility 

or practically impossible? ZSSA symposium, Contemporary Zoology in southern Africa 



224 

Ebert, T. A., Russel, M. P. (1988). Latitudinal variation in size structure of the west coast purple 

sea urchin: a correlation with headlands. LimnoI. Oceanogr. 33: 286-294 

Eckman, J. E. (1987). The role of hydrodynamics in recruitment, growth, ~d survival of 
.,:. -~ 

Argopecten irradians (L.) and Anomia simplex (D'Orbigny) within eelgrass meadows. J. Exp. Mar. 

BioI. Ecoll06: 165-191 

Eckman, J. E., Duggins, D.O., Sewell, A. T. (1989). Ecology of understory kelp environments. 

I. Effects of kelps on flow and particle 'transport near the bottom. J. Exp. Mar. BioI. Eco1. 129: 

173-187 

Epifanio, C. E., Little, K. T., Rowe, P. M. (1988). Dispersal and recruitment of fiddler crab 

larvae in Delaware estuary. Mar. Eco1. Prog. Ser. 43: 181-188 

Epifanio, C. E., Masse, A. K., Garvine, R. W. (1989). Transport of blue crab larvae by surface 

currents off Delaware Bay, USA. Mar. Eco1. Prog. Ser. 54: 35-41 

Eyster, L. S., Pechenik, J. A. (1987). Attachment of Mytilus edulis L. larvae on algal and byssal 

fIlaments is enhanced by water agitation. J. Exp. Mar. BioI. Eco1. 114: 99-110 

Fairweather, P. G. (1988). Consequences of supply side ecology: manipulating the r~~itment of 

intertidal barnacles affects the intensity of predation on them. BioI. Bull. (Woods Hole) 175: 349-

354 

Feare, C. J. (1970). Aspects of the ecology of an exposed shore population of dogwhelks Nucella 

lapillus. Oecologia (Ber1.) 5: 1-18 

Fechelm, R. G., Fissel, D. B. (1988). Wind-aided recruitment of Canadian Artic Cisco (Coregonus 

autumnalis) into Alaskan waters. Can. J. Fish. Aquat. Sci. 45: 906-910 

Feller, R. J., Stancy, K. S. E., Coull, B. C., Edwards, D. G. (1992). Recruitment of polychaetes 

and bivalves: long-term assessment of predictability in a soft-bottom habitat. Mar. Eco1. Prog. Ser. 

87(3): 227-238 



225 

Fell, P. E., Balsamo, A. M. (1985).-Recruitment of MytiZus edulis L. in the Thames estuary, with 

evidence for differences in the time of maximal settling along the Conneticut shore. Estuaries 8: 

68-75 

Felvoden, S. E. (1989). Genetic differentiation oftne Iceland scallop ChZamys isZandica (Pectinidae) 

in the northern Atlantic ocean. Mar. Ecol. Prog. Ser. 51: 77-85 

Fitch, J. E. (1952). The Pismo clam in 1931. Calif. Fish game 38: 541-547 

Fortier, L., Leggett, W. C. (1985). A drift study of larval fish survival. Mar. Bcol. Prog. Ser. 

25: 245-257 

Fowler, A. J., Doherty, P. J., Williams, D. (1992). Multi-scale analysis of recruitment of a coral 

reef fish on the Great Barrier Reef. Mar. Bcol. Prog. Ser. 82: 131-141 

Freer, D. W. L. (1983). Reproductive biology of the brown mussel Perna perna, with an 

assessment of size and sex ratio arrangement and growth dynamics. Third year project, Rhodes 

University . 

Frith, C. A. (1981). Circulation in a platform reef lagoon, One Tree Reef, southern Great Barrier 

Reef. In: Gomez, G. D. et aZ. (eds.) Proc. 4th into Symp. Coral Reef. Vol. 1. Marine Sciences 

Center, University of the Phillipines, Quezon City, p. 347-354 

Frith, C. A., Mason, L. B. (1986). Modelling wind driven circulation at One Tree Reef, southern 

Great Barrier Reef. Coral Reefs 4: 201-211 

Fuller, S. C., Lutz, R. A. (1989). Shell morphology of larval and post-larval mytilids from the 

north-western Atlantic. J. Mar. BioI. Ass. UK. 69: 181-218 

Gage, J. D. (1990). Skeletal growth bands in brittlestars: microstructure and significance as age 

markers. J. Mar. BioI. Ass. UK. 70: 209-224 

Gaines, S. D., Roughgarden, J. (1987). Fish in offshore kelp forests affect recruitment to intertidal 

barnacle populations. Science 235: 479-481 



226 
-

Gerrodette, T. (1981). Dispersal of the solitary coral Balanophyllia elegans by demersal planular 

larvae. Ecology 62: 612-619 

Goschen, W. S., Schumann, E. H. (1988). Ocean current and temperature structures in Algoa Bay 
.,:. ~ 

and beyond in November 1986. S. Afr. J. mar. Sci. 7: 101-116 

Gosling, E. M., Wilkins, N. P. (1981). Ecological genetics of the mussels Mytilus edulis and 
r- -

Mytilus galloprovincialis on Irish coasts. Mar. Eco1. Prog. Sere 4: 221-227 

Graham, W. M., Field, J. G., Potts, D. C. (1992). Persistent "upwelling shadows" and their 

influence on zooplankton distributions. Mar. BioI. 114: 561-570 

Grant, W. S., Cherry, M. 1. (1985). Mytilus galloprovincialis Lmk. in southern Africa. J. Exp. 

Mar. BioI. Eco1. 90: 179-191 

Grant, W. S., Lang, M. (1991). Mode of larval development and genetic population structure in 

Nodolittorina africana knysnaensis (prosobranchia: Littorinidae). Mar. BioI. 109: 479-483 

Grant, W. S., Scpneider, A. C., Leslie, R. W., Cherry, M. I. (1992). Population genetics of the 

brown mussel Perna perna in southern Africa. J. Exp. Mar. BioI. Eco1. 165: 45-58 

Grassle, J. F. (1972). Species diversity, genetic diversity and enviromental uncertainty. In: 

Battaglia, B. (ed.). Fifth European Marine Biological Symposium. Piccin, Padua Italy, pp. 19-26 

Grehan, A. J. (1991). Demography and reproductive biology of Melinna palmata (Ampharetidae: 

Polychaeta) in inner Galway Bay on the west coast of Ireland. Mar. Eco1. Prog. Sere 109(3): 459-

468 

Griffiths, C. L., Griffiths, R. J. (1987). Bivalvia. In: Pandian, T. J., Vernberg, F. J. (eds.). 

Animal energetics. Academic Press, New York, p. 1-88 

Griffiths, C. L., Hockey, P. A. R. (1987). A model describing the interactive roles of predation, 

competition and tidal elevation in structuring mussel populations. S. Afr. J. mar. Sci. 5: 547-556 



227 

Griffiths, C. L., King, J. A. (1979). Energy expended on growth and gonad output in the ribbed 

mussel Aulacomya ater. Mar. BioI. 53: 217-222 

Griffiths, R. J. (1977). Reproductive cycles in·littoral populations of Choromytiltts meridionalis 

(Kr.) and Aulacomya ater (Molina) with a quantitative assessment of gamete production in the 

former. J. Exp. Mar. BioI. EcoI. 30: 53-71 

Griffiths, R. J. (1981). Population dynamics and growth of the bivalve Choromytilus meridionalis 

(Kr.) at different tidal levels. Estuar. Cstl. Shelf Sci. 12: 101-118 

Grosberg, R. K. (1982). Intertidal zonation of barnacles: the influence of planktonic zonation of 

larvae on vertical distribution of adults. Ecology 63(4): 894-899 

Grosberg, R. K. (1987). Limited dispersal and proximity-dependent mating success in the colonial 

ascidian Botryllus schlosseri. Evolution 41(2): 372-384 

Grosberg, R. K. (1991). Sperm-mediated gene flow and the genetic structure of a population of the 

colonial ascidian Botryllus schlosseri. Evolution 45(1): 130-142 

Guerra, M. T., Gaudencia, M. J. (1986). Aspects of the ecology of Patella spp. on the Portuguese 

coast. Hydrobiologia 142: 57-69 

Guillou, M., Hily, C. (1983). Dynamics and biological cycle of a Melinna palmata (Ampharetidae) 

population during the recolonisation of a dredged area in the vicinity of the harbour of Brest 

(France). Mar. BioI. 73: 43-50 

Gunther, C.-P. (1991). Settlement of Macoma balthica on an intertidal sandflat in the Wadden Sea. 

Mar. Eco1. Prog. Sera 76: 73-79 

Hannan, C. A. (1984). Planktonic larvae may act like passive particles in turbulent near-bottom 

flows. Lirnnol. Oceanogr. 29(5): 11 08-1116 

Hansen, T. A. (1978). Larval dispersal and species longevity in lower tertiary gastropods. Science 

199(24): 885-887 



228 

Harvell, S. D., Caswell, H., Simpson, P. (1990). Density effects in a colonial monoculture. 

Experimental studies with a marine bryozoan (Membranipora membranacea L.). Oecologia (Ber1.) 

82(2): 227-237 

Harvey, M., Vincent, B. (1989). Spatial and temporal variations of the reproductive cycle and 

energy allocation of the bivalve Macoma balthica (L.) on a tidal flat. J. Exp. Mar. BioI. Beo1. 129: 

199-217 

Hatton, H (1938). Essais de bionomie explicative sur quelques intercoitidalis d'algues et d'animaux. 

Ann. Inst. Oceanogr. Monaca 17: 241-348 

Hawkins, S. J. (1983). Interactions of Patella and macroalgae with settling Semibalanus balanoides 

(L.). J. Mar. BioI. Beo1. 71: 55-72 

Hawkins, S. J., Hartnoll, R. G. (1982). Settlement patterns of Semibalanus balanoides (L.) in the 

Isle of Man (1977-1981). J. Exp. Mar. BioI. Beol. 62: 271-283 

Heath, M. R., Maclachlan, P. M., Martin, J. H. A. (1987). Inshore circulation and transport of 

herring larvae off the morth coast of Scotland. Mar. Beo1. Prog. Sera 40: 11-23 

Henderson, C. B., Petersen, K. E., Redak, R. A. (1988). Spatial and temporal pattetn"S-in the seed 

bank and vegetation of a desert grassland community. J. Beo1. 76: 717-728 

Highsmith, R. C. (1985). Floating and algal rafting as potential dispersal mechanisms in brooding 

invertebrates. Mar. Beo1. Prog. Sera 25: 169-179 

Hilbish, T. J., Zimmerman, K. M. (1988). Genetic and nutritional control of the gametogenic cycle 

in Mytilus edulis. Mar. BioI. 98: 223-228 

Hirota, R. (1990). Microdistribution of the marine copepod Oithona davisae in the shallow waters 

of Ariake-kai mud flats, Japan. Mar. BioI. 105: 307-312 

Hockey, P. A. R., van Erkom Schurink, C. (1992). The invasive biology of the mussel Mytilus 

galloprovinciaiis on the southern African coast. Trans. Roy. Soc. S. Afr. 48: 123-139 



229 

Holm, E. R. (1990). Effects of density-dependent mortality on the relationship between recruitment 

and larval settlement. Mar. Eco1. Prog. Ser. 60: 141-146 

Hughes, T. P. (1990). Recruitment limitation, mO!1ality, and population regulation in open systems: ". . 
a case study. Ecology 71(1): 12-20 

Hunte von Herbing, 1., Hunte,!. (1991). Spawning and recruitment ofblue~~Q. wrasse Thalassoma 

bi/asciatum in Barbados, West Indies. Mar. Eco1. Prog. Ser. 72: 49-58 

Hunte, W., Younglao, D. (1988). Recruitment and population recovery of Diadema antillarum 

(Echinodermata: Echinoidea in Barbados). Mar. Eco1. Prog. Ser. 45: 109-119 

Hurlbut, C. J. (1993). The adaptive value of larval behavior of a colonial ascidian. Mar. BioI. 

115(2): 253-262 

Jablonski, D., Lutz, R. A. (1983). Larval ecology of marine benthic invertebrates: paleobiological 

implications. BioI. Rev. 58: 21-89 

Jackson, G. A. (1986). Interaction of physical and biological processes in the settlement of 

planktonic larvae. Bull. Mar. Sci. 39: 202-212 

Jackson, J. B. C. (1985). Dispersal and distribution of clonal and aclonal benthic invertebrates. 

In: Jackson, J. B. C. (ed.). Population biology and evolution of clonal organisms. pp. 1-29 

Janson, K. (1987). Allozyme and shell variation in two marine snails (Littorina: Prosobranchia) 

with different dispersal capabilities. BioI. J. Linn. 30(3): 245-256 

Jensen, R. A., Morse, D. E. (1984). Intraspecific facilitation of larval recruitment: gregarious 

settlement of the polychaete Phragmatopoma cali/ornica (Fewkes). J. Exp. Mar. BioI. EcoI. 83: 

107-126 

Johannesson, K. (1988). The paradox of Rockall: why is a brooding gastropod (Littorina saxatilis) 

more widespread than one having a planktonic larval dispersal stage (L.littorea). Mar. BioI. 99: 507-

513 



230 

Johnstone, J., Scott, A., Chadwick, H. C. (1924). The marine plankton with special reference to 

investigations made at Port Erin, Isle of Man, during 1907-1914: a handbook for students and 

amateur workers. Hodder & Stoughton Ltd. London 

.,: . 
Kaartvedt, S. (1989). Retention of vertically migrating suprabenthic mysids in fjords. Mar. Bco1. 

Prog. Ser. 57: 119-128 

Karlson, R. H., Levitan, D. R. (1990). Recruitment-limitation in open populations of Diadema 

antillarum: an evaluation. Oecologia (Berl.) 82: 40-44 

Kautsky, N. (1982). Quantitative studies on gonad cycle, fecundity, reproductive output and 

recruitment in a Baltic Mytilus edulis population. Mar. BioI. 68: 143-160 

Kay, E. A., Palumbi, S. R. (1987). Endemism and evolution in Hawaiian marine invertebrates. 

TREE 2(7): 183-186 

Keats, D. W., Steele, D. H. (1984). Depth-dependent reproductive output of the green sea urchin, 

Strongylocentrotus droebachiensis (O.F. Muller), in relation to the nature and availability of food. 

J. Exp. Mar. Bco1. 80: 77-91 

Kendall, M. A., Bowman, R. S., Williamson, P., Lewis, J. R. (1982). Settlement patte!1?-s, density 

and stability in the barnacle Balanus balanoides. Neth. J. Sea Res. 16: 119-126 

Kendall, M. A., Bowman, R. S., Williamson, P., Lewis, J. R. (1985). Annual variation in the 

recruitment of Semibalanus balanoides on the north Yorkshire coast 1969-1981. J. Mar. BioI. Ass. 

UK. 65: 1009-1030 

Kendall, M. A., Lewis, J. R. (1986). Temporal variation and spatial patterns in the recruitment of 

Gibbula umbilicalis. Hydrobiologia 142: 15-22 

Kendall, M. A., Bedford, M. L. (1987). Reproduction and recruitment of the barnacle Chthamalus 

montagui at Aberystwyth (mid-Wales). Mar. Bco1. Prog. Ser. 38: 305-308 



231 

Kendall, M. A., Williamson, P., Garwood, P. R. (1987). Annual variation in the recruitment and 

population structure of Monodonta lineata and Gibbula umbiliealis populations at Aberaeron, 

Mid-Wales. Estuar. Cstl. Shelf Sci. 24: 499-511 

Keough, M. J. (1983). Patterns of recruitment of sessile invertebrates in two subtidal habitats. J. 

Exp. Mar. BioI. EcoI. 66: 213-245 

Keough, M. J. (1984). Dynamics of the epifauna of the bivalve Pinna bieolor: interactions among 

recruitment, predation, and competition.- Ecology 65: 846-857 

Keough, M. J. (1986). The distribution of a bryozoan on seagrass blades: settlement, growth and 

mortality. Ecology 67: 846-857 

Keough, M. J., Downes, B. (1982). Recruitment of marine invertebrates: the role of active larval 

choices and early mortality. Oecologia (BerI.) 54: 348-352 

Kilburn, R., Rippey, E. (1982). Sea shells of southern Africa. Macmillan, South Africa. pp. 249 

King, P. A., McGrath, D., Britton, W. (1990). The use of artificial substrates in monitoring mussel 

(Mytilus edulis L.) settlement on an exposed rocky shore in the west of Ireland. J. Mar. BioI. Ass. 

UK. 70: 371-380 

King, P. A., McGrath, D., Gosling, E. M. (1989). Reproduction and settlement of Mytilus edulis 

on an exposed rocky shore in Galway Bay, west coast of Ireland. J. Mar. BioI. Ass. UK. 69: 355-

365 

Kingsford, M. J., Choat, J. H. (1986). Influence of surface slicks on the distribution and onshore 

movements of small fish. Mar. BioI. 91: 161-171 

Kingsford, M. J., Wolanski, E., Choat, J. H. (1991). Influence of tidally induced fronts and 

Langmuir circulations on distribution and movements of presettlement fishes around a coral reef. 

Mar. BioI. 109: 167-180 



232 

Koehn, R. K., Milkman, R. D., Mitton, J. B. (1976). Population genetics of marine pelecypods. 

IV. Selection, migration and genetic differentiation in the blue mussel, Mytilus edulis. Evolution 

30: 2-32 

Lambert, G., Steinke, T. D. (1986). Effects of destroying juxtaposed mussel-dominated and 

coralline algal communities at Umdoni Park Natal coast South Africa 4: 203-217 

Lane, D. J. W., Beaumont, A. R., Hunter, J. R. (1985). Byssus drifting and the drifting threads 

of the young post-larval mussel Mytilusedulis. Mar. BioI. 84: 301-308 

Laprise, R., Dodson, J. J. (1989). Ontogeny and importance of tidal vertical migrations in the 

retention oflarval smelt Osmerus mordax in a well-mixed estuary. Mar. Eco1. Prog. Sere 55: WI­

III 

Lasiak, T. (1986). The reproductive cycles of the intertidal bivalves Crassostrea cucullata (Born, 

1778) and Perna perna (Linnaeus, 1758) from the Transkei coast, southern Africa. The Veliger 

29(2): 226-230 

Lasiak, T., Dye, A. (1989). The ecology of the brown mussel Perna perna in Transkei, southern 

Africa: Implications for the management of a traditional food resource. BioI. Cons. 47: 245-257 

Le Fevre, J., Bourget, E. (1991). Neustonic niche for cirrlpede larvae as a possible adaptation to 

long-range dispersal. Mar. EcoI. Prog. Sere 74: 185-194 

Leis, J. M. (1986). Vertical and horizontal distribution of fish larvae near coral reefs at Lizard 

Island, Great Barrier Reef. Mar. BioI. 90: 505-516 

Levin, L. A. (1983). Drift tube studies of bay-ocean water exchange and implications for larval 

dispersal. Estuarine Research Federation, pp. 364-371. 

Levitan, J. S., Suchanek, T. H. (1978). Geographic variation, niche breadth and genetic 

differentiation at different geographic scales in the mussels Mytilus californianus and M. edulis. Mar. 

BioI. 49: 363-375 

Lewin, R. (1986). Supply-side ecology. Science 234: 25-27 



233 

Lewis, J. R. (1972). Problems and approaches to baseline studies in coastal communities. In: 

Ruivo, M. (ed). Marine pollution and sea life. Fishing News (Books) Ltd., London, pp. 401-404 

Lewis, J. R. (1980). Rationale, methods and problems involved in the assessment and causes of 

recruitment fluctuations of some rocky shore speCies. Unpublished version of Lewis 1986. pp. 439 

Lewis, J. R. (1986). Latitudinal trends in reproduction, recruitment and population characteristics 

of some rocky littoral molluscs and cirripedes. Hydrobiologia 142: 1-13 
r- ~ 

Lipcius, R. N., Olmi ill, E. J., Montfrans, J. (1990). Planktonic availability, molt stage and 

settlement of blue crab postlarvae. Mar. Eco1. Prog. Sera 58: 235-242 

Maas Geesteranus, R. A. (1942). On the formation of bank by Mytilus edulis. Arch. neerl. Zoo1. 

6: 283-325 

Mackie, L. A., Ansell, A. D. (1993). Differences in reproductive ecology in natural and 

transplanted populations of Pecten maximus: evidence for the existence of seperate stocks. J. Exp. 

Mar. BioI. Eco1. 169: 57-75 

Mann, R. (1988). Distribution of bivalve larvae at a frontal system in the James River, Virginia. 

Mar. Eco1. Prog. Sera 50: 29-44 

Marliave, J. B. (1986). Lack of planktonic dispersal of rocky intertidal fish larvae. Trans. Am. 

Fish. Soc. 115: 149-154 

Martel, A., Chia, F. S. (1991). Oviposition, larval abundance, in situ larval growth and recruitment 

of the herbivorous gastropod Lacuna vincta in kelp canopies in Barkley Sound, Vancouver Island 

(British Columbia). Mar. BioI. 110: 237-247 

McDonald, J. H., Koehn, R. K. (1988). The mussels Mytilus galioprovincialus and M.trossulus on 

the Pacific coast of North America. Mar. BioI. 99: 111-118 

McFarland, W. N., Brothers, E. B., Ogden, J. C., Shulman, M. J., Bermingham, E. L., 

Kotchian-Prentiss, N. M. (1985). Recruitment patterns in young french grunts, Haemulon 

flavolineatum (family Haemulidae) at St.Croix, U.S.V.I. Fish. Bull. U.S. 83: 413-426 



234 
-

McGrath, D., King, P. A. (1991). Settlement of mussels, Mytilus edulis L. on wave-exposed shores 

in Irish waters: A survey. Proc. R. Ir. Acad. 91B: 49-58 

McGrath, D., King, P. A., Gosling, E. M. (1988); Evidence for the direct settletnent of Mytilus 

edulis larvae on adult mussel beds. Mar. Bco1. Prog. Sera 47: 103-106 

McGuiness, K. A., Davis, A. R. (1989). Analysis and interpretation of the recruit-settler 
r - -

relationship. J. Exp. Mar. BioI. BcoI. 134: 197-202 

McShane, P. E., Black, K. P., Smith, M. G. (1988). Recruitment processes in Haliotis rubra 

(Mollusca: Gastropoda) and regional hydrodynamics in southeastern Australia imply localized 

dispersal of larvae. J. Exp. Mar. BioI. Bco1. 124: 175-203 

McShane, P. E., Smith, M. G. (1991). Recruitment variation in sympatric populations of Haliotis 

rubra (Mollusca: Gastropoda) in southeast australian waters. Mar. Bco1. Prog. Sera 73: 203-210 

Meadows, P., Campbell, J. (1972). Habitat selection by aquatic invertebrates. Adv. Illar. BioI. 10: 

357-382 

Meekan, M. G., Milicich, M. J., Doherty, P. J. (1993). Larval production drives temporal patterns 

of larval supply and recruitment of a coral reef damselfish. Mar. Bco1. Prog. Sera 93(3): 217-225 

Menard, F., Gebtil, F., Dauvin, J. C. (1989). Population dynamics and secondary production of 

Owenia/USiformis Delle Chiaje (polychaeta) from the Bay of Seine (eastern English Channel). J. 

Exp. Mar. BioI. Bco1. 133: 151-167 

Menge, B. A. (1975). Brood or broadcast? The adaptive significance of different reproductive 

strategies in the two intertidal sea stars Leptasterias hexactis and Pisaster ochracezis. Mar. BioI. 

31: 87-100 

Menge, B. A., Sutherland, J. P. (1987). Community regulation: Variation in disturbance, 

competition, and predation in relation to environmental stress and recruitment. Am. Nat. 130: 730-

757 



235 

Michington, T. E., Scheibling, R. E. (1991). Free space availability and larval substratum selection 

as determinants of barnacle population structure in a developing rocky intertidal community. Mar. 

EcoI. Prog. Ser. : 233-244 

Mileikovsky, S. A. (1971). Types of larval development in marine bottom invertebrates, their 

distribution and ecological significance: a re-evaluation. Mar. BioI. 10: 193-213 

Mileikovsky, S. A. (1973). Speed of active movement of pelagic larvae of marine bottom 

invertebrates and their ability to regulate their vertical position. Mar. BioI. 23: 11-17 

Milicich, M. J., Meekan, M. G., Doherty, P. J. (1992). Larval supply: a good predictor of 

recruitment of three species of reef fish (pomacentridae). Mar. Eco1. Prog. Ser. 86: 153-166 

Morse, D. E. (1990). Recent progress in larval settlement and metamorphosis. Closing the gaps 

between molecular biology and ecology. Bull. Mar. Sci. 46: 465-483 

Motro, u. (1991). Avoiding inbreeding and sibling competition: the evolution of sexual dimorphism 

for dispersal. Am. Nat. 137(1): 108-115 

Munday, B. W., Keegan, B. F. (1992). Population dynamics of Amphiura ehiajei (Echinodermata: 

Ophiuroidea) in Killary Harbour, on the west coast of Ireland. Mar. BioI. 114: 595-605 

Myares, M. P. (1986). Estudio del horizonte de Chthamalus-Patella en el littoral Asturiano. 

Doctor thesis, University of Oviedo 

OConnor, J. (1993). Settlement and recruitment of the fiddler crabs Uea pugnox and U.pugilator 

in a North Carolina, USA, salt marsh. Mar. Eco1. Prog. Ser. 93(3): 227- 234 

o Foighil, D. (1989). Planktotrophic larval development is associated with a restricted geographic 

range in Lasaea, a genus of brooding, hermaphroditic bivalves. Mar. BioI. 103: 349-358 

Olson, R. R. (1985). The consequences of short-distance larval dispersal in a sessile marine 

invertebrate. Ecology 66(1): 30-39 



236 

Olson, R. R., McPherson, R. (1987). Potential vs. realized larval dispersal: fish predation on larvae 

of the ascidian Lissoclinum patella (Gottschaldt). J. Exp. Mar. BioI. Eco1. 110: 245-256 

Osman, R. W., Whitlatch, R. B., Zajac, R. N. (1989). Effects of resident specie~ on recruitment 

into a community: larval settlement versus post-settlement mortality in the oyster Crassostrea 

virginica. Mar. Eco1. Prog. Ser. 54: 61-73 

Osman, R. W., Whitlatch, R. D., Malatesta, R. J. (1992). Potential role of micro-predators in 

deterffiining recruitment into a marine community. Mar. Eco1. Prog. Ser. 83: 35-43 

Palmer, M. A. (1988). Dispersal of marine meiofauna: a review and conceptual model explaining 

passive transport and active emergence with implications for recruitment. Mar. Eco1. Prog. Ser. 

48: 81-91 

Pearson, T. H. (1970). The benthic ecology of Loch Linnhe and Loch Eil, a sea loch system on 

the west coast of Scotland. I: The physical environment and distribution of the macrobenthic fauna. 

J. Exp. Mar. BioI. Eco1. 5: 1-34 

Pechenik, J. A. (1984). The relationship between temperature, growth rate, and duration of 

planktonic life for larvae of the gastropod Crepiduiafomicata (L.). J. Exp. Mar. BioI. Eco1. 74: 

241-257 

Pechenik, J. A. (1990). Delayed metamorphosis by larvae of benthic marine invertebrates: does it 

occur? Is there a price to pay? Ophelia 32: 63-94 

Pechenik, J. A., Eyster, L. S., Widdows, J., Bayne, B. L. (1990). The influence of food 

concentration and temperature on growth and morphological differentiation of blue mussel Mytilus 

edulis larvae. J. Exp. Mar. BioI. Eco1. 136: 47-64 

Petersen, J. H. (1984). Larval settlement behavior in competing species: Mytilus califomianus 

Conrad and M.edulis L. J. Exp. Mar. BioI. Eco1. 82: 147-159 

Peterson, C. H. (1979). Predation, competitive exclusion, and diversity in the soft-sediment benthic 

communities of estuaries and lagoons. In: Livingston, R. J. (ed.). Ecological processes in coastal 

and marine systems. Plenum Press, New York, pp. 233-264 



237 

Peterson, C. H., Summerson, H. C. (1992). Basin-scale coherence of population dynamics of an 

exploited marine invertebrate, the bay scallop: implications of recruitment limitation. Mar. EcoI. 

Prog. Sere 90: 257-272 

Petraitis, P. S. (1990). Direct and indirect effects of predation, herbivory and surface rugosity on 

mussel recruitment. Oeco10gia (BerI.) 83: 405-413 

Pillar, S. C., Armstrong, D. A., Hutchings, L. (1989). Vertical migration, dispersal and transport 

of Euphausia lucens in the southern Benguela Current. Mar. Eco1. Prog. Sere 53: 179-190 

Prince, J. D., Sellers, T. L., Ford, W. B., Talbot, S. R. (1987). Experimental evidence for limited 

dispersal of haliotid larvae (genus Haliotis; Mollusca: Gastropoda). J. Exp. Mar. BioI. EcoI. 106: 

243-263 

Prince, J. D., Sellers, T. L., Ford, W. B., Talbot, S. R. (1988). Confirmation of a relationship 

between the localized abundance of breeding stock and recruitment for Haliotis rubra Leach 

(Mollusca: Gastropoda). J. Exp. Mar. BioI. Eco1. 122: 91-104 

Pyefinch, K. A. (1948). Notes on the biology of Cirripedes. J. Mar. BioI. Ass. UK. 27: 464-503 

Raimondi, P. T. (1988). Rock type affects settlement, recruitment, and zonation of the barnacle 

Chthamalus anispoma Pilsbury. J. Exp. Mar. BioI. Eco1. 123: 253-267 

Ramon, M., Richardson, C. A. (1992). Age determination and shell growth of Chamelea gallina 

(Bivalvia: Veneridae) in the western Mediterranean. Mar. Eco1. Prog. Sere 89(1): 15-23 

Reed, D. C. (1990). The effects of variable settlement and early competition on patterns of kelp 

recruitment. Ecology 71(2): 776-787 

Reed, D. C., Neushu1, M., Ebeling, A. W. (1991). Role of settlement density on garnetophyte 

growth and reproduction in the kelps Pterygophora califomica and Macrocystis pyrifera 

(phaeophyceae). J. Phycology. 27(3): 361-366 

Rees, C. B. (1950). The identification and classification of Larnellibranch larvae. Hull Bull. mar. 

Ecol. 3: 73-104 



238 

Rees, C. B. (1953). The larvae of the Spatangidae. J. mar. bioI. Add. U.K. 32: 477-490 

Rimmer, D. W., Phillips, B. F. (1979). Diurnal migration and vertical distribution of Phyllosoma 

larvae of the western rock lobster Panulirus cyglJU!. Mar. BioI. 54: 109-124 

Roberts, M. (1989). Dispersion of a buoyant effluent discharged into the nearshore waters of Algoa 

Bay. MSc Thesis, University of Port Elizabeth r - -

-
Robertson, D. R, Green, D. G., Victor, B. (1988). Temporal coupling of the production and 

recruitment of larvae of a carribean reef fish. Ecology 69: 370-381 

Robertson, D. R (1990). Differences in the seasonalities of spawning and recruitment of some 

small neotropical reef fishes. J. Exp. Mar. BioI. Eco1. 144: 49-62 

Robertson, D. R (1992). Patterns of lunar settlement and early recruitment in carribean reef fishes 

at Panama. Mar. BioI. 114(4): 527-537 

Robertson, D. R., Schober, E. M., Brawn, J. D. (1993). Comparative variation in spawning output 

and juvenile recruitment of some Caribbean reef fishes. Mar. Eco1. Prog. Sere 94: 105-113 

Roegner, G. C. (1991). Temporal analysis of the relationship between settlers and early recruits 

of the oyster Crassostrea virginica (GMELIN). J. Exp. Mar. BioI. EcoI. 151(1): 57-69 

Romer, G. S. (1986). Faunal assemblages and food chains associated with surf-zone phytoplankton 

blooms. M.Sc. thesis U.P.E. 

Roughgarden, J., Gaines, S., Iwasa, Y. (1984). Dynamics and evolution of marine populations with 

pelagic larval dispersal. In: RM. May (ed.). Exploitation of Marine Communities. pp. 111-128 

Roughgarden, J., Iwasa, Y., Baxter, C. (1985). Demographic theory for an open marine population 

with space-limited recruitment. Ecology 66(1): 54-67 

Roughgarden, J., Gaines, S., Possingham, H. (1988). Recruitment dynamics in complex life cycles. 

Science 241: 1460-1466 



239 

Rowley, R. J. (1989). Settlement ami recruitment of sea urchins (Strongylocentrotus spp.) in a sea 

urchin barren ground and a kelp bed: are populations regulated by settlement or post-settlement 

processes? Mar. BioI. 100: 485-494 

Sale, P. F., Doherty, G., Eckert, G., Douglas, ·W., Ferrell, D. (1984). Large scale spatial and 

temporal variation in recruitment to fish populations on coral reefs. Oecologia (BerI.) 64: 191-198 

Sale, P. F., Ferrel, D. J. (1988). Early survivorship of juvenile coral reefrfishes. Coral Reefs 7: 

117-124 

Sammarco, P. W. (1983). Effects of fish grazing and damselfish territoriality on coral-reef algae. 

1. Algal community structure. Mar. EcoI. Prog. Ser. 13(1): 1-14 

Sammarco, P. W., Andrews, J. C. (1988). Localized dispersal and recruitment in Great Barrier reef 

corals: The helix experiment. Science 239: 1422-1424 

Sandifer, P. A. (1975). The role of pelagic larvae in recruitment to populations of adult decapod 

crustaceans in the York River Estuary and lower Chesapeake Bay, Virginia. Estuar. Cstl. Shelf Sci. 

3: 269-279 

Sarver, D. J. (1979). Recruitment and juvenile survival in the sea hare Aplysiajuliana (Gastropoda: 

Opisthobranchia). Mar. BioI. 54: 353-361 

Scheltema, R. S. (1966). Evidence for trans-Atlantic transport of gastropod larvae belonging to the 

genus Cymatium. Deep-Sea Res. 13: 83-95 

Scheltema, R. S. (1968). Dispersal of larvae by equatorial ocean currents and its importance to the 

zoogeography of shoal-water tropical species. Nature 217: 1159-1162 

Scheltema, R. S. (1971). Larval dispersal as a means of genetic exchange between geographically 

separated populations of shallow-water benthic marine gastropods. BioI. Bull. (Woods Hole) 140: 

284-322 



240 

Scheltema, R. S. (1972). Dispersal of larvae as a means of genetic exchange between widely 

separated populations of shoal-water benthic invertebrate species. In: Battaglia, B (ed.) Fifth 

European Marine Biological Symposium. Piccin Editore. Padua, Italy. p. 101-114 

Scheltema, R. S. (1974). Biological interactions determining larval settlement of marine 

invertebrates. Thallasia Jugosl. 10: 263-296 

Scheltema, R. S. (1975). Relationship of larval dispersal, gene-flow and natural selection to 

geographic variation of benthic invertebrates in estuaries and along coastal regions. Estuar. Res. 

372-391 

Scheltema, R. S. (1977). Dispersal of marine invertebrate organisms: paleobiogeographic and 

biostratigraphic implications. In: Kauffman, E. G., Hazel, J. E. (eds.). Concepts and methods of 

biostratigraphy. Dowden, Hutchinson, & Ross, Stroudsburg, Pennsylvania, pp. 73-108 

Scheltema, R. S. (1978). On the relationship between dispersal of pelagic veliger larvae and the 

evolution of marine prosobranch gastropods. In: Battaglia, B., Beardmore, J. A. (eds.). Marine 

organisms. Plenum Publishing Corporation, New York, pp. 303-322 

Scheltema, R. S., Williams, I. P., Shaw, M. A., Loudon, C. (1981). Gregarious settlement by the 

larvae of Hydroides dianthus (polychaeta: Serpulidae). Mar. Eco1. Prog. Sere 5: 69-74_ 

Schumann, E. H., Perrins, L. A., Hunter, I. T. (1982). Upwelling along the south coast of the 

Cape Province, South Africa. S. Afr. J. Sci. 78: 238-242 

Schumann, E. H. (1987). The coastal ocean off the east coast of South Africa. Trans. Roy Soc. 

S. Afr. 46(3): 215-229 

Schumann, E. H., Ross, G. J. B., Goschen, W. S. (1988). Cold water events in Algoa Bay and 

along the Cape south coast, South Africa, in March/April1987. S. Afr. J. Sci. 84: 579-584 

Schumann, E. H., llienberger, W. K., Goschen, W. S. (1991). Surface winds over Algoa Bay, 

South Africa. S. Afr. I. Sci. 87: 202-207 



241 

Schumann, E. H., Martin, J. A. (1991). Climatological aspects of the coastal wind field at Cape 

Town, Port Elizabeth and Durban. S. Afr. J. Geograph. 73: 48-51 

Sebens, K. P. (1983). The larval and juvenile ecology of the temperate octocoral Alcyonium 

siderium Verrill. 1. Substratum selection by benthic larvae. J. Exp. Mar. BioI. EcoI. 71: 73-89 

Seed, R. (1969). The ecology of Mytilus edulis L. (Lamellibranchiata) on exposed rocky shores. 

I. Breeding and settlement. Oecologia (Ber1.) 3: 277-316 
r~ -

Seed, R. (1975). Reproduction in Mytilus (Mollusca: Bivalvia) in european waters. Pubbl Staz Zool 

Napoli (SuppI.) 39: 317-334 

Seed, R. (1976). Ecology. In: Bayne, B. L. (ed.). Marine mussels: Their ecology and 

physiology. Cambridge University Press, Cambridge, pp. 13-65 

Shafee, M. S. (1989). Reproduction of Perna picta (Mollusca: Bivalvia) from the Atlantic coast of 

Morocco. Mar. Eco1. Prog. Sera 53: 235-245 

Shanks, A. L. (1983). Surface slicks associated with tidally forced internal waves may transport 

pelagic larvae of benthic invertebrates and fishes shoreward. Mar. Eco1. Prog. Sera 13: 311-315 

Shanks, A. L. (1985). Behavioural basis of internal-wave-induced shoreward transport of inegalopae 

of the crab Pachygrapsus crassipes. Mar. Eco1. Prog. Sera 24: 289-295 

Shanks, A. L. (1986a). Tidal periodicity in the daily settlement of intertidal barnacle larvae and an 

hypothesized mechanism for the cross-shelf transport of cyprids. BioI. Bull. (Woods Hole) 170: 

429-440 

Shanks, A. L. (1986b). Vertical migration and cross-shelf dispersal of larval Cancer spp. and 

Randallia ornata (Crustacea: Brachyura) off the coast of southern California. Mar. BioI. 92: 189-

199 

Shanks, A. L., Wright, W. G. (1987). Internal-wave-mediated shoreward transport of cyprids, 

megalopae, and gammarids and correlated longshore differences in the settling rate of intertidal 

barnacles. J. Exp. Mar. BioI. EcoI. 114: 1-13 



242 

Shepherd, S. A., Clarkson, P. S., Turner, J. A. (1985). Studies on southern Australian abalone 

(genus Haliotis). V. Spawning, settlement and early growth of H.scalaris. Trans. R. Soc. S. Aust. 

109: 61-62 

-~ . 
Shepherd, S. A., Turner, J. A. (1985). Studies on southern Australian abalone (Genus Haliotis). 

VI. Habitat preference, abundance and predators of juveniles. J. Exp. Mar. BioI. BcoI. 93: 285-298 

Shepherd, S. A., Lowe, D., Partington, D. (1992). Studies on southern Agstr!Uian abalone (genus 

Haliotis) XIll: larval dispersal and recruitment. J. Exp. Mar. BioI. BcoI. 164: 247-260 

Shulman, M. J. (1984). Resource limitation and recruitment patterns in a coral reef fish 

assemblage. J. Exp. Mar. BioI. Bco1. 74: 85-109 

Shulman, M. J. (1985). Variability in recruitment of coral reef fishes. J. Exp. Mar. BioI. EcoI. 

89: 205-209 

Siegfried, W. R., Hockey, P. A. R., Crowe, A. A. (1985). Exploitation and conservation of brown 

mussel stocks by coastal people of Transkei. Environ. Conserv. 12 (4): 303-307 

Sigurdsson, J. B., Titman, C. W., Davies, P. A. (1976). The dispersal of young post-larval bivalve 

molluscs by byssus threads. Nature 262: 386-387 

Sokal, R. R., Rohlf, F. T. (1981). Biometry. Second Edition. Freeman & Co., San Francisco. 

pp.859 

Southward, A. J., Crisp, D. J. (1954). Recent changes in the distribution of the intertidal barnacles 

Chthamalus stellatus Polio and Balanus balanoides L. in the British Isles. J. Anim. Bco1. 23: 163-

177 

Southward, A. J., Crisp, D. J. (1956). Fluctuations in the distribution and abundance of intertidal 

barnacles. J. Mar. BioI. Ass. UK. 35: 211-229 

Southward, A. J. (1991). Forty years of changes in species composition and population density of 

barnacles on a rocky shore near Plymouth. J. Mar. BioI. Ass. UK. 71: 495-513 



243 

Stoner, D. (1990). Recruitment ofa tropical colonial ascidian: relative importance of pre-settlement 

vs. post-settlement processes. Ecology 71: 1682-1690 

Strathmann, R. (1974). The spread of sibling lary~e of sedentary marine invertebrates. Am. Nat. 

108: 29-44 

Sutherland, J. P. (1974). Multiple stable points in natural communities. Am.~ Nat. 108: 859-873 

-
Sutherland, J. P. (1987). Recruitment limitation in a tropical intertidal barnacle: Tetraclita 

panamensis (Pilsbry) on the Pacific coast of Costa Rica. J. Exp. Mar. BioI. Eco1. 113: 267-282 

Sutherland, J. P. (1990). Recruitment regulates demographic variation in a tropical intertidal 

barnacle. Ecology 71: 955-972 

Sutherland, J. P., Ortega, S. (1986). Competition conditional on recruitment and temporary escape 

from predators on a tropical rocky shore. J. Exp. Mar. BioI. Eco1. 95: 155-166 

Talbot, M. M. B., Bate, G. C. (1988a). The use of false buoyancies by the surf diatom Anaulus 

birostratus in the formation and decay of cell patches. Estuar. Cstl. Shelf Sci. 26: 155-167 

Talbot, M. M. B., Bate, G. C. (1988b). Response of the surf diatom populations to environmental 

conditions. Changes in the extent of the planktonic fraction and surface patch activity. Bot. Mar. 30: 

109-118 

Talbot, M. M. B., Bate, G. C. (1988c). Distribution patterns of the surf diatom Anaulus birostratus 

in an exposed surf zone. Estuar. Cstl. Shelf Sci. 26: 137-153 

Tanaka, K., Tanaka, T., Ishida, 0., Oba, T. (1986). On the distribution of swimming and 

deposited larvae on nursery ground of abalone at the southern coast off Chiba prefecture. Bull. Jpn. 

Soc. Sci. Fish. 52: 1525-1532 

Tegner, M. J., Butler, R. A. (1985). Drift-tube study of the dispersal potential of green abalone. 

(Haliotis fulgens) larvae in the southern Californian Bight: implications for recovery of depeleted 

populations. Mar. Ecol. Prog. Sera 26: 73-84 



244 

Thorson, G. (1946). Reproduction and larval development of Danish marine bottom invertebrates, 

with special reference to the planktonic larvae in the Sound (Oresund). Meddr Kommn Danm. 

Fisk.-og Havunders. (Ser. Plankton) 4(1): 1-529 

.;: . 
Thorson, G. (1950). Reproductive and larval ecology of marine bottom invertebrates. BioI. Rev. 

25: 

Thorson, G. (1957). Bottom communities (sublittoral or shallow shelt). In: Hedgpeth, J. W., 

(00.). - Treatise on marine ecology and paleoecology. Vol. 1. New York: Geological Scociety of 

America, pp. 461-534 

Thorson, G. (1961). Length of pelagic larval life in marine bottom invertebrates as related to larval 

transport by ocean currents. Oceanogr. Am. Assoc. Adv. Sci. 67: 455-474 

Tursi, A., Matarrese, A., Costantino, G., Pollicoro, R., Cecere, E., Caroppo,C. (1990). Settlement 

periods of mussel larvae on artificial substrata, dipped in the Mar Piccolo and the Mar Grande of 

Taranto (southern Italy). Obelia XVI: 87-97 

Underwood, A. J. (1981). Techniques of analysis of variance in experimental marine biology and 

ecology. Oceanogr. mar. BioI. A. Rev. 19: 513-605 

Underwood, A. J., Denley, E. J. (1984). Paradigms, explanations and generalizations in models 

for the structure of intertidal communities on rocky shores. In: (ed.) Strong, D.R. Ecological 

communities: conceptual issues and the evidence 

Underwood, A. J., Fairweather, P. G. (1989). Supply-side ecology and benthic marine 

assemblages. TREE 4(1): 16-20 

van Erkom Schurink, C. (1991). Comparative ecology and physiology of four South African mussel 

species, with notes on culture potential. Ph.D thesis, University of Cape Town, 16Opp. 

van Erkom Schurlnk, C., Griffiths, C. L. (1990). Marine mussels in southern Africa - their 

distribution patterns, standing stock, exploitation and culture. J. Shellfish Res. 9: 75-85 



245 

Verwey, J. (1952). On the ecology and distribution of cockle and mussel in the Dutch Wadden Sea. 

Arch. neerl. Zoo1. 10: 171-239 

Victor, B. C. (1983). Recruitment and population dynamics of a coral reef fish. Science 219: 419-

~O·, 

Victor, B. C. (1986). Larval settlement and juvenile mortality in a recruitment-limited coral reef 

fish population. Eco1. Monogr. 56: 145-160 
r - -

Warner, R., Hughes, T. (1988). The population dynamics of reef fishes. Proc. 6th Int. Coral Reef 

Symp. Australia 1: 149-155 

Watanabe, J. M. (1984). The influence of recruitment, competition, and benthic predation on spatial 

distributions of three species of kelp forest gastropods (Trochidae: Tegula). Ecology 65(3): 920-936 

Watts, R. J., Johnson, M. S., Black, R. (1990). Effects of recruitment on genetic patchiness in the 

urchin Echinometra mathaei in western Australia. Mar. BioI. 105: 145-151 

Webb, P., Wooldridge, T. H. (1990). Die1 horizontal migration of Mesopodopsis slabberi 

(Crustacea: Mysidacea) in Algoa Bay, southern Africa. Mar. Eco1. Prog. Sere 62: 73-77 

Wethey, D. S. (1984). Spatial pattern in barnacle settlement: day to day changes-during the 

settlement season. J. Mar. BioI. Ass. UK. 64: 687-698 

Whethey, D. S. (1986). Ranking of settlement cues by barnacle larvae: influences of surface 

contour. Bull. Mar. Sci. 39: 393-400 

Wilkins, N. F., Fujino, K., Gosling, E. M. (1983). The Mediterranean mussel Mytilus 

galloprovincialis Lmk in Japan. BioI. J. Linn. Soc 20: 265-374 

Wilson (1886). On the development of the common mussel (Mytilus edulis). Scientific 

investigations Fishery Board Scotland 5th annual report, pp. 247-256. 



246 

Wilson, B. R., Hodgkin, E. P. (1967). A comparative account of the reproductive cycles of five 

species of marine mussels (Bivalvia: Mytilidae) in the vicinity of Fremantle, western Australia. 

Aust. J. mar. Freshwat. Res. 18: 175-203 

"~ . 
Wilson, F. S. (1990). Temporal and spatial patterns of settlement: a field study of molluscs in 

Bogue Sound, North Carolina. J. Exp. Mar. BioI. BcoI. 139: 201-220 

Woodin, S. A. (1976). Adult-larval interactions in dense infaunal assemblages: patterns of 

abundance. J. Mar. Res. 34: 25-41 

Woodin, S. A. (1978). Settlement phenomena: the significance of functional groups. In: Stancyk, 

S. (ed.). Reproductive ecology of marine invertebrates. University of Carolina Press, Columbia, 

pp.99-106 

Woodin, S. A. (1983). Biotic interactions in recent marine sedimentary environments. In: Tevesz, 

~. S. J, McCall, P. L. (eds.). Biotic interactions in recent and fossil benthic communities. 

Plenum, New York, pp. 3-83 

Yoshioka, B. L. (1989b). Chaos and recruitment in the bryozoan, Membranipora membranacea. 

Bull. Mar. Sci. 39: 408-417 

Yoshioka, E. (1989a). Phase shift of semilunar spawning periodicity of the chiton Acanthopleura 

japonica (Lischke) by artificial regimes of light and tide. J. Exp. Mar. BioI. BcoI. 129: 133-140 

Yoshioka, P. M. (1982). Role of planktonic and benthic factors in the population dynamics of the 

bryozoan Membranipora membranacea. Ecology 63(2): 457-468 

Young, B. L. (1989a). Settlement, early mortality, and growth of sessile marine invertebrates. 

Ph.D. Dissertation, University of South Carolina, 264pp. 

Young, C. M., Chia, F. S. (1982). Factors controlling spatial distribution of the sea cucumber 

Psolus chitonoides: settling and post-settling behavior. Mar. BioI. 69: 195-205 

Young, C. M., Chia, F. S. (1984). Microhabitat-associated variability in survival and growth of 

subtidal solitary ascidians during the first 21 days ater settlement. Mar. BioI. 81: 61-68 



247 

Young, C. M. (1989b). Selection of predator-free settlement sites by larval ascidians. Ophelia 30: 

131-140 

Zar, J. (1984). Biostatistica1 analysis. Second edition. Prentice Hall, Englewood Cliffs, New 

Jersey. 


	PHILLIPS TRACEY E DPHILTR95-50-001
	PHILLIPS TRACEY E DPHILTR95-50-002



