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ABSTRACT 

This thesis addresses the recruitment patterns of barnacles and mussels at a range of spatial 

and temporal scales and attempts to relate them to larval and adult abundance, as well as to local 

productivity and oceanographic conditions that would influence larval transport and the 

connectivity of adult populations. In Chapter 1, I investigated the spatial and temporal patterns of 

mussel recruitment and adult bed dynamics offour mussel species (Aulacomya ater, Mytilus 

galloprovincialis, Perna perna and Semimytilus a/gosus) across 2500 km of the southern African 

coast. A coast-wise gradient of recruitment intensity was evident, with high recruitment rates on the 

West Coast and lower rates on the South and East Coasts. At the largest scale (100s ofkm), 

populations appear closed, as adult biomass was significantly and positively correlated with 

recruitment density. Although neither nearshore productivity nor meso-scale oceanic features were 

significantly correlated with among-location variability in recruitment intensity, an index that 

combined the two explained 62% of the variability, indicating that, taken in conjunction, both of 

these factors are important in understanding recruitment processes of benthic organisms with 

meroplanktonic larval stages. High inter-annual variability in recruitment was recorded, with low 

recruitment on the West Coast in years with Benguela Nifio or Nifio-like warming events. At most 

locations and for most species, sites were more variable in the density than in the timing of 

recruitment events. This study represents a first critical step in identifYing and comparing large and 

meso-scale recruitment patterns and processes in southern Africa, and created a framework for the 

detailed investigations in the following three chapters. 

Chapters 2-4 examine patterns and processes of the recruitment of mussels and barnacles 

along a 25-km stretch of shoreline in the Maputaland Marine Reserve (MMR) in northern 

KwaZulu-Natal (KZN), South Africa. The investigations in these chapters not only extend our 

knowledge of recruitment in South Africa into an under-studied bioregion, but also address marine 

reserve management-related questions of benthic-pelagic coupling and the connectivity of rocky 

shores in this important conservation area. 

Knowledge of the shape, patchiness and density of the meroplanktonic larval pool, and how 

these are controlled by local processes such as productivity and onshore transport mechanisms, is 

critical to interpret both recruitment rates and connectivity between areas. Chapter 2 examines the 

spatial and temporal patchiness of the pool ofmytilid, bivalve and cyprid meroplankton in the 

MMR. This is the first study of this kind in this region. The size and density of the patches were 

analyzed in relationship to the in situ biomass of zooplankton and phytoplankton, several physical 

parameters and the adult density of the mussel Perna perna on adjacent headlands. There is a 

strong sea-breeze effect and wind-driven upwelling, although weak, was present at this site; 

nearshore phytoplankton concentrations responded positively to decreases in water temperature. 
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Bivalves and mytilids were vertically unstratified, positively correlated with water temperature and 

negatively correlated with phytoplankton concentration, indicating that they may be closer to shore 

during periods of upwelling-neutral or downwelling-positive winds. Cyprids aggregated near the 

bottom of the water column and were negatively correlated with temperature and positively 

correlated with phytoplankton, indicating that upwelling may be an important onshore transport 

mechanism for cyprids. Larvae of barnacle and mussel groups were, on average, denser at the 

inshore than the offshore stations, but very few nauplii were found, indicating that competent larvae 

may be using behavioral or swimming adaptations to aggregate nearer the shore. Cyprids were not 

denser at rocky headland points, where the adults occur, than in the bays between. Mytilids were 

found in highest densities proximate to two rocky headlands, however, suggesting that both 

accumulating mechanisms and associations with adult biomass are important in explaining the 

spatial structure of the mytilid larval pool. 

Chapter 3 reports the recruitment rates of two mussels (Brachidontes semistriatus and 

Perna perna) and three barnacles (Chthamalus dentatus, Tetraclita serrata and T. squamosa 

rufotincta) onto natural and artificial substrates. These were recorded monthly for 18 months at 

each of five sites in the MMR, simultaneous to the collection of larval data presented in Chapter 2. 

Recruitment rates of mussel species in northern KZN were lower than those recorded anywhere else 

in southern Africa. Recruitment was strongly seasonal for all species, with B. semistriatus, P. perna 

and C. dentatus recruiting in spring/summer and Tetraclita spp. in autumn/winter. Locality, site 

and intertidal zone were less important than season in explaining recruitment variability, although 

locality was also often a significant factor for barnacles. Mean monthly temperature was generally 

the most important predictor for the recruitment variability of all species, which was expected due 

to the seasonal pattern of both water temperatures and recruitment in this region. Nearshore larval 

density was also a significant predictor for barnacles and for B. semistriatus, establishing benthic­

pelagic coupling. The relationship between recruitment rate and adult density was found to be weak 

and non-significant for P. perna, implying that the population may be open at the scale of the study 

area (approx. 25 km), although it may reflect harvesting pressure on adult stocks. 

To explore connectivity of the rocky shore communities, Chapter 4 investigates nearshore 

hydrography in the MMR. Dominant meso-scale patterns in SST were found to be more closely 

linked to offshore forcing at the confluence of currents joining to form the Agulhas Current than to 

local wind events. These dominant patterns were found to explain 10% and 15% of recruitment 

variability of the mussels P. perna and B. semistriatus, and 16% and 48% of the recruitment 

variability of the barnacles C. dentatus and Tetraclita spp., respectively. Analyses of the dominant 

current structures found this coast to be driven by coastal boundary, wave direction, wind and tidal 

forcing mechanisms. While the across- and alongshore currents were strongly sheared, the principal 

components of their patterns were not related to the patterns revealed by empirical orthogonal 

function analysis of SST. Alongshore velocity data and knowledge of across-shore transport and 

2 



Univ
ers

ity
 of

 C
ap

e T
ow

n

processes were then combined to estimate larval dispersal distances for mussels and barnacles, as 

well as other organisms, within the MMR. A semi-stochastic Lagrangian simulation was 

constructed to predict dispersal kernels of passive drifters during the recruitment season for mussels 

and C. dentatus. In all cases, the dominant direction of travel was southward, and mean dispersal 

distances for the various models ranged from 30-122 km south along the coast. Using these results, 

together from those in the previous chapters, three alternate examples of the spacing of no-take 

areas using dispersal distances were proposed, with recommendations for improvement of the 

management of the rocky shores within the MMR. 
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GENERAL INTRODUCTION 

As our understanding of community theory of rocky intertidal shores continues to improve, 

we have learned that conclusions from experimental investigations must consider not only 

mechanisms of top-down control (Strong 1992), but also key processes that affect the relative and 

absolute strength of community interactions from the bottom-up (Menge 2000b). This means that 

variability in population dynamics and community structure may be explained not only by the ways 

in which predators and/or herbivores control prey assemblages, but also by differences in the food 

or nutrient supply, or the arrival of newcomers to the assemblage via settlement and subsequent 

recruitment (Connell 1985; Menge 1991; Schiel 2004; Wieters 2006). The supply of dispersive 

recruits to communities of benthic adults has been investigated for decades (e.g. De Wolf 1973), but 

models and experiments that examine post-settlement effects on community structure are a 

relatively recent innovation (e.g. Gaines and Roughgarden 1985; Minchinton and Scheibling 1991; 

Menge 1995, 2000b; Menge et al. 1999; Underwood and Keough 2001; Forde and Raimondi 2004; 

Wieters 2005). 

To focus investigations, Connell (1985) subdivided settlement and recruitment patterns of 

sessile invertebrates into four specific sub-questions: (1) What environmental factors affect the 

supply of settlers to the shore? (2) How does the density of settlers impact recruitment rates? 

(3) How do recruitment rates relate to adult densities? (4) How do recruitment rates vary over 

different scales of space or time? The structure that Connell (1985) provided has proved essential. 

For example, Berry (1978) previously noted the potential role of an anomalously high recruitment 

event in 1976 in shaping the rocky intertidal mussel population on the east coast of South Africa, 

but did not follow-up by testing his hypotheses. Bottom-up processes have, however, been 

investigated in South Africa for a long time. In fact, at the same time that Roughgarden described 

this suite of recruitment processes as part of 'supply-side ecology' in North America (Lewin 1986), 

researchers in South Africa were demonstrating the importance of key supply-side factors such as 

nutrient supply, primary productivity and food subsidies in controlling or altering community 

structure (Bosman and Hockey 1986; Branch et al. 1987; Bustamante et al. 1995a). These 

approaches were followed by studies of the settlement and recruitment of benthic rocky-shore 

organisms. All of Connell's questions are under continuing investigation in South Africa (e.g. 

Harris et al. 1998; Erlandsson and McQuaid 2004; Erlandsson et al. 2005a, b; McQuaid and Lawrie 

2005; Porri et al. 2006; Pfaff et al. in prep), and this thesis addresses the third and fourth questions 

at varying spatial and temporal scales, extending Connell's questions to examine the processes that 

underlie recruitment patterns. 

In southern Africa, the harvest of intertidal shellfish stocks has been an integral part of the 

coastal social and economic environment for at least 120,000 y, and continues to be important 
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around the entire coast today (Griffiths and Branch 1997; Griffiths et al. 2004). The diverse 

impacts of human activities on these resources, including mussels and other sessile benthic 

invertebrates, are well documented (Lasiak and Dye 1989; Lasiak 1991b, 1993; Kyle et al. 1997a; 

Hauck and Sweijd 1999; Sink 2001; Cockcroft et aI. 2002; Branch and Odendaal 2003) and have 

come to the fore of management concerns in the last fifteen years (Lasiak 1991 b, 1993; Dye et al. 

1997; Griffiths and Branch 1997; Tomalin and Kyle 1998; Cockcroft et aI. 2002; Harris et aI. 

2002b; Hauck and Sowman 2003). Whereas the wild mytilid resources on the West Coast 

(Choromytilus meridionalis, Aulacomya ater and Mytilus galloprovincialis) are still not heavily 

harvested today (Robinson 2005), the smaller stocks of Perna perna along the South and East 

Coasts are heavily exploited by subsistence and recreational harvesters (Griffiths and Branch 1997; 

Kyle et al. I 997a; Lasiak 1999; Clark et al. 2002). To predict the effects that human activities will 

have in different coastal areas, we must first understand the patterns and processes of their 

replenishment through in-depth studies of larval transport, settlement and recruitment. 

The first chapter in this thesis investigates the recruitment of four mussel species around the 

coast of southern Africa at a regional scale. Understanding of pattern and process at local scales, 

where supply-side and biological community dynamics come into play, requires contextualization 

through study at a larger scale that takes into account oceanographic and biogeographic gradients. 

The coastal environment of southern Africa is characterized by strong gradients in both temperature 

and productivity (Lombard et al. 2004), and several previous researchers have taken advantage of 

these gradients to examine community responses to them at a biogeographic scale (Bustamante et 

al. 1995a; Bustamante and Branch 1996; Sink et al. 2005, in prep). As illustrated in Figure i, the 

West Coast is dominated by the cold, northward flowing Benguela current and a pulsed, seasonal, 

highly productive upwelling system (Andrews and Hutchings 1980). In the southern Benguela, the 

coast consists of active upwelling cells and downstream sites. In the northern Benguela, upwelling 

is more consistent both spatially and temporally, with persistent winds that continually drive surface 

waters offshore. In contrast, the warm, nutrient-poor waters of the southward Agulhas Current 

dominate the East Coast, flowing adjacent to the narrow continental shelf (Lutjeharms et al. 2000a, 

b; Meyer et al. 2002). The two currents mix along the south coast over the Agulhas Bank and 

around the Cape Peninsula in the Cape Cauldron (Boebel et al. 2003; Richardson et al. 2003). 

Moving from west to east, the coastal waters become generally warmer and more nutrient­

poor. Upwelling on the West Coast enhances nutrient levels that support the highest levels of 

primary productivity on the coast, and this food becomes available to intertidal organisms both as 

phytoplankton and kelp detritus (Bustamante et al. 1995b). Previous studies at a biogeographic 

scale have shown that intertidal rocky shores become more diverse as biomass decreases, with the 

lowest intertidal biomass and highest diversity on the north-east coast (Bustamante and Branch 

1996; Sink et al. 2005). At discrete points along the shoreward edge of the Agulhas Current, where 

the continental shelf widens on both the South and East Coasts, persistent topographically-induced 
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upwelling cells draw relatively nutrient-rich waters into small eddying retention cells in the Natal 

Bight, as well as near Port Alfred and Port Elizabeth (Lutjeharms et aI. 2000a; Meyer et al. 2002). 

These supply the South Coast, flanked by the widened shelf of the Agulhas Bank, and the East 

Coast's Tugela Bank with intermediate nutrient levels (Roberts 2005). 

Studies addressing the connectivity of areas or populations examine the spatial paths along 

which food or propagules travel (e.g. Sheaves 2005; Mumby 2006). In most systems, the ecological 

linkages between spawners, larvae, settlers and recruits continue to remain elusive for benthic 

organisms with dispersive larvae despite vastly improved methods and experimental design. 

Knowledge has nevertheless been slowly built via in-situ experimentation (Olson and McPherson 

1987; Levin et al. 1993; Chiswell and Booth 1999; Natunewicz and Epifanio 2001), inferential 

methods (Barber et al. 2002; Gilg and Hilbish 2003; McQuaid and Lawrie 2005) and modeling 

(Largier 2003; Siegel et al. 2003; Ellien et al. 2004; Schiel 2004). Additionally, the rates of spread 

of alien species have allowed us to create hypotheses about indigenous species with similar physical 

and behavioral characteristics (e.g. McQuaid and Phillips 2000; Armonies 2001; Branch and 

Steff ani 2004; Kinlan and Hastings 2005). 

Chapters 2-4 of this thesis focus in from the biogeographic perspective to examine patterns 

and processes of mussel and barnacle recruitment at a smaller scale. The experiments and 

observations I relate in these chapters were all based in the Maputaland Marine Reserve, in the 

northern half of the Greater St. Lucia Wetland Park and World Heritage Site, in northern KwaZulu­

Natal, South Africa. This area is characterized by its proximity to the region of formation of the 

Agulhas Current, a typical western boundary current, and has a narrow continental shelf, a relatively 

straight stretch of coastline and warm nutrient-poor water (Heydorn et al. 1978; Schumann 1987; 

Carter and Schleyer 1988; Martin and Flemming 1988; Schumann 1988; Ridderinkhofet al. 2001; 

Quartly and Srokosz 2002; Roberts 2005). It is also a region of South Africa that, as a former 

homeland area, is still socio-economically underdeveloped. People living within the park continue 

to depend on coastal resources for food, frequenting the coast to exploit both benthic rocky-shore 

and sandy-beach organisms (Kyle et al. 1997a, b; Sink et al. 2005). The high level of exploitation, 

and its effects on community structure, are of increasing management concern (Tomalin and Kyle 

1998; Robertson 2003; Sink et al. 2005). The relative influences of natural and anthropogenic 

effects on community structure cannot be distinguished, however, without investigation of 

community patterns and processes (Clarke 1993). Investigations such as mine are therefore 

fundamental to successful ecosystem-based management of coastal resources. 

Supply-side experiments at smaller scales, more common than biogeographic 

investigations, have illuminated the physical factors that influence both larval survival and delivery 

in specific locales. These factors are now known to include winds (Almeida and Queiroga 2003; 

Navarrete et al. 2005), seasonal temperature cues or conditions (Broitman et al. 2005), upwelling or 

downwelling (Roughgarden et al. 1991a; Navarrete et al. 2005), including the influence of 
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upwelling on nutrient concentrations (Lotze and Worm 2002; Broitman et al. 2005) and the 

presence of smaller-scale hydrographic features such as internal waves (Shanks 1983; Roughgarden 

et al. 1991a), tidal bores (Vargas et al. 2004; Ladah et al. 2005), reduced or sheared currents 

following topographic coastal features (Lagos et al. 2005) and wave exposure (Archambault and 

Bourget 1999; McQuaid and Lindsay 2005; Menge et al. 2005; Westerbom and Jattu 2006). 

The way in which each of these physical factors influences the transport, life history and 

dynamics of the pool of larvae can affect the temporal and spatial heterogeneity of recruitment 

along a coastline (Narvaez et al. 2004; Lagos et al. 2005; Navarrete et al. 2005; Wieters 2005), but 

there are also important biological factors at play. Larvae may actively choose the zone and 

exposure level on the rocky shore in which they will settle (Kingsford et al. 2002), through their 

position in the water column (Grosberg 1982; Satumanatpan and Keough 2001) and by seeking 

adult conspecifics (Keough 1998; Hills and Thomason 2003; Manriquez et al. 2004). Upon 

reaching the rocky shore, larvae may actively choose a preferred substrate according to its rugosity 

(Crisp and Barnes 1954; Petraitis 1990) or to avoid competitive dominants (Grosberg 1981), 

perhaps using chemical cues (Crisp 1974; Davis and Moreno 1995; Wright and Boxshall1999), and 

may be influenced by the density of adult conspecifics or congenerics (Keough 1998). Whenever or 

wherever settlement occurs in numbers, there will be an element of competition, among 

conspecifics or individuals of different species, which can influence both pre-settlement larval 

choice and post-settlement mortality (Grosberg 1981). Survival can also be influenced by predation 

(Navarrete and Wieters 2000; Osman and Whitlatch 2004; Alfaro 2006a) or physical effects such as 

heat stress or desiccation at the edges of the adult range (Power et al. 2001; Chan and Williams 

2003). The density ofthe larval pool and the rates at which larvae settle (bottom-up effects), as 

well as the density of adults on the shore (a top-down effect) will influence the relative importance 

of each of these factors in the ultimate recruitment of individuals (Menge 2000b; Wieters 2005). 

All of the recruitment studies in my thesis compare recruitment rates among natural and 

artificial substrates. Competent larvae actively choose among substrates during settlement (Crisp et 

al. 1985; Raimondi 1988a, b, 1990; Holm 1990a; Raimondi and Keough 1990; Lasiak and Barnard 

1995; Moreno 1995; Berntsson et al. 2000). As a result, there can be an interaction between the 

substrate offered and larval settlement densities, which is independent of the nearshore density of 

competent meroplanktonic larvae, especially under settlement-saturated conditions (Bertness et al. 

1992). This variability can have an important effect on the interpretation of recruitment patterns 

among and between species, locations and regions. Standardized artificial substrates have become a 

common means for comparing settlement and recruitment rates among sites (Caceres-Martinez et al. 

1993; Almeida and Queiroga 2003; Helson and Gardner 2004; Broitman et al. 2005; Navarrete et al. 

2005; Porri et al. 2006) and even between hemispheres (Menge et al. 2002), although few studies 

exist that compare between simultaneous recruitment onto natural and artificial substrates (but see 

Strathman and Branscomb 1979; Raimondi 1988a; Bulleri 2005). 
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In Chapter 1, I use a hierarchically-nested design to characterize the spatial, seasonal and 

annual variation in mussel recruitment rates across 2500 km and five bioregions along the southern 

African coastline, stretching from Swakopmund, Namibia around to Zululand on the east coast of 

South Africa. Using data collected seasonally over five years from four sites at each of eight 

locations, I examined how well coastal productivity and retention at biogeographic scales were able 

to explain recruitment rates. I then investigated the relationship between recruitment and densities 

of adult stocks at multiple scales, and compared theories of recruitment limitation in lOWe, medium­

and high-level recruitment environments with the empirical data, focusing on recruitment limitation 

as it related to the adult:recruit ratio among species and locations. Finally, I provided some 

hypotheses about recruitment processes arising from these patterns, which guided the more process­

oriented, smaller-scale studies that followed. 

In Chapters 2-4, I present the first ever study of simultaneous larval supply, recruitment 

dynamics and nearshore hydrography in the Maputaland Marine Reserve (MMR) in South Africa. 

The study site is to the north of Zululand, the northeastern-most site investigated in Chapter 1, and 

these chapters extend our knowledge of recruitment dynamics across a biogeographic break into a 

new, understudied area. The MMR falls in the northern half of the Greater St. Lucia Wetland Park 

and extends from the coastline to 3 nautical miles seaward. The coastline is zoned to allow 

different types of activities in different areas. This zonation is currently being reviewed, so my 

study is timely. I also provide data for two species, the mussel Brachidontes semistriatus and the 

barnacle Tetraclita squamosa rufotincta, whose recruitment patterns were previously unknown. 

The data for these three chapters were collected simultaneously, but the results are broken into three 

inter-connected sections. 

In Chapter 2, I examine several biological and physical parameters relating larval supply to 

the density of adult benthic rocky-shore organisms and patchiness of the larval pool. First, I 

characterized the spatial and temporal patchiness of mytilid, bivalve and cyprid meroplankton in the 

water column from oblique tows and related it to in situ phytoplankton concentration, temperature 

and salinity, as well as to the density of adult stocks on the shore. Then, using satellite imagery, I 

quantified the scale of patchiness of sea surface temperature and phytoplankton and compared these 

with the results for the plankton tows. Finally, using wind and subsurface temperature data, I 

examined the role of wind, tides via tidal bores and slicks as possible onshore or offshore transport 

mechanisms for the larval pool in this area. 

In Chapter 3, I report the monthly recruitment rates of two species of mussels (Perna perna 

and Brachidontes semistriatus) and two taxa of barnacles (Chthamalus dentatus and Tetraclita spp.) 

onto natural and artificial substrates in two intertidal zones. Using physical and biological 

parameters from Chapter 2, I established levels of onshore-offshore coupling between larval 

density, phytoplankton concentration, physical processes and recruitment. However, predictions 
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about alongshore connectivity, one ultimate goal of this investigation, could not be established 

without information about the velocity and variability of alongshore currents in Maputaland. 

To provide this information, in Chapter 4, I measured current velocities in Maputaland from 

the swash zone to depths of20 m using three types of oceanographic technology: drogues, an 

acoustic Doppler current profiIer (ADCP) and videography. These are the first inner-shelf 

hydrographic measurements ever taken beyond the surf zone in this region, and the first application 

of video technology to current measurements in South Africa. Hoping to dispel the hypothesis that 

the nearby Agulhas Current drives nearshore processes, I analyzed these currents in relation to 

meso-scale events evident from remotely-sensed sea surface temperature. I then compared these 

events to recruitment rates measured in Chapter 3 to investigate what, if any, role the formation of 

the Agulhas Current might play in restricting or enhancing larval supply to Maputaland. Using the 

current measurements taken in each of the zones and some emerging theory of larval behavior and 

dispersal, I developed a semi-stochastic Lagrangian model for dispersal of passive drifters, and 

interpreted the results of this model to examine possible dispersal paths of species such as mussels 

and barnacles that have a meroplanktonic dispersive stage. Then, I provided examples of how this 

model might be interpreted to guide decision-making about the spacing of no-take areas within the 

Maputaland Marine Reserve. 

Finally, I provide a synthesis of the results of my studies and draw general conclusions 

about the supply-side ecology and recruitment dynamics of mussels and barnacles over small to 

regional scales, highlighting the ways these will inform both further ecological research and coastal 

management. 
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CHAPTER! 

Mussel recruitment around the coast of southern Africa at multiple scales and 
relationships with adult mussel stocks 

1.1 INTRODUCTION 

Large-scale differences in recruitment intensity of benthic intertidal species arise from a 

combination of oceanographic and biological conditions. Teasing these apart is complicated, as 

their relative importance varies among taxa and sites at all scales and can even co-vary (Menge et 

al. 2003). However, they do group into two general categories: bottom-up, including pre­

recruitment processes and local productivity, and top-down, including predation and grazing 

(Menge et al. 1997b). Ocean currents vary at multiple scales, and can be 10caUy retentive or 

extractive depending on the oceanic environment and the local shoreline topography, ultimately 

influencing community composition (Connolly and Roughgarden 1998). Many studies have found 

physical conditions to be important for successful recruitment, including the dominant offshore and 

nearshore hydrographic conditions (Hicks and Tunnell 1995; Graham and Largier 1997; 

Archambault and Bourget 1999; Navarrete et al. 2005). These are temporally variable (Wing et al. 

1995a, b; Connolly and Roughgarden 1999a; Botsford 2001), and most often the parameter used to 

indicate this variability is temperature (Bayne 1976; Navarrete et al. 2002; Brohman et aI. 2005). 

Productivity is positively correlated with the following biological factors, all found to be important 

to recruitment success at regional scales: local spawner stock biomass (Fisk and Harriott 1990), 

spawner stock fecundity or other reproductive traits (Urho 1999; Hughes et al. 2000; Brante et al. 

2003; Hills and Thomason 2003) and larval condition and rates of starvation (Bayne 1976; Olson 

and Olson 1989; Roberts and Lapworth 2001). Productivity varies temporally as well as spatially. 

For example, productivity linked to EI Nifio Southern Oscillation (ENSO) events helps explain 

inter-annual recruitment rates in some areas (e.g. Botsford 2001). Finally, recruitment is affected 

by benthic pre-settlement effects, such as larval predation by conspecifics (Navarrete and Wieters 

2000), or post-settlement effects, such as physical disturbance on the rocky habitat (Hunt and 

Scheibling 1996). 

Underwood (2000) asserts that it is impossible to understand how patterns and processes 

vary without valid inter-regional and inter-annual comparisons. Large-scale studies of intertidal 

ecology over 100s to 1000s of km are uncommon, but have been undertaken around the coast of 

southern Africa. For example, Bustamante and Branch (1996) investigated community structure at 

exposed headlands, semi-exposed rocky shores and sheltered bays at 15 locations between LOderitz, 

Namibia and Inhaca Island, Mozambique, spanning -3700 kID of coastline. This study and others 

have highlighted differences in patterns and processes among bioregions, and as a result, single­

model management is generally discouraged across a biogeographically complex region (McQuaid 
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and Payne 1998; Lombard et al. 2004). Elsewhere, recruitment processes have also occasionally 

been studied over large spatial scales, including the recruitment of barnacles over a European scale 

(Jenkins et al. 2000; O'Riordan et al. 2004) and the recruitment of mussels and barnacles over 900 

km in Chile (Rivadeneira et al. 2002). Similar inter-regional comparisons have been made via 

analyses of independently collected data and meta-data sets (e.g. Connell 1985; Hughes et al. 

2002). Finally, for even larger-scale contrasts, researchers have spanned hemispheres, studying 

recruitment and community dynamics using the 'comparative-experimental approach' (Menge et al. 

2002; Wieters 2006). 

Lombard et al. (2004) have defined five inshore marine bioregions around southern Africa 

(Figure 1.1). Several mussels inhabit these shores, including the native brown mussel Perna perna, 

ribbed mussel Aulacomya ater and black mussel Choromytilus meridionalis, and the invasive 

mussels Semimyti!us algosus and Mytilus galloprovincialis (van Erkom Schurink and Griffiths 

1990; Bustamante and Branch 1996). In 1990, the overall standing stock of mussels in South Africa 

was estimated at 114,000 t whole wet mass, approximately 69% lying on the West Coast, 24% 

along the South Coast, and 7% on the East Coast (van Erkom Schurink and Griffiths 1990). 

The brown mussel, Perna perna, has a widespread distribution, and has been studied along 

the southwest and southeast coasts of Africa, as well as the east coast of South America and the 

Gulf of Mexico. It is heavily exploited on the southern African coast (Dye et al. 1994), where it has 

a disjunct distribution, being found along the entire coastline except for 800 km between southern 

Namibia and the Cape Peninsula in South Africa (van Erkom Schurink and Griffiths 1990). In most 

areas, it forms dense monolayer beds from the intertidal to the very shallow subtidal (Branch et al. 

1994). Grant et al. (1992) studied allozyme frequencies for P. perna over its southern African 

distribution and found a general lack of micro-geographic heterogeneity, although the Namibian 

population was slightly divergent. There is now a large body of literature investigating various 

aspects of its life history in southern Africa, including growth rates (Berry 1978; Crawford and 

Bower 1983; van Erkom Schurink and Griffiths 1993; Tomalin 1995; Kaehler and McQuaid 1999b; 

McQuaid and Lindsay 2000), the ecological effects of parasites (Calvo-Ugarteburu and McQuaid 

1998a, b; Kaehler and McQuaid 1999a), population dynamics (McQuaid et al. 2000; Lawrie and 

McQuaid 2001; Erlandsson and McQuaid 2004; Erlandsson et al. 2005a, b), the timing of spawning 

periods on the South and East Coasts (Lasiak 1986; van Erkom Schurink and Griffiths 1991a; 

Ndzipa 2002), the impacts of harvesting and reseeding on popUlation size structure (Lasiak and Dye 

1989; Lasiak 1991b; Dye 1992a; Lasiak 1993; Dye et al. 1997; Kyle et al. 1997a; Dye and Dyantyi 

2002), the settlement and recruitment of plantigrades into algae (Beckley 1979; Lasiak and Barnard 

1995; Erlandsson and McQuaid 2004; McQuaid and Lindsay 2005), the recruitment of juveniles 

into mussel bed and bare rock (Bayne 1976; Crawford and Bower 1983; Barnard 1995; Lasiak and 

Barnard 1995; Dye et al. 1997; Harris et al. 1998; McQuaid and Phillips 2000; Porri 2003; 

Erlandsson and McQuaid 2004; McQuaid and Lindsay 2005) the changing population dynamics due 
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Figure 1.1 Map of sampling locations and bioregions of southern Africa, with names of other 
places mentioned in the thesis. BOTS. = Botswana, MOZ. = Mozambique, S = Swaziland, 
L == Lesotho. 
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to its invasion by M galloprovincialis on the South Coast (Bownes and McQuaid 2006), and its 

predicted dispersal distance (Table 1.1). Additional information on the species comes from its 

invasion into the Gulf of Mexico (Hicks and Tunnell 1993; Hicks and Tunnell 1995; Hicks et a1. 

2001). 

Table 1.1 Details of dispersal-related larval ecology of the focal species of this chapter (S. 
algosus is unknown). 

Planktonic Feed- Max disp. 
Average 

Species larval iog? dist. y.1 disp. Data from ... Reference(s) 
duration dist. t 1 

Aulacomya ater 14-28 d Yes <IOkm Chile, South (Harris et a!. 1998; Castilla and 
Africa ~SA} Gumez 2000} 

Mydlus 30-32 d' Yes 42km east, 5km South Coast, SA (McQuaid and Phillips 2000; 
galloprovinciaiis 19km west Grantham et al. 2003; Branch 

and Steff ani 2004} 
115km West Coast, SA (Hockey and van Erkom 

north, 25 Schurink 1992; Branch and 
km south Steff ani 2004} 

56 km east, Swakopmund, (Robinson 2005) 
46 km north; Namibia to Kidds 

Beach! SA 
< lOkm South Africa ~Harris et al. 1998} 

Perna perna 15-20 d Yes 235km Gulf of Mexico (Hicks and Tunnell 1995) 
south,36 
km north 

95km Gulf of Mexico {Branch and Steffani 2004} 
< lOkm South Africa {Harris et al. 1998) 

• based on estimate from Mytilus edulis (McQuaid and Phillips 2000) 

In Namibia, beds of P. perna are now densely invaded by the small bisexual mussel 

Semimytilus algosus, of assumed Chilean origin (Branch et a1. 1994; Tokeshi and Romero 1995), 

but little is known about its life history, recruitment patterns, or the timing of its invasion into 

Africa. This species can form a double layer in the intertidal, and extends subtidally to 15 m depth 

(B. Currie, pers. com.). It appears not to have spread south from Namibia into South Africa. 

The native ribbed mussel, Aulacomya ater, is of intermediate size and lives in the intertidal 

and subddally to 40 m depth, extending from East London westward and up into Namibia (Griffiths 

and King 1979; Branch et al. 1994). This mussel has a trans-Atlantic distribution, occurring in 

central Chile and Antarctica as wen as South Africa (Castilla and Guifiez 2000). Its range in South 

Africa corresponds with another native mussel, Choromytilus meridionalis, and most southern 

African studies of their reproduction and adult physiology, including the timing of spawning and 

settlement periods, compare the two species (Griffiths 1977; Barkai and Branch 1989; van Erkom 

Schurink and Griffiths 1990, 1991a, 1991b; van Erkom Schurink and Griffiths 1993). A. ater is an 

important prey item of the rock lobster Jasus la/andii (Pollock 1979; Wickens and Field 1988) and 

the black oystercatcher Haematopus moquini (Hockey and Underhill 1983). 
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In the last three decades, the west coast of southern Africa has been invaded by the alien 

Mediterranean mussel Mytilus galloprovincialis (de Moor and Bruton 1988; McQuaid and Phillips 

2000; Steffani and Branch 2004; Robinson 2005), which now dominates rocky intertidal mussel 

beds on the West Coast (Robinson 2005). Its adult physiology has been examined in comparative 

studies with local mytilids (van Erkom Schurink and Griffiths 1991 b, 1991 a; van Erkom Schurink 

and Griffiths 1993). Although its spread northward into Namibia seems to have halted naturally (B. 

Currie, pers. com.), a secondary introduction has moved it into the range of P. perna on the south 

coast of South Africa (McQuaid and Phillips 2000; Robinson 2005; Bownes and McQuaid 2006) 

and dispersal distances have been estimated based on its invasion rate (Table 1.1). Dense in the 

intertidal, M galloprovincialis rarely extends below the infratidal (Branch et al. 1994). 

Localized recruitment studies on mussels have been limited to three ofthe six bioregions in 

southern Africa: Namaqua (Steff ani and Branch 2004; Robinson 2005), Agulhas (Crawford and 

Bower 1983; Barnard 1995; Lasiak and Barnard 1995; Dye et al. 1997; McQuaid and Phillips 2000; 

Lawrie and McQuaid 2001; Erlandsson and McQuaid 2004; Bownes and McQuaid 2006; Porri et al. 

2006) and Natal (Berry 1978; Lambert and Steinke 1986). At a larger scale, Harris et al. (1998) 

compared the recruitment of mussels at seven locations across five bioregions around the coast of 

southern Africa, from Swakopmund, Namibia to Zululand, South Africa. They found a gradient of 

recruitment intensity, with significantly higher densities on the West than on the South or East 

Coasts, and that maximum recruit intensities and simultaneous adult densities showed strong 

significant correlations. Additionally, they found high within- and among- site variability of 

recruitment events, concluding that dispersal processes influence recruitment patterns at a relatively 

small scale. Data collection then continued for a further four years, incorporating one more 

location, as well as one additional site at six of the original locations. This chapter includes the full 

five years of data in an inter-annual and inter-regional investigation into the recruitment of intertidal 

mussels around the coast of southern Africa, and addresses the following hypotheses: 

1. There will be a regional-level gradient of recruitment intensity around the coast from high 

on the West Coast to low on the East Coast. 

2. At the scale of 100s ofkm, a positive and significant correlation will exist between 

recruitment intensities and adult mussel biomass. 

3. A combination of primary production and meso-scale oceanographic properties will explain 

relative recruitment intensity among locations. 

4. During each species' period(s) of high recruitment, different species will have different 

ratios of recruits to adults, but these will be consistent within species among locations. 

5. Low-recruitment locations will be recruit-limited, with relatively large recruitment events 

causing a significant increase in the density of juvenile mussels in the following season, 

whereas high-recruitment locations will not be recruit-limited. 

6. Recruitment patterns will differ among sites within locations due to local conditions. 
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7. Recruitment will show seasonal patterns at each location and for each species, but these will 

be strongest on the East Coast, as it has the highest seasonal temperature fluctuation. 

Significant differences among seasons and years will relate to seasonal or inter-annual 

temperature fluctuations. 

In addition to testing the above hypotheses about larval recruitment patterns and processes, 

this study is relevant to the management of exploited mussel stocks and the design of marine 

protected areas, as recruitment dynamics and the scale of connectivity between mussel populations 

will influence the effects of harvesting and the speed with which depleted mussel beds are 

replenished. 
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1.2 METHODS 

Data collection 

Mussel recruitment and adult mussel abundance were investigated at eight locations (100-

950 km apart) around the coast of southern Africa (Figure 1.1), using a hierarchical design 

(Underwood 2000), following the methods outlined in Harris et ai. (1998). Four unharvested sites 

were selected at each location (except three at Dwesa, due to a scarcity of suitable habitat), spaced 

1-25 km apart (Table 1.2). 

At each site, a permanent 20-m transect was installed in the middle of the intertidal mussel 

bed parallel to the shoreline. At 4-m intervals, this transect was intersected by six perpendicular 

transects, each spanning the width of the mussel bed. Every three months, the area of the mussel 

bed and the percent cover of mussels of standardized size classes (Table 1.3) were scored in 50 x 50 

cm quadrats at l-m intervals along the perpendicular transects. The mussel bed was defined as 

areas where mussel cover exceeded 5%. Sites were not visited on the same day, but usually within 

the same tide series. Mussel bed cover was measured pooling species wherever multiple species 

were present (Le. at all west coast locations). However, each of these three locations had a 

dominant adult species present: M galloprovincialis at Groenrivier and the Cape Peninsula and P. 

perna (primary cover) and S. a/gosus (secondary cover) at Namibia. 

Recruitment was measured in dense mussel clumps (100% cover) by removing three 

replicate 10 x 10 cm2 samples at each site from randomly selected positions (1-20 m apart) within 

1 m of the horizontal transect. The samples were sorted and aU mussels were measured, counted 

and identified to species level. Mussels form a monolayer at most of the locations in this study, 

except Namibia and Zululand. At Namibia, S. algosus often formed a secondary layer over both 

conspecifics and other species. In Zululand, P. perna sometimes formed a secondary layer. Beds at 

these two sites were therefore more structurally complex. Recruits were defined as late plantigrades 

or early juveniles 0.5-5.0 mm shell length. To compare among regions and seasons, samples for 

each season were collected within 2-month periods, i.e. winter (JunlJul), spring (Sep/Oct), summer 

(Dec/Jan) and autumn (Marl Apr). 

Spawning periods were determined for most of the locations from published literature. In 

Namibia, no previous data were available on spawning periods for any of the mussel species. 

Instead, adults of P. perna were collected and assessed as being 'ripe' (visibly mature gonads) or 

'unripe' (not visibly mature) in each month from January 1994 to September 2000. The percentage 

of the collected individuals that were ripe was calculated as a ripeness index, and plotted against 

time (B. Currie, unpubl. data). Months that showed a mean reduction greater than 4% from the 

previous month were defined as spawning periods. 
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Table 1.2 Characteristics of rock ledges and sampling periods at each location. Additional criteria 

used to ensure consistency in site selection are described in Harris et al. (1998). 

Dist 
Nearshore 

Sampling 

Location Site 
Mussel Longitude Latitude to Period 
spp'- (E) (S) next 

oceanog. 

loco 
climate Start End 

Namibia Badewanne S,M,P 14° 31' 31.2" 22° 42' 02.0" 951 Persistent year- Jun 95 Dec 99 

(NAM) Langstrand North 14° 32' 5S.9" 22° 4S' 70.6" kIn round 

Langstrand South 14° 32' 5S.9" 22° 4S' 70.6" upwelling celiO 

Mile Four 14° 31' 28.2" 22° 37' 36.1" 

Groen- Esterhuizen M,A 17° 37' 51.48" 30° 56' 32.94" 375 Seasonal Jul95 Sep 99 

rivier GertJoseph 17° 31' 4S.47" 30° 45' 11.77" upwelling 

(GRN) Island Point 17° 36' 12.0S" 30° 54' 54.95" downstream 

Island Wreck 17° 36' 09.60" 30° 55' 00.66" 
sited 

Cape Pen- Blouberg M,A 18° 25' 25.15" 34° 19' 39.73" 795 Active seasonal Jul95 Oct 99 

insula Kommetjie 18° 19' 13.22" 34° OS' 27.12" upwelling celld 

(CAP) Scarborough North 18° 22' 11.89" 34° 12' 26.99" 
Scarborough South ISO 22' 26.50" 34° 13' OS.89" 

Pt EIi- Hougham North P 25° 45' 54.01" 33° 45' 26.02" 101 Within Algoa Oct 96 Oct 99 

zabeth Houghham South 25° 45' 05.90" 33° 45' 53.51" Bay, proximate 

(PLZ) Humewood 25° 40' 53.09" 33° 59' 40.17" to divergent 

Summerstrand 25° 41' 23.32" 34° 00' 23.35" upwellinger 

PtAlfred Kenton East P 26° 41' 56.68" 33° 40' 47.32" 278 Divergent Jul95 Ju199 

(PAF) Kenton West 26° 41' 12.53" 33° 40' 58.68" topographical 

Kowie 26° 52' 41.39" 33° 31' 29.17" upwelling" 

Old Woman's River 27° 06' 51.09" 33° 37' 14.42" 
Dwesa DwesaNorth P 28° 52' 06.86" 32° 17' 23.07" 371 Straight coast, Jun 95 Mar 00 

(DWS) Dwesa South I 28° 49' 30.27" 32° 18' 58.34" narrow shelf, 

Dwesa South 2 28° 49' 01.80" 32° 19' 31.19" no upwellingS 

Durban Mdloti South P 31° 07' 47.6" 29° 38' 52.8" 183 Center of Natal ]00 95 JulOO 

(DBN) Newsell North 31° 07' 12.0" 29° 40' 12.0" Bight trapped 

Newsell South 31 ° 07' 12.0" 29° 40' 12.0" clockwise gyreh 

Peace Cottage South 31 ° OS' 48.0" 29° 42' 30.0" 

Zululand Crayfish P 32° 25' 36.7" 28° 25' 11.5" Divergent Mar 95 Sep99 
(ZUL) Railwayb 32° 24' 59.0" 28° 28' 06.9" topographical Aug 94 Sep99 

Sandy 32° 24' 25.2" 28° 30' 20.0" upwellin~ Feb 95 Feb 00 
Zavini 32° 25' 10.2" 28° 26' 54.4" ]un 95 Sep99 

• Dominant mussel species present: M (Mytilus galloprovincialis), S (Semimytilus algosus), P (Perna perna), A (Aulacomya ater), 
b Sampled monthly, 0 (Shillington et al. 1990; Demarq et al. 2003), d (Shannon 1985), • (Lutjeharms et al. 2000a), f(Lutjeharms et aI. 

2000b), 8 (Roberts 2005), h (McLachlan et al. 1981) 

Table 1.3 Size classes for each sampling method and species sampled. 

Max 
Recruit 

Sub- Adult leng!h {mm} 
Method Data Species length 

length 
adult 

Small Large 
(mm) leng!h 

50)( 50 em} % cover All species pooled 2·10 mm 10-35 35-70 >70 
quadrat mm 

10)( 10 em2 counts A. ater 70' 0.5-5 5-10 10-15 >15 
quadrat S. algosus SOh 0.5-5 5-10 10-15 >15 

M. galloprovincialis 85" 0.5-5 5-35 35-70 >70 
P·eerna 90· 0.5-5 5-35 35-70 >70 

"(van Erkom Schurink and Griffiths 1990), 6(Branch et aI. 1994) 
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The relative recruitment rates of P. perna into mussel bed and algal turf was investigated 

simultaneously at the four eastern locations. Algal turf was sampled three-monthly by removing 

three replicate 10 x 10 cm2 sections from randomly-selected patches of 100% algal cover in the 

central mussel bed. All P. perna were removed from the algae and counted into size classes. 

Nylon-bristle brushes were used as a standardized recruitment substrate at two sites (n == 3 

per site) at five locations (Namibia, Groenrivier, Cape Peninsula, Pt. Alfred and Dwesa). These 

were installed three-monthly on the day that mussel data were collected, left out for one month, and 

then collected. At Railway, Zululand, nine brushes were installed monthly in three groups (North, 

Mid, South) from August 1994 to December 1998. After collection, brushes were cleaned and aU 

mussels counted into size classes. 

Statistical Analyses 

All statistics were computed using Statistica 7.0 (StatSoft, Inc. © 1984-2004). 

Large-scale (among-location) spatial and annual variability of recruitment into mussel beds 

The relative contributions of location, site and year to the annual variability of recruitment 

peaks for all species combined around the coast of southern Africa were tested using a partly-nested 

mixed-model analysis of variance (ANOVA) (Quinn and Keough 2002). Location (L) and Year (Y) 

were designated as a fixed factors, while Site nested within Location [S(L)] was a random factor. 

Whether time is calculated as a fixed or random factor depends largely on the a priori hypotheses. 

When the Year factor is intended to represent all possible years in which the experiment could have 

been run, then it is appropriate to regard it as a random factor. However, in the case of my 

observations, the years were intended to represent particular years, so that in the event of a 

significant Year-effect, differences detected among years could be linked to anomalous events in 

those years in a process-oriented interpretation of post-hoc tests (Quinn and Keough 2002; R. 

Clarke, pers. com.). Thus, all ANOVAs in this chapter use Year as a fixed effect. Location was 

also fixed, as locations were selected within different bioregions to span a range of oceanographic 

conditions. Sites were designated as random, selected to represent all possible sites within that 

location. The interaction Y*L was therefore fixed and Y*S(L) was random. Null hypotheses were 

associated with each factor (Table l.4a), and were tested using a general linear model, and accepted 

or rejected at p < 0.05 (Table l.4b). The mathematical model was: 

X ijkJ = J.l + Y i + L j + S(L) kfj) + L *Y;J + Y*S(L)ik(j) + 6ljkJ 

where i refers to the year,j to the location, k to the site within each location and I to replicate, X is 

the observed magnitude of the response variable (number of recruits per 0.0 1m2
), J.l is the overall 

mean of the response variable, and t is the unexplained variance, or residual (Quinn and Keough 

2002). 
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Table 1.4 (a) Null bypotbeses and (b) calculations for tbe general linear models used for 
ANOV As for tbe wbole-coast comparison of annual recruitment peaks. 

(a) Factor Do: 
Location No difference between locations in the mean number of recruits per quadrat, 

pooling years 
Site(Location} No added variance in the mean number of recruits per quadrat due to the effects 

of differences between all possible sites within each location 
Year No difference between years in the mean number of recruits per quadrat, pooling 

locations 
Loc*Year No interaction between years and locations on the mean number of recruits per 

quadrat, i.e. the effect of the location on the mean number of recruits per quadrat 
was the same in all the years 

Year*Site(Loc) No interaction between all possible sites within all locations and all years on the 
mean number of recruits per quadrat, i.e. the effect of all possible sites within 
the locations on the mean number of recruits per quadrat was the same in all 
years 

(b) Factor Effect d/ 
Intercept 
Location A Fixed p-l 

Site(Location) SeA) Random p(q-I) 
Year C Fixed r-I 

Loc*Year A x C Fixed (p-l)(r-l) 
Year*Site(Loc) SeA) x C Random p(q-l)(r-l) 

MSS(A) 
MSAlMSII(A) 

MSs(A/MSs(A)C 
MSCIMSS(A)C 

MSACIMSS(A)C 
MSS(A)CIMSRosid. 

Residual pqr(n-l) 
I P == number of locations, q == number of sites, and r == number of years in each analysis 
2 For this mixed model, Statistica 7.0 calculated 99-100% of a synthesized MS-denominator for the F­

value according to the above formulae, while the final 0-1 % was due to the MSResid term, following 
Satterthwaite (1946). 

I balanced this model by adding a few virtual replicates to the data set. Although virtual 

replicates may increase the risk of type I error, they do reduce type II error and the risk of type I 

error can be compensated by increased degrees of freedom in the model (Underwood 1997). In 

general, data were well-balanced and few individual replicates were missing from any cell in any 

model. Because a balanced ANOY A is robust to slight variations in sample size (Quinn and 

Keough 2002), virtual replicates were not added if> 50% of the replicates were present in any 

individual cell. However, some cells lacked data at almost all of the locations, and in these cases 

cells were filled with virtual replicates, following Underwood (1997) and according to the following 

criteria: 

1. When two sites close to each other followed the same trends (means or relative means and 

variances) in other years, virtual replicates were added to mimic the matching site in the 

missing season, not to exceed 15% of the overall data in the model. 

2. When the site had no similar sites within the location, virtual replicates were added to 

mimic trends in other years at that same site. 

3. Data were added such that their variance matched other cells with similar means. 
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Data fourth-root transformed to meet the assumptions of normality (examined graphically 

with a normal probability plot) and equal variances (examined graphically with a box-plot and 

statistically with Cochran's test, Ii == 0.05), following Quinn and Keough (2002). 

The interpretation of main effects for these models can be difficult, especially when the 

interaction effects are significant (Underwood 1997). However, when the Mean Squares 

denominator-value in the ratio used to calculate the F-statistic for the main effect incorporates the 

variability of the significant interaction, the main effects can be calculated with cautious confidence 

(Quinn and Keough 2002). Using the model prescribed by Statistica 7.0, the denominators for the 

main effects all incorporated MSloteraction values, and so I proceeded with post-hoc analyses of the 

main effects even when one or both interaction terms were significant. 

For the unplanned post-hoc comparisons of significant between-plot main effects (L and 

S(L)), I used Tukey's HSD test (Quinn and Keough 2002). For within-plots comparisons (Y, L*Y 

and S(L)*Y), Quinn and Keough (2002) recommend a Bonferroni-type adjustment of significance 

levels for multiple testing and I therefore used a Bonferroni test. 

Large-scale (among-location) spatial and annual variability o/recruitment into brushes 

The deployment and collection of brushes at most locations was sporadic, and at some 

locations, brushes were not collected in all four seasons of each year. Recruitment into brushes and 

mussel bed could not be directly compared among locations as the collection of these treatments 

was not simultaneous at any site but Zululand. However, there were sufficient data collected in 

three of the years during recruitment seasons for a comparison of relative recruitment rates among 

locations. From each site, the deployment in each year with the highest recruitment was selected 

for analysis, and the number of mussel recruits « 2 mm total length) per day for all species 

combined was used for a comparison among locations and years, with all brushes at all sites at each 

location being used as replicates. 

The relative importance of location and year to the recruitment variability of mussels into 

brushes was tested using a partly-nested mixed-model ANOV A (Quinn and Keough 2002). In this 

model, Location (L) and Year (Y) were designated as fixed factors; the interaction Y*L was 

therefore fixed. Site was not considered in this model because of the sparse nature of these data. 

Nun hypotheses associated with each factor were tested as above. The mathematical model used 

was: 

X ijk = J.i + Y/ + L J + L *Yij + Gijk 

where i refers to the year,j to the location and k to replicate. X is the observed magnitude of the 

response variable (recruits.day·I), J.i and e were as above. Data were fourth-root transformed to meet 

the assumptions of normality (examined graphically with a normal probability plot) and equal 

variances (examined graphically with a box-plot and statistically with Cochran's test, Ii::::: 0.05). 

Because both factors were fixed, Statistica did not use a Satterthwaite correction and instead 
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followed a standard model, whereby the denominators of all three MS terms are the MSResiduol value 

(Quinn and Keough 2002). 

Productivity and nearshore circulationfeatures per location versus recruitment 

Both productivity and nearshore circulation patterns vary dramatically around the coast of 

southern Africa, and descriptions from literature were used to rank the eight locations in the study 

for each of these variables (Table 1.5). The productivity of the nearshore environment for each site 

was estimated using in situ or remotely-sensed chlorophyll climatologies (Demarq et al. 2003), 

nearshore nutrient samples and epilithic microalgal production measurements in the intertidal 

(Bustamante et al. 1995a) and in situ ship-based measurements (Meyer et al. 2002). The nearshore 

circulation was described according to three measurable features: 

1. Relative persistence of upwelling (wind- or topographically-induced) 

2. Continental shelf width 

3. Relative degree of embayment 

Locations were ranked for each of these three criteria, with the highest values given to the 

least persistent and active nearshore upwelling features (Demarq et al. 2003; Roberts 2005), the 

widest shelf (measured at 200 m depth) and the most embayment-like topography surrounding the 

selected sites. Although there are other oceanographic features that could potentially affect larval 

retention among sites and locations, such as relative exposure, wind speed or dominant swell 

direction or height, these data were not consistently available for all sites and locations and 

therefore were not included in the comparison. The results of this analyses must therefore be 

interpreted with some caution. These ranks were then summed to give an overall score (Table 1.5). 

Rankings were plotted against the significant ranks of mean annual recruitment rates for the 

locations examined with the mussel-bed ANOV A above, and their relationship examined using 

Pearson product-moment correlation. 

Large-scale stock-recruit relationships 

The relationship between recruitment rates and several parameters of the adult mussel bed 

per location (width, percent cover, and mean mussel stock size measured as the number of mussels 

per I-m swath of mussel bed) was examined by combining species and sites. Maximum 

recruitment season and the parameters of the mussel bed measured simultaneously in each location 

and year were examined using Pearson product-moment correlation analysis. 

Size-structure of the mussel bed during recruitment events 

The size structure of each species in the mussel bed during recruitment events was 

investigated by graphing a size-frequency plot during the peak recruitment event for each species at 
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each location in the 5-year sampling period. The ratio of adults to recruits in 0.01m2 quadrats was 

examined graphically and using Pearson product-moment correlation. 

Table 1.5 Ranking of the locations with respect to productivity and neasrshore circulation 

Rank Upwelling Upwelling Shelf Degree of Productivity Location type ranks· widthb embayment" Sum of ranks d 
Total 

sums 
NAM Persistent 1 8 8 17 7 8 15 
GRN Pulsed 5 7 4 16 5 7 12 
CAP Pulsed 5 4 6 15 4 7 11 
PLZ Persistent 3 6 8 17 7 5 12 
PAF Divergent, 3 5 3 11 1 4 5 

persistent 
DWS Occasional 8 2 1 11 1 3 4 
DBN Occasional 8 4 6 18 8 1 7 
ZUL Divergent, 8 1 3 12 3 3 6 

occasional 
Refs: (Shannon 1985; Bustamante et al. 1995a; Meyer et al. 2002; Demarq et al. 2003; Roberts 2005); • 1 is the most 
persistently upwelled, 8 is the least, b 1 is the narrowest shelf, 8 is the widest, C I is the least embayed, 8 is the most, d 1 is 
the least productive, 8 is the most. 

Smaller-scale stock-recruit relationships 

Three specific hypotheses relating to the stock-recruit relationship were tested at smaller 

scales. (1) Recruitment is higher into denser patches of mussel bed. (2) Recruitment is higher into 

mussel beds with larger biomass at the scale of the mussel bed (a measure that combines bed width 

and bed density). (3) Recruitment events will have a measurable positive effect on the density of the 

mussel bed in the following season. The first two concern the arrival and subsequent recruitment of 

mussels into existing mussel bed, and the third relates to the effect that a recruitment event will 

have on the density of juvenile mussels in the following season, exploring the role of recruitment 

limitation at the various locations. These hypotheses were tested for each location as follows: 

(I) The ratio of recruits (:5; 5 mm) to adults (> 5 mm) and the size-structure of the mussel 

bed during recruitment events for each species was compared graphically and using Pearson 

product-moment correlation. Recruitment events were defined per location: ?: 3 individuals per 

O.01m2 (DBN, DWS),?: 5 individuals (PAF, PLZ, ZUL),?: 10 individuals (CAP, NAM, GRN). 

Each 0.01m2 quadrat with at least the minimum number of recruits was taken as an individual 

replicate for the correlation analyses. 

(2) Using Pearson product-moment correlation analysis, I explored the relationship between 

recruitment rates and the density and cover of available spawner stock at the time of recruitment (0 

lag) and 3 months prior to recruitment (-3 month lag). Calculations were restricted to the following 

species, which were pooled: P. perna, A. ater and M galloprovincialis. Recruitment events were 
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defined as above. Nts is the number of adults in a 1-m strip of the mussel bed perpendicular to shore 

at t and s, and was calculated with the following formula: 

Nt., = At. '" 100 '" CIS '" w,. 
A ,s is the mean number of individuals > 5 mm counted in the three 0.01m2 quadrat squares of mussel 

bed taken simultaneously to the large quadrat sampling (at time t and site s), multiplied by 100 to 

extrapolate to 1 m2. Ct .. is the mean percentage cover of adults at each sampling time (t) and site 

(s), determined from the large quadrat sampling. AI, was then multiplied by Cts , expressed as a 

decimal, to give an approximate number ofindividuals in the mussel bed at the given cover. This 

figure was then multiplied by Wt .. the mean width of the mussel bed (in m) measured in the 6 

perpendicular transects, to give the overall stock size in an average perpendicular strip of mussel 

bed of 1-m width. 

(3) The effect oflarge recruitment events on the mussel bed was examined using Pearson 

product-moment correlation. Recruitment events here were defined for each location as > 20% of 

the maximum number of recruits « 5 mm) recorded in a 0.0 1m2 patch over the sample period. 

Recruitment limitation was assessed by examining the change in juvenile mussel (5-10 mm) cover 

three months after a recruitment event. Following Caley et al. (1996), a location was defined as 

recruitment-limited if the density of the juvenile population increased (the relationship was positive 

and significant) following the recruitment event. A location was defined as recruitment-regulated if 

the measured recruitment event was not significantly related to the change in density of juveniles. 

A location was defined as neither recruitment regulated nor limited if the population decreased (the 

relationship was negative and significant) following recruitment events, implying that other factors 

superseded recruitment in their control of the abundance of juvenile mussels. 

Within-location variability in recruitment intensity - spatial and temporal trends 

The relative importance of site, year and season to the recruitment variability of each 

mussel species at each location was tested using a full-factorial mixed-model ANOV A (Quinn and 

Keough 2002). In my model, Year (Y) and Season (Sn) were designated as fixed factors, while Site 

(St) was random, representing all possible sites at each location. The interactions Y*St, Sn*St and 

Y*Sn*St were thus random, while Y*Sn was fixed (Table 1.6). The mathematical model used to 

explain the variance from the recruitment mean of each species at each location with respect to the 

effects of Season, Year and Site was: 

X /jld = /J + Y/ + Snj + St Ie + Y"'Sn/j + Y"'Stile + Sn*Stjle + Y*Sn*St/jle+ G/jld 

where i refers to the year,j to the season, k to the site and I to replicate, X is the observed magnitude 

of the response variable (number of recruits per 0.0 1m2) and /J and £ were as above. 
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Table 1.6 Calculations for ANOV As within locations and species. 

Factor Effect df 
Site A Random p-l 

Season B Fixed q-l 
Year C Fixed r-l 

Site· Season A x B Random (p-l)*(q-l) 
Site*Year A x C Random (p-l)*(r-l) 

Season*Year B x C Fixed (q-I)*(r-I) 
Site*Season*Year A x B x C Random (PI)· (q-l)*(r-I) 

Residual pqr(n-l) 

F-value 
MSAIMSAB+MSAC·MSABC 

MSslMSAB 
MSc/MSAC 

MSAslMSABC 
MSAC/MSABC 
MSBC/MSABC 

MSABci MSRosid 

.. For this mixed model, Statistica 7.0 calculated 99-100% ofa synthesized MS-denominator for the F-value 
according to the above formulae, while the final 0-1 % was due to the MSR .. id term, following Satterthwaite 
(1946). 

Data were fourth-root transformed. When a relevant interaction not in the MS-denominator 

of a significant main effect was not significant or relatively unimportant compared to the main 

effect, Tukey's HSD test was used for unplanned comparisons of the main effect. Iflinear 

transformations failed to sufficiently reduce the heterogeneity of variances, I examined any 

significant results with post-hoc comparisons and graphic representations of the data to control for 

the increased chances of type I error following Quinn and Keough (2002). 

Among-species temporal variability in recruitment intensity 

At the three locations with more than one species present (Namibia, Groenrivier and Cape 

Peninsula), simultaneous recruitment rates were compared between species at each location using 

Pearson product-moment correlation. 

Recruitment into turf algae, brushes and mussel beds 

Pearson product-moment linear correlation and lagged-correlation analyses were used to 

explore relationships between the recruitment of mussels into mussel beds and turf algae for the 

four eastern locations, and between the recruitment of mussels into brushes and into mussel beds at 

Zululand. 

1.3 RESULTS 

Large-scale (among-location) spatial and annual variability of recruitment into mussel beds 

When comparing peak annual recruitment events into mussel beds, Location (L) and Site 

nested within Location (S[L]) had significant effects while Year (Y) did not (Table 1.7). As the 

MS-denominator of the location effect incorporated the variability of the significant L"'Y 

interaction, I used an unplanned Tukey HSD post-hoc test to examine this effect (a:::::: 0.05). This 

revealed that each of the west-coast locations was significantly different from all the others (Figure 

23 



Univ
ers

ity
 of

 C
ap

e T
ow

n

5000 
N 

E .... 
o o 
.... 500 
~ 
~ 
2 
u & 50 

5 

100 

0.1 

(a) Recruitment into mussel bed, 1995-1999 

Bars: rc:!J Mean 
I :l:1SE 

Pies: = A. aler 
... M. galloprov/nclalis 
:::::;;:;:r P. perna 
- S. algosus 

NAM GRN CAP PlZ PAF DWS DBN ZUl 

Location, West to East 

(b) Recruitment into brushes, 1996-1998 

ND 

Bars: Mean 
:!: 1 SE 

Pies: = A. ater 
... M. gelloprovincialis 
~ P.perna 
- S. a/gosus 

NAM GRN CAP PlZ PAF DWS DBN ZUl 

Location, West to East 

Figure 1.2 (a) Mean (+SE) number of recruits per 0.01m2 of mussel bed during peak 
recruitment events at each location over all 5 years. Letters are si,nificant groups (p < 0.05, 
Thkey HSD post-hoc). (b) Mean (+SE) number of recruits. brush- .day-l at 6 locations over 3 
years. There were no testable significant groupings, as the interaction term was significant 
for this analysis. For both (a) and (b), pies show the proportion of recruits of each species. P. 
perna was present in Namibia, but too rare to be visible in the pies. Note that data are 
expressed on a logarithmic scale. 
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1.2a). Pooling years and sites, Namibia had the highest recruitment, followed by Groenrivier and 

then the Cape Peninsula. None of the south and east coast sites were completely independent of the 

others, but all were significantly lower than the west coast sites, and Dwesa and Port Alfred had the 

lowest inter-annual recruitment rates overall. The presence of S. algosus, a small invasive mussel 

that recruits in remarkably high numbers accounted largely (> 90%) for the high recruitment rates at 

Namibia. The recruitment rates of the other two species there, P. perna and M galloprovincialis, 

resembled those of A. ater and M galloprovincialis at the Cape Peninsula. 

Table 1.7 Around-the-coast ANOVA of annual recruitment peaks into mussel beds; L::::: 
location, S == site replicate within location, Y :::: year (1995-1999); *p < 0.05, **p < 0.01, 
***p < 0.001, ns = not significant. 

S(L) 
Y 

L*Y 
S(L)*Y 

24 
4 

28 
96 

24.96 
7.25 
17.60 
3.07 

8.15 
2.37 
5.74 
1.45 

**. 
ns 

*** 

Large-scale (among-location) spatial and annual variability of recruitment into brushes 

For the comparison of peak: recruitment events into brushes, all terms were significant in the 

model (Table 1.8). Due to the presence of an important interaction term, and because the 

denominator of neither main effect incorporated the variability ofthe interaction term, post-hoc 

analyses could not be pursued. For comparison with the mussel bed data, untransformed 

recruitment data were plotted, pooling years (Figure 1.2b). Recruitment into brushes among the 

three west-coast locations (Namibia, Groenrivier and Cape Peninsula) did not appear to be 

significantly different. In contrast, there to appeared to be differences among the south and east 

coast locations, with lower recruitment levels at Pt Alfred and Dwesa than at Zululand. This 

resembled the differences for recruitment into mussel bed among south and east coast locations. 

The interaction between location and year was examined graphically (Figure 1.3), revealing that 

most locations had reduced recruitment in 1997; Zululand and Namibia were the exceptions. 

Table 1.8 Around-the-coast ANOV A of annual recruitment peaks into brushes; L::::: location, 
Y == year (1996-1998); ***p < 0.001. 

Factor d[ MS F P 
L 5 5.20 22.54 *** 
Y 2 3.23 14.02 ••• 

L*Y 10 6.09 26.41 ••• 
Error 142 0.23 
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Figure 1.3 Significant interaction term of the Location*Year ANOVA for recruitment into 
brushes. Data were transformed for analysis but are presented here untransformed. Vertical 
bars denote 95% confidence intervals. 

8 NAMe 
en 

..:.c GRN. £:: 
C1l 

6 0::: CAP· -£:: eZUL Q) 

E 4 DBN· -.:; .... 
(.) II PLZ* Q) 

0::: 2 epAF 

e DWS" 

0 
2 4 6 8 10 12 14 16 

Productivity + Circulation Ranks 

Figure 1.4 Ranking of recruitment plotted against the productivity plus circulation ranks for 
each ofthe locations. The trend is indicated by the least-squares fitted value (r == 0.787, P < 0.05). 
*denotes recruitment-limited location, as determined in this study (Figure 1.7). 
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Productivity and nearshore circulation features per location versus recruitment 

The relationship between recruitment, productivity and nearshore circulation features was 

plotted and evaluated using Pearson product-moment correlation analysis (Figure 1.4). The 

relationships between recruitment and productivity alone, or between recruitment and circulation 

alone, were not significant. There was, however, a significant linear relationship between 

recruitment and the summed value for circulation and productivity (r = 0.787, n = 8, P < 0.05). 

Large-scale stock-recruit relationships 

When all the species and all the locations were examined together at the scale of the entire 

coast to explore bioregional patterns, there were strong and significant relationships between 

recruitment rates and the following simultaneous variables: mean mussel bed width per site 

(r = 0.585, n = 125, P < 0.001), mean percent cover of adult mussels in the mussel bed (r = 0.648, 

n::::: 125, p < 0.001), and number of adult mussels in a 1-m swath perpendicular to the shoreline 

(r == 0.677, n:::: 125, p < 0.001). These relationships were much less strong when S. algosus was 

removed from the calculations: mussel bed width (not significant), percent cover adults (r::::: 0.427, 

n::::: 99, p < 0.001), and number of adults per I-m swath (r:::: 0.445, n = 99, P < 0.001). 

Size-structure of the mussel bed during recruitment events 

Size-structure at the time of the maximum recorded recruitment event was plotted for each 

species at each location to examine the ratio of adults to recruits, and yielded a unimodal or bimodal 

distribution (Figure 1.5). Three species-specific features emerged. First, over most of its range, 

recruits of P. perna never achieved high densities. Additionally, the maximum density of juvenile 

and adult P. perna was below the size at maturity at most locations, indicating that the post-recruit 

stocks in most areas were predominantly young. Second, recruits of both S. algosus and A. ater 

tended to achieve extremely high densities, but their adults were rare. Third, although adults of M 

galloprovincialis were abundant wherever it occurred, its recruits were denser than adults in ratios 

that were intermediate between S. algosus and P. perna. 

Smaller-scale stock-recruit relationships 

Three hypotheses were tested that related spawner stock to recruitment densities at scales 

within locations. The first was that recruitment of mussels will be higher in denser patches of 

mussel bed. Examining the simultaneous ratio of adult density to recruit density among locations 

and species with correlation and linear regression analyses, I found that this relationship varied not 

only among species but also among locations (Figure 1.6a-d). In six of the twelve cases, there was 

no significant relationship between adults and recruits. There were three significant correlations for 

P. perna (Port Elizabeth, Durban and Namibia), two weak but significant correlations for M 
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Figure 1.5 Size-frequency of the 
mussel bed at peak recruitment at 
each of the locations in the study, 
divided into 5 mm size-classes 
except for the < 2 mm class (mean 
+ SE). n = number of replicates 
taken, all sites combined per 
location. Dashed line is size at 
maturity. Size at maturity for P. 
perna taken from Roberston 
(2003). Size at maturity has not 
yet been established for the other 
species (C. Griffiths, pen. com.), 
but was assumed to be 35 mm for 
M. galloprovincialis (J. Harris, 
pen. com.), and 10 mm for the 
smaller species, S. algosus and A. 
aier (G. Branch, pers. com.). 
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galloprovincia/is (Namibia and Groenrivier) and a significant correlation for S. a/gosus at Namibia. 

Of these, only those for P. perna were strong. 

The second hypothesis was that recruitment of mussels is higher into mussel beds with 

greater numbers of mussels at the scale of the mussel bed, and was evaluated using measurements 

taken simultaneously (0 lag) and with the mussel bed measured 3 months prior to recruitment (-3 

lag). Only Dwesa had no significant correlations, but this may have been due to the high number 

of years without recruitment events, which resulted in a severely reduced sample size for this 

calculation (Table 1.9). All other locations had significant relationships with either cover or 

number per meter, but never both. In all significant cases except Zululand and Pt Elizabeth, results 

were similar for the two lags examined. 

The final hypothesis was that recruitment events will have a measurable positive effect on 

the density of juveniles in the mussel bed in the following season. In this test, Port Elizabeth and 

Dwesa showed positive significant relationships, Port Alfred had a significant negative relationship, 

and all other locations were not significant (Figure 1.7). 

Table 1.9 Correlations between recruitment and adult densities during recruitment events per 
location. For Lag -3, recruitment was compared to mussel bed variables 3 months prior to 
recruitment. *p < 0.05, **p < 0.01, ***p < 0.001, ns ::::: not significant. 

Correlate % Coverd % Cover # per 1m" # per 1m 
Location Lag 0 -3 mo. 0 -3 mo. 

NAMa r O.ol5 0.024 0.442 0.364 
p ns ns ••• • •• 
n 90 93 90 93 

GRN" r 0.080 0.026 0.207 0.272 
p ns ns • •• 
n 149 117 149 117 

CAp· r 0.245 0.249 0.052 -0.152 
p •• • ns ns 
n 131 75 131 75 

PLZ' r -0.368 -0.326 0.635 0.388 
p ns ns •• ns 
n 18 11 18 11 

PAF' r 0.380 0.388 0.223 0.247 
p >I< * ns ns 
n 37 27 37 27 

DWS' r 0.689 0.432 0.174 -0.332 
p ns ns ns ns 
n 7 8 7 8 

DRNe r -0.029 0.353 0.473 0.792 
p ns ns ** *** 
n 44 16 44 16 

ZUL' r -0.040 0.130 -0.086 0.237 
p ns ns ns >I< 

n 157 108 157 108 
.,b·'Recruitment event defined as (") > 9, (6) > 4, or (0) > 2 recruits « 5 mm) into 0.01 m20fmussel 

bed. 
dMean percentage cover of mussels ~ 5 mm in mussel bed. 
"Number of mussels ~ 5 mm in an average I-m wide strip through the mussel bed, perpendicular 

to the shore, a measure of stock size. 
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Figure 1.7 Pearson product-moment correlations between recruit densities in 0.01 m2 

quadrats and the change in the % cover of juveniles (5-10 mm) in the mussel bed in the 3 
months following measurement of recruitment. This analysis only uses data from large 
recruitment events, when the number of recruits into the O.Olm2 patch exceeded one-fifth of 
the maximum recruitment event recorded for that site. 
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Within-location variability in recruitment intensity, seasonal and annual trends 

The recruitment time-series was plotted for each species at each site (Figures 1.8a and 1.9) 

and analyzed within-locations using ANOV As. Only Groenrivier lacked any significant effects of 

Year, Season or Site, and no location was completely without significant interactions (Table 1.10). 

Significant differences in recruitment rate among sites were found only at Namibia and Port Alfred, 

and the effects were generally weak. Pooling years, the species and the sites fell into four general 

categories or 'cases', illustrated in Figure 1.10, and the cases for each ANOVA are listed in Table 

1.1 O. Half of the species/locations fell into the category of Case 2, whereby sites were temporally 

synchronized but did not maintain consistent ranks in recruitment density among years, implying a 

general mixing oflarvae among these sites (i.e. a given species at a given location is 'open' at this 

spatial scale). Two species/locations belonged to Case 1, in which both site and season were 

significant, and these were both at Namibia. For P. perna and S. algosus, the sites maintained their 

rankings in recruitment density over time, indicating either that the sites are closed at this scale, or 

that there are physical or biological processes that maintain this distinction. Port Alfred fell into 

Case 3, whereby its sites maintained their rankings over time (and had a strong stock-recruit 

relationship at the scale of the mussel bed, Table 1.8), but had no temporal pattern. M 

galloprovincialis at the Cape and M galloprovincialis and A. ater at Groenrivier feU into Case 4, 

with neither synchrony nor consistent rankings among sites. 
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Table 1.10 Within-location and within-species ANOVAs (west coast locations); Y=year, 
Sn == Season, St == Site; *p < 0.05, **p < 0.01, ***p < 0.001, ns == not significant. 

Location S~ec:ies Factor dl. MS F 2 Sn-St case'" 
Namibia M. galloprovincialis Site 3 4.5 6.73 ns 2 

Season 3 4.9 8.97 ** 
Year 4 11.2 9.51 ** 

Site*Sn 9 0.5 0.52 ns 
Site"'Yr 12 1.2 1.11 ns 
Sn"'Yr 12 4.2 3.95 "'>II'" 

St*Sn*Yr 36 1.1 2.91 "'>II'" 
Error 159 0.4 

S. algosus Site 3 484.2 12.27 "'''' 
Season 3 378.1 17.95 *** 
Year 4 131.9 3.38 .. 

Site*Sn 9 21.1 1.02 ns 
Site*Yr 12 39.0 1.89 ns 
Sn*Yr 12 47.9 2.33 '" 

St*Sn"'Yr 36 20.6 2.30 "'** 
Error 160 9.0 

P.perna Site 3 21.8 3.70 .. 
Season 3 8.1 4.15 .. 
Year 4 32.4 7.27 "'* 

Site*Sn 9 2.0 3.83 ** 
Site"'Yr 12 4.5 8.75 .*. 
Sn*Yr 12 3.8 7.49 *"'* 

St"'Sn*Yr 36 0.5 0.88 ns 
Error 160 0.6 

Groenrivier A. ater Site 3 46.7 5.70 ns 4 
Season 3 2.6 1.14 ns 
Year 3 13.0 1.13 ns 

Site*Sn 9 2.3 0.41 ns 
Site*Yr 9 n.5 2.05 ns 
Sn*Yr 9 18.9 3.36 * 

St*Sn*Yr 27 5.6 4.09 *** 
Error 128 1.4 

M galloprovincialis Site 3 6.2 1.31 ns 4 
Season 3 1.5 0.69 ns 
Year 3 1.9 0.33 ns 

Site*Sn 9 2.1 0.68 ns 
Site*Yr 9 5.8 1.87 ns 
Sn*Yr 9 7.5 2.44 '" 

St*Sn*Yr 27 3.1 6.34 "''''''' 
Error 128 0.5 

Cape Pen in. A. ater Site 3 0.7 0.71 ns 2 
Season 3 1.7 4.49 '" 
Year 2 23.0 19.73 ** 

Site*Sn 9 0.4 0.63 ns 
Site"'Yr 6 1.2 1.97 us 
Sn*Yr 6 4.2 7.14 **'" 

St*Sn*Yr 18 0.6 2.51 ** 
Error 99 0.2 

M. galloprovincialis Site 3 1.2 0.41 ns 4 
Season 3 2.0 2.27 ns 
Year 2 44.3 17.15 ** 

Site*Sn 9 0.9 1.63 ns 
Site*Yr 6 2.6 4.78 .* 
Sn*Yr 6 0.5 0.89 ns 

St*Sn*Yr 18 0.5 2.05 '* 
Error 99 0.3 

*Refers to Figure 1.10 
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Table 1.10 tontinued (south and east coast locations) 

Location Species Factor dl MS F I! Sn-St case* 
Pt Elizabeth P.perna Site 3 3.6 8.2 tiS 2 

Season 3 11.6 20.9 * •• 
Year 2 0.2 0.3 tiS 

Site"'Sn 9 0.6 0.7 ns 
Site"'Yr 6 0.7 0.9 ns 
Sn*Yr 6 0.5 0.5 ns 

St"'Sn"'Yr 18 0.8 1.9 '" 
Error 95 0.4 

PtAlfred P.perna Site 3 10.9 6.83 .. 3 
Season 3 0.7 0.43 ns 
Year 3 0.4 0.89 ns 

Site*Sn 9 1.6 3.41 ** 
Site*Yr 9 0.4 0.93 ns 
Sn*Yr 9 1.6 3.40 *'* 

St*Sn*Yr 27 0.5 1.81 
,. 

Error 128 0.3 
Dwesl! P.perna Site 2 0.1 0045 ns 2 

Season 3 1.6 16.35 •• 
Year 4 1.8 10.76 $. 

Site"'Sn 6 0.1 0.75 ns 
Site*Yr 8 0.2 1.22 ns 
Sn*Yr 12 2.9 21.33 *** 

St*Sn*Yr 24 0.1 1.39 ns 
Error 120 0.1 

Durban P.perna Site 3 0.1 0.39 ns 2 
Season 3 51.3 114.00 *** 
Year 4 1.6 5.12 '" 

Site*Sn 9 0.5 1.13 ns 
Site*Yr 12 0.3 0.78 ns 
Sn*Yr 12 1.4 3.62 **' 

St*Sn*Yr 36 0.4 1.54 '" 
Error 159 0.3 

Zululand P.pema Site 3 13.7 4.46 ns 2 
Season 3 69.9 51.37 **'" 
Year 4 25.2 6.46 ** 

Site*Sn 9 1.4 0.62 ns 
Site*Yr 12 3.9 1.79 ns 
Sn*Yr 12 14.9 6.82 *.* 

St*Sn*Yr 36 2.2 4.46 *"'. 
Error 632 0.5 

"'Refers to Figure 1.10 

The season effect contained the Site"'Season but not the Site*Year interaction tenus in its 

MS-denominator, so not all seasonal effects could be interpreted with post-hoc comparisons. Those 

that were strong enough to be interpreted appear in Table 1.11. Both east-coast locations had 

highest recruitment in spring, and both south-coast locations had recruitment peaks in autumn, 

while on the West Coast there was no consistent pattern. 

In Namibia, significant differences among sites were found for both P. perna and S. 

algosus, but not for M galloprovincialis. Post-hoc test revealed that the rankings among sites were 

not the same for the two species, indicating that the site effect was not consistent among species 

(Table 1.12). The two most proximate sites (Langstrand North and South, lying within 1 km of 
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each other) were significantly different for both species. This was also true at Port Alfred, for the 

proximate sites Kenton East and Kenton West. 

Table 1.11 Results of Tukey's HSD post-hoc tests for seasonal effects. Letters indicate 
significant groupings, a being highest and c being lowest in each case. 

Season. 
Location. Species Sprin.g Summer Autumn. Winter 
Namibia M galloprovincialis be b a c 

S. algosus b a b e 
Port Elizabeth P.perna c c a b 

Dwesa P.perna b b a a 
Durban P. perna a b d e 

Zululand P. perna a e c b 

Table 1.12 Ranking of sites based on Tukey's HSD post-hoc tests for Site effects. R = mean 
number of recruits (individuals < 5 mm) per O.Olm2 mussel bed per site. 

Ran.k 1 2 3 4 
Location. Species Site R Site R Site R Site R 

NAM P.perna Mile 4 25.04 
Langstrand 10.61 Langstrand 

2.42 
Bade-

0.57 
North South wanne 

NAM S. a/gosus 
Langstrand 

13454.35 
Langstrand 

4472.85 Badewanne 624.58 
South North 

Mile 4 539.78 

PAF P.perna 
Old Woman's 

3.03 Kowie Point 0.87 Kenton East 0.001 
River 

Kenton 
0.74 

A year effect was found to be significant at five of the locations (Table 1.10). For the 

locations with multiple species (Namibia and Cape Peninsula), the year effect was significant (with 

or with out a significant interaction term) for all the species. Post-hoc tests could only be applied at 

three of the locations (Table 1.13), and revealed that 1996-97 appeared to have been a year of 

consistently high recruitment, while the years 1995-96 and 1998-99 were the lowest. 

Table 1.13 Results of the Tukey's HSD post-hoc tests for Year effects; years ran June to May. 
In aU cases, a is the group with the highest mean value and c is the lowest. 

Year 
Location. S~ecies 95-96 96-97 97-98 98-99 99-00 

NAM M galloprovincialis e a b be be 
CAP M galloprovincialis b a a 

A. ater b a a 
DBN P. e.erna ab ab a b e 
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Population structure and width of the mussel bed 

Changes in the population structure of the mussel bed in relation to spawning and 

recruitment events were observed by plotting the percentage cover of the combined species at each 

location over the five years ofthe study, as recorded in the permanent 0.25 m2 quadrat-transects 

(Figure 1.8b). Most sites maintained a consistent cover among years, with the noted exception of 

Zululand, where the cover steadily decreased despite fairly consistent annual recruitment events and 

an overall increase in bed width. The growth of cohorts within the mussel bed could be observed at 

Namibia, Groenrivier, Cape Peninsula, and Durban, while the other sites appeared to maintain a 

more consistent inter-annual ratio of sub-adults, small adults and large adults. 

Changes in the width in the mussel bed were tracked by plotting the departure in the width 

at each site from that site's mean width over time. In most cases, the width of the bed varied from 

season to season, but maintained a steady overall width over the five years (Figure 1.8c). Noted 

exceptions were Groenrivier and Dwesa, where the beds at all sites decreased in width, and 

Zululand, where it steadily increased from June 1996 to the end of the study. Periodic and 

apparently radical dips at individual sites, followed by a complete recovery in the next season, such 

as the one in September 1996 at Kenton East, Port Alfred, were due to events when sand covered 

mussel bed and then was washed away. At Railway North, Zululand, sand covered the mussel bed 

and remained, killing large patches within the mussel bed. In this case, the bed slowly recovered its 

width over the following two years. 

Among-species temporal variability in recruitment intensity 

Recruitment was found to be synchronous among species at some, but not all, locations. At 

Namibia, the recruitment periods of P. perna and M galloprovincialis were synchronous among the 

sites (season-site cases 1 or 2, Figure 1.10), but the recruitment ofthe two species was not 

simultaneous at any of the sites. At Cape Peninsula, in contrast, the recruitment periods of M 

galloprovincialis and A. ater were strongly, significantly and positively correlated over time at all 

but one site (Blouberg: r = 0.817, P < 0.01, n == 12; Kommetjie: r == 0.574, P < 0.05, n == 11; 

Scarborough North: r == 0.555, P < 0.05, n == 16; Scarborough South: r = 0.336, not significant, 

n = 12), and the recruitment rates of these two species were not significantly different from each 

other (student's Hest for independent samples, data fourth-root transformed, X Aula = 57.6, X Mytilus 

= 131.3, t22 = -1.3, not significant). The recruitment of A. ater and M galloprovincialis was also 

significantly positively correlated at three of the four sites at Groenrivier (Esterhuizen: r = 0.939, 

p < 0.001, n = 16; Gert Joseph: r= 0.637, p < 0.01, n = 16; Island Point: r = 0.659, P < 0.01, n = 16; 

Island Wreck: r = 0.417, not significant, n = 15), but the mean recruitment of A. ater was 

significantly higher than that of M galloprovincialis during this sampling period (student's t-test for 
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Figure 1.10 Conceptual diagram of the four types of relationships among sites as revealed by 
ANOVA (Table 1.10). Case 1: both the site (St) and the season (Sn) effects were significant, 
indicating that sites are temporally synchronous and maintain a consistent ranking in 
recruitment density over time. (Year (Y) interactions are relatively weak or absent) 2: Sn 
significant, St is not, V-interactions are weak or strong. 3: St is significant, Sn is not, Y­
interactions are weak or absent. 4: Neither St nor Sn is significant, V-interactions are weak or 
strong. 
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independent variables, data fourth-root transformed, X Aula = 991.0, X My/ilus = 117.6, t28 = 7.2, 

P < 0.001). 

Simultaneous recruitment into turf algae, brushes and mussel beds 

Recruitment into turf algae and mussel beds was strongly and significantly positively 

correlated over time at Dwesa and Port Alfred, but was not correlated at Port Elizabeth and 

Zululand (Table 1.14). At Railway, Zululand, both algal-turf and mussel-bed samples were 

collected monthly for 4 years. To investigate whether recruitment into algae was fonowed by 

secondary settlement into the mussel beds, I explored time-lagged correlations between densities of 

recruits into algae and densities ofsman adults (10-35 mm individuals) in the mussel bed (Table 

1.15). Results indicated significant correlations between the density of recruits in algae and the 

density of small adults in the mussel bed 2 and 3 months afterwards. When the same analysis was 

performed for both recruits and small-adults within the turf algae, no significant correlations were 

found at any lag from -5 to +5 months. As there was no correlation between the simultaneous 

recruitment into algae and the mussel bed at this location, these results suggest a secondary 

movement from the algae into the mussel bed at Zululand. 

Table 1.14 Pearson prOduct-moment correlations of the recruitment into turf algae and 

recruitment into mussel bed at lag O. A =Turf Algae, M == Mussels (P. perna). R == the mean 
number of mussel recruits < 5 mm found in 10 x 10 cm2 quadrats of mussel bed or algae. 
Significant correlations were both positive, *** p < 0.001, ns == not significant. 

Location AIM R SD 1'2 P D 
Sampling 
freguencI 

Port Elizabeth A 7.42 9.82 0.009 ns 36 Three-
M 9.21 12.60 monthly 

Port Alfred A 8.33 22.22 0.471 ••• 43 Three-
M 4.30 9.48 monthly 

Dwesa A 2.24 7.04 0.861 ••• 46 Three-
M 2.41 7.08 monthly 

Zulu land A 28.75 43.04 0.009 ns 78 Monthly 
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Table 1.15 Lag-correlations between recruitment into algae and sub-adult densities in the 
mussel bed at Railway, Zululand. *p < 0.05, ns = not significant. 

Lag (monthst Rb /lc rZ p n 
-5 26.57 11.27 0.0002 ns 37 
-4 25.42 10.84 0.0004 ns 37 
-3 23.47 11.24 0.0429 ns 38 
-2 24.85 11.59 0.0000 ns 38 
·1 24.04 12.03 0.0002 ns 41 
0 23.77 12.20 0.0036 ns 43 

+1 23.96 12.68 0.0922 ns 38 
+2 24.72 13.45 0.1347 * 37 
+3 25.21 14.29 0.1126 * 38 
+4 25.78 14.16 0.0436 ns 39 
+5 27.21 14.96 0.0910 ns 36 

"Negative lags indicate data taken from the mussel bed before recruitment into algal turf, 
positive lags indicate data taken from the mussel bed after recruitment into algal turf 

b R = mean number of P. perna recruits « 5 mm) per 0.01m2 turf algae 

c A = mean number of sub-adults (10-35 mm) per 0.01m2 mussel bed. 

Due to sampling constraints, simultaneous recruitment into brushes and mussel bed was 

measured only at Zululand. A strong, significant linear relationship was found between recruitment 

into brushes and into the mussel bed (r = 0.523, n = 69, P < 0.001), resulting in the regression 

model: 

Rood = 1.64 + 4.02*Rbrush 

Synthesis of results 

For ease of reference in the discussion, a summary of results appears in Table 1.16. 
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Table 1.16 Summary of results from tbis cbapter. ND = no data, nla == not applicable. 

Location: NAM GRN CAP PLZ PAF DWS DUN ZUL 

Recruitment 
A B C DF EF E D DF 

ranking" 

Productivityb t t t <E-+ <E-+ -/.. -/.. ,j, 

Circulation' t <E-+ <E-+ t ,j, -/.. t -/.. 

paC rank- t t t t -/.. -/.. <E-+ <E-+ 

Rec v. adult 
# # % 

densities (lag -3)" 
none % none # # 

Bed width' <E-+ .t. <E-+ <E-+ <E-+ -/.. <E-+ t 
Mean % cover! 60 70 65 42 31 12 35 32 

0/ .. cover statush 
<E-+ <E-+ <E-+ <E-+ -/.. <E-+ -/.. -/.. 

Site effect varies 
amg. Sppl 

y n n nla nla nla nla n/a 

Speciesl Pp Mg Sa Mg Aa Mg Aa Pp Pp Pp Pp Pp 

Ad:rec Y/Xk 0.31 0.10 0.01 0.Q7 <0.01 0.05 -0.02 0.71 -0.08 -0.11 0.69 0.01 

Ad:rec r-valnel 0.3S* 0.17 0.46· 0.3S· 0.05 0.13 -0.09 0.59* -0.03 -0.11 0.50* 0.02 

Site/season case 1 2 1 4 4 4 2 2 3 2 2 2 
(Fig 1.10)10 

Peak rec season(s) aut. aut. 
aut.-

none sum. none none none none none 
win. 

spr. spr. 

Year effect" n y n n n y y n n n y n 

Syncb. with other 
n n n y y y y nla nla nla nla nla 

spp. at site· 

Rec. synch. into 
nla nla nla nla nla nla nla n y y ND n 

algae' 

Rec limitedq n n ND n n n n y n y n n 

• RecrUitment rankmgs are result oflarge-scale ANOV A post-hoc (Figure 1.2a), A IS highest mean value; 
b.c.d Productivity, Circulation and Productivity-Circulation (P-C) ranks: t (high) == rank 7-S, <E-+ (mid) == 4-6, -/.. (low) = 1-3 

(Table 1.5); 
• Correlation between recruit and adult densities at lag -3 months is significant for: # == no. of adults per meter, % = percent 

cover of adults (Table 1.8); 
f Bed width: t == increased over time, <E-+ = did not change, .t. == decreased (Figures 1.Sc); 
g Mean percentage cover of the mussel bed (Figures 1. Sb); 
h Percentage cover status: <E-+ = % cover did not change over time, -/.. = % cover decreased (Figures 1. Sb); 
~ Site effect, significant in ANOV A, varies among the different species at that location (Table 1.10); 
J Species: Pp = P. perna, Mg = M. galloprovincialis, Sa = S. algosus, Aa = A. ater; 
k Adult:recruit ratio as indicated by y/x (Figure 1.6); 
I r-value of adult:recruit ratio (Figure 1.6), '" significant r-value indicates recruitment is density-dependent for this 

species/location; 
m Site/season cases are illustrated in Figure 1.10 and defined by within-location ANOV As (Table 1.10); 
n Year effect is significant in within-location and species ANOV As (Table 1.10); 
o Recruitment events at each location are generally synchronized among species; 
P Recruitment into mussel bed and algae is synchronous; 
q Species or pair of species is recruitment-limited at this location. 
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1.4 DISCUSSION 

Large-scale (among location) variability o/recruitment into mussel beds 

The high spatial variability in mussel recruitment noted by Harris et al. (1998) persisted in 

my 5-year study, with consistent and significant differences in peak: annual numbers of recruits 

spanning three orders of magnitude among locations and species (Figure 1.2a). This extreme 

variation within species among locations is not uncommon. In their study of barnacle recruitment 

among four sites in northern Europe, Jenkins et at (2000) found two orders of magnitude 

differences between shores in southwest England and those in Sweden. In a survey of the 

recruitment of two chthamaloid barnacles covering most of Europe, O'Riordan et al. (2004) found 

comparable differences between locations over a similar spatial scale (lOOs to 1000s ofkm), 

spanning two orders of magnitude, with the maximum recruitment levels falling at different 

locations for each of the species. Connolly and Roughgarden (1999a) also found two orders of 

magnitude difference among locations in the recruitment of chthamaloid barnacles across 50 latitude 

in California, USA, although the proportions among sites varied among years. Navarrete et al. 

(2002) found two orders of magnitude difference among 11 sites in the recruitment of chthamaloid 

barnacles and three orders of magnitude for mytilid mussels across 900 km of the Chilean coast. 

Differences among the three years of the study appeared less important than among sites, despite an 

ENSO event in one of the years radically affecting the oceanic climate. Hughes et at. (2002) 

recorded a 20-fold difference in recruitment levels of corals in their meta-analysis of studies along 

the Great Barrier Reef, Australia. As for Navarrete et al. (2002) and Connolly and Roughgarden 

(1999), the rankings of sites with regards to their recruitment intensity were not necessarily 

consistent among years for most locations. Finally, Menge et al. (2003) found a two-orders of 

magnitude difference for the recruitment of barnacles and a three-orders ofmagrutude difference for 

mussels between the east and west coasts of New Zealand. 

When Harris et al. (1998) examined the large-scale stock-recruit relationship for all species 

at aU locations together, they found a strong, positive and significant relationship between 

recruitment rates and the spawner density or biomass. The larvae of many taxa are known to be 

gregarious settlers, actively seeking adult conspecifics in settlement process (Raimondi 1988b; 

Harris et al. 1998), and this can confound conclusions about the open or closed nature of a 

population at smaller scales (Caley et at. 1996). As mussels in southern Africa can show gregarious 

recruitment at the small scale, as was demonstrated in Figure 1.6, weak stock-recruit relationships 

should be interpreted with caution. In their review, Caley et al. (1996) suggest that strong stock­

recruit relationships indicate that populations are largely reproductively distinct, at this larger scale. 

As hypothesized, when I repeated these calculations with all species grouped together for the whole 

five years, I achieved similar results: all the examined relationships were positive and significant, 

although not always as strong as those of Harris et al. (1998). The positive significant relationship 

was not unexpected for several reasons. Firstly, mussel recruitment into mussel beds at the meta-
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population scale was anticipated to be reproductively isolated (Caley et al. 1996). The cycle from 

spawner to larva to recruit and back to spawner is dampened by loss of recruits in the water colwnn 

(Olson and McPherson 1987; Young and GoteIli 1988; Morgan 1995a; Morgan and Christy 1996; 

Navarrete and Wieters 2000) and post-settlement mortality in the mussel bed (Griffiths 1981; Hunt 

and Scheibling 1997; Hunt and Scheibling 2001). Nevertheless, the size and fecundity of the adult 

stock plays an important role in determining the size and density of the larval pool which, once 

transported to its adult habitat, will influence settlement rates (Hughes et al. 2000), and therefore 

adult community structure, through the process of recruitment (Connell 1985). The overall 

fecundity of the population may be density-dependent (Hughes et al. 2000; Hills and Thomason 

2003), and increased fecundity will, at least to a point, increase the number oflarvae in the water 

column, which may then settle preferentially into mussel bed (Harris et al. 1998). On the West 

Coast, all species were pooled for this investigation due to the pooled stock percent cover data 

available. While comparisons of pooled species may mask some individual species effects, this 

pooling was necessary to make coast-wise conmparisons across biogeographic regions. A 

discussion of the smaller-scale per-species investigation of the stock-recruitment relationship 

follows below. At the coast-wise or meta-population scale, then, a strong positive relationship 

between stock and recruit densities was both anticipated and realized, and confirms our broad-scale 

understanding of this process. 

The magnitude of the recruitment peaks for P. perna, A. ater and M galloprovincialis 

varied among locations (Figures I.8a and 9), and this variability was consistent with previous 

studies, with very high values on the West Coast, low values on the South and East Coasts, and 

extremely low levels at Dwesa in particular. Recruitment rates of P. perna in the Eastern Cape near 

Dwesa have been previously reported as two to three orders of magnitude lower than those 

elsewhere along the South and East Coasts (Dye et aI. 1997). Lasiak and Barnard (1995) studied 

the recruitment of P. perna into mussel bed at Dwesa, and found the density of late plantigrades 

(0.5-3.5 mm) was 5-60 individuals.0.Olm'2 of mussel bed, which falls within the densities measured 

in this study. McQuaid and Lawrie (2005) recorded recruitment densities of 10-50 

individuals.0.Olm,2 of mussel bed at Port Alfred in 1998-99, which also match recruitment 

intensities reported here. Berry (1978) reported 'normal' recruitment of 1-9 mm plantigrades and 

juveniles as being 46 individuals.0.Olm,2 at Durban in June 1976, which was similar to values he 

recorded in the three previous years and to the densities I recorded in two ofthe years. In July 

1976, however, which was the following month, Berry recorded an extraordinary 1700 

individuals.O.O1 m-2 recruiting into mussel bed (and onto everything else, for that matter, including 

bare rock), It is worthwhile noting that while recruitment levels during this event were 

spectacularly high on the East Coast and had important ecological consequences, they were far less 

than the mean recruitment of S. algosus in Namibia, or even of A. ater at Groenrivier during my 
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study. Finally, the recruitment rates I recorded for M gal/oprovincialis at Groenrivier were similar 

to those reported by Robinson (2005) for the same location, recorded in 2004-05. 

Nearshore primary productivity (including phytoplankton, epilithic algae and algal detritus), 

a bottom-up factor, is thought to influence differences in rocky intertidal community structure, and 

this link has been demonstrated through correlative experiments (Bustamante et al. 1995a; Menge et 

al. 1997a; Navarrete et al. 2005). Additionally, large-scale oceanographic features can control the 

delivery and retention of subsidies (particulate matter, nutrients and propagules) to the rocky shore, 

and also therefore control community structure and the strength of adult interactions (Menge et al. 

2003; Navarrete et al. 2005). In my study, differing levels of primary productivity alone failed to 

explain variability in recruitment intensity around the coast of southern Africa. A hierarchical 

assessment of measurable meso-scale oceanographic features that might influence nutrient supply 

and hydrographic retention also failed to explain this variability. The two added together, however, 

explained 62% of the among-location variability in recruitment intensity (Figure 1.4). These results 

were similar to those of (Menge et al. 2003), who found mussel recruitment to be strongly and 

significantly correlated to both upwelling and phytoplankton concentration when comparing the east 

and west coasts of New Zealand. 

The year effect was significant for several of the locations in the smaller-scale within­

location ANOVAs. Examination of the data (Figures 1.8-9) and the post-hoc tests (Table 1.13) 

revealed that recruitment rates were generally highest in the 1996-97 recruitment season, and lowest 

in 1995-96 and 1998-99, with intermediate values for the remaining two years. Dye et al. (1997) 

also reported recruitment of P. perna into artificial substrates at five sites in the Eastern Cape, 

including two at Dwesa, as lower in 1995 than in 1996. The two years with the lowest recruitment 

in my study were marked by anomalous extreme warm events in the southeast Atlantic Ocean. The 

1995 event was a Benguela Nifio, and 1999 had properties similar to a Benguela Nifio, including 

both nearshore oceanic warming and the relaxation of southerly winds at the equator (Hardman­

Mountford et al. 2003). These events, centered at the intersection of the Angola and Benguela 

Currents, are known to have serious impacts on the offshore biological and oceanic environment 

(Shannon et al. 1986; Florenchie et al. 2003), but their impact on the nearshore environment in 

South Africa is little-known. Previous recruitment studies in upwelling regions have used 

correlation to examine the effects oflong-period cycles in the oceanic climate such as that of the 

1997 ENSO event in the northern hemisphere (Connolly and Roughgarden 1999a) and the southern 

hemisphere (Navarrete et al. 2002). Connolly and Roughgarden measured the recruitment ofthree 

barnacle species in 1996 and 1997 across 5° latitude and found strong evidence for increased 

recruitment in 1997, indicating that large-scale anomalies might affect the oceanographic transport 

ofmeroplanktonic larvae. In contrast, Navarrete et al. examined the recruitment rates of two 

chthamaloid barnacles and three mussels in 1997-2000 and found that the inter-annual variation in 

recruitment was not greater than the spatial variation for all species except the mussel Perumytilus 
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(a) METAPOPULATION SCALE 

(b) MUSSEL-BED SCALE (40 m): 
Stock-recruit relationship is weak or strong? 

(c) QUADRAT SCALE « 1 m): 
Adult density determines recruit density? 

M, gallo, YES 
\\,pama 

P.pems NO 

YES 
\ 

STRONG \ STRONG 

STRONG \ 

STRONG / 

~ __ ~ampllngLoCatiOn(CODE) 

Figure 1.11 Scales of the stock-recruit relationship investigated in this chapter. When stock 
and recruit densities are significantly positively correlated at a particular scale, then the 
relationship is 'strong'. When stock and recruit densities are 'weak', i.e. not significantly or 
are significanly negatively correlated, then conclusions are less clear, as other density­
independent factors may be involved that mask the nature ofthe relationship. At the smallest 
scale (c), a significant stock-recruit relationship explains the strength of gregarious recruitment 
to adults. In this case, the non-significant relationship for A. ater is most likely due to the 
scarcity of adult conspecifics living within intertidal mussel beds on the West Coast. 

Sampling location codes are: NAM (Namibia), GRN (Groen Rivier), CAP (Cape Peninsula), 
PLZ (Port EHzabeth), PAF (Port Alfred), DWS (Dwesa), DBN (Durban), ZUL (Zululand). 
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P. perna and M galloprovincialis recruitment varied in its density-dependence at the 

quadrat scale among sites (Figure 1.6a,b). The weak relationship between adult P. perna densities 

and the density of its late plantigrades at Port Alfred was consistent with recent findings at that 

location (Erlandsson and McQuaid 2004). When recruitment is density-dependent, recruitment 

rates are sensitive to alterations in the density of the mussel bed caused by predation or harvesting. 

In her study near Groenrivier in 2004-05, Robinson (2005) experimentally manipulated the densities 

of the adult M galloprovincialis, and found, as I did, that the recruitment of M galloprovincialis at 

Groenrivier was density-dependent at the scale of meters. The recruitment of A. ater and S. algosus 

appeared to be density-independent. It is possible that the density-independent recruitment and low 

adult densities of A. ater were indicative of the high post-recruitment mortality caused by the 

invasion of M galloprovincialis. The other potential cause of density-independent recruitment of 

A. ater is its subtidal distribution, extending to 40 m on rocky reef (Branch et al. 1994). Robinson 

(2005) did not, however, record A. ater recruiting in nearly such high numbers in 2004-05 as those 

recorded here, indicating more recent recruitment failure of this species. 

Connell (1985) examined the relationship between settlement and recruitment with daily 

sampling of barnacle settlers on the rocky shore. He theorized that settlement and recruitment are 

positively correlated when settlement levels are low. When settlement levels are high, he 

continued, post-settlement mortality would be high, breaking the link between settlement and 

recruitment. The two would then become independent. Likewise, the link between recruits and 

juvenile or adult mussels could assume a similar relationship: adult density may be dependent on 

recruit density at low recruitment levels but independent ofit at high levels (Caley et al. 1996). To 

evaluate this hypothesis, the Pearson product-moment correlation coefficient from Figure 1.6, 

describing the strength of the relationship between recruits and adult stocks, was compared to the 

maximum recruitment density for each species at each location (Figure 1.12). No significant 

exponential or logarithmic relationship was found between the two, indicating that the relationship 

is more complex than that predicted by Connell (1985) or Caley et al. (1996). Connell's general 

settlement hypothesis may not be extrapolated to describe the recruitment situation for mussels in 

southern Africa. 

Recruitment limitation 

Caley et al. (1996) define limitation as occurring when a process 'adds to or subtracts 

individuals from a population'. However, density-dependent recruitment, at whatever scale, does 

not necessarily indicate that a population is recruit-limited. McQuaid et al. (2000), deduced that 

near Port Alfred P. perna might be recruit-limited due to the low density of adults and significant 

correlations between recruit and adult densities. In my study, P. perna (at 3 of 6 locations), M 

galloprovincialis (1 of 3 locations) and A. ater (1 of 2 locations) showed density-dependent 

recruitment (Figure 1.6). When the species were pooled within locations, most locations showed 
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Figure 1.12 Comparison of (a) the settlement-recruitment hypothesis for barnacles (Connell 
1985) with (b) the relationship between recruitment rates and recruitment density­
dependence for mussels in southern Africa. 
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density-dependent recruitment at the scale of the site, and two locations showed density-dependent 

recruitment at the location scale. In the final analysis, it was only Port Elizabeth and Dwesa that 

were found to actually be recruitment limited in the sense that juvenile abundance was influenced 

by recruit densities (Figure 1.7). The other six, including Port Alfred, appear to be recruitment 

regulated. Two of the four locations with low recruitment were recruit-limited, whereas none of 

the locations with high recruitment were recruit-limited. Although low recruitment levels may 

increase the probability of recruitment limitation, adult recruit ratios and the density-dependence of 

recruitment are not reliable indicators of recruitment limitation for the mussel stocks around 

southern Africa. 

Large-scale variability of recruitment into brushes 

Erlandsson and McQuaid (2004) hypothesized that apparent high among-site variability in 

recruitment of mussels is derived from the small-scale recruitment heterogeneity associated with 

small-scale heterogeneity in the structural complexity of mussel beds. I employed brushes as a 

settlement substratum to standardize for differences in the depth and structural complexity of the 

mussel bed among locations, and a few important differences did emerge between recruitment into 

mussel beds and into brushes. These results must be interpreted with caution, however, due to 

limited sample sizes and the large and significant interaction term in the Location*Year ANOV A 

(Table 1.8). On the West Coast, the differences in recruit densities between the three locations were 

significantly reduced in brushes relative to mussel-bed samples, suggesting that structural 

complexity in mussel beds does playa role increasing the heterogeneity of recruitment for these 

species. Secondly, the ratio of A. ater to M galloprovincialis was substantially different, with 

larger proportions of M galloprovincialis recruiting into brushes than into mussel bed at both 

Groenrivier and the Cape. This may reflect differences in larval choice or post-settlement 

competition. On the South and East Coasts, in contrast, the relative among-site recruitment rates of 

P. perna into brushes more closely reflected the relative recruitment rates into mussel bed, 

indicating that the clumping of adults, competition with other species, and/or substrate effects may 

not be as important in these areas. This may be due to a lack of variation in structural complexity 

within and among P. perna beds on the South and East Coasts. In their study of P. perna in Port 

Alfred, where the layering of mussels is 'virtually absent' , Lawrie and McQuaid (2001) found no 

evidence of the influence of habitat complexity on recruitment. In a more recent study of 

recruitment and spatial structure of P. perna in the same area, Erlandsson and McQuaid (2004) 

found that the densities of late plantigrades and recruits were both strongly positively associated 

with the density of adult mussels, with the strongest associations for late-stage recruits. 

Nevertheless, they concluded that there was no spatial structure in the distribution of numbers of 

recruits over local scales. In contrast, at Groenrivier, Robinson (2005) measured the recruitment of 

M galloprovincialis into plots with experimentally manipulated densities of adult conspecifics, and 
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found a significant correlation between adult and recruit density in the manipulated and control 

plots in both years of her study. The role of structural habitat complexity in determining recruit 

density may then vary among locations or species, and further comparative-experimental 

investigation would be required to fully understand these processes. 

Alternate recruitment substrates and primary versus secondary settlement/recruitment 

Two locations yielded positive significant correlations between recruitment into algae and 

the mussel bed, while the other two showed no significant correlation (Table 1.16). Different algal 

species were dominant within the mussel bed at the different locations, and this may have had an 

important influence on the results. The results may thus genuinely reflect a preference for 

recruitment into turf algae at some sites but not others, or for some algal species over others 

(McQuaid and Lindsay 2005). 

Dwesa was the location with the highest simultaneous correlation between recruitment into 

turf and in to mussel bed. However, when Lasiak and Barnard (1995) studied the recruitment of P. 

perna into filamentous algal turf and mussel bed at this location in 1992-93, they found that 

recruitment into the two substrates was not simultaneous, with the mussel recruiting into mussel bed 

in winter (June to September) and into algae in spring/early summer (October to December). This 

disparity may be due to the differences in scales used in the two sets of observations, as Lasiak and 

Barnard examined mussels < 3.5 mm only, covered 70 m of coastline and sampled every 4-6 weeks, 

whereas I considered mussels < 5 mm, sampled sampled 3-monthly, and covered over 1000 m of 

coastline. 

At Railway, Zululand, monthly algal sampling allowed for an exploration of the potential 

role of coralline turf algae (Jania and Corallina spp.) in facilitating settlement or recruitment of P. 

perna. Recruitment was denser into mussel bed than into algae at this location, so recruitment 

facilitation via algae is probably secondary to the primary mechanism of direct recruitment into 

mussel bed. Recruitment events were not simultaneous into mussel bed and turf algae. However, 

significant correlations were found between recruitment rates into algae and the density of juveniles 

in the mussel bed 2 and 3 months later. In contrast, there was no correlation between the density of 

recruits and small adults within the turf algae at any lag. This suggests that the mussels that recruit 

into the algae do not mature there, but instead migrate across into the mussel bed at a larger size, 

and that turf algae may therefore sometimes facilitate recruitment into mussel beds. Lasiak and 

Barnard (1995) refuted the primary-secondary settlement hypothesis for P. perna in Dwesa, 

concluding that P. perna recruits both directly into mussel bed and also uses algae as a facilitation 

mechanism; my results support their findings. 
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Within-location spatial and temporal variability in recruitment 

One of the most interesting results is that some locations were more variable among their 

replicate sites than others. Sites can vary in two ways, temporally or in the relative magnitude of 

recruitment (Figure 1.10). Temporal patterns were detected at all sites for all species, except for P. 

perna at Pt. Alfred and M ga/loprovincia/is and A. ater at Groenrivier. In two cases (P. perna and 

S. algosus at Namibia), there was not only a strong temporal pattern but the sites were also 

consistent in their ranking from year to year and season to season within species. However, when 

the recruitment levels of P. perna and S. algosus were compared among sites, the sites were ranked 

differently (Table 1.12). This might have been predicted, as these two species had different 

seasonal recruitment patterns, with S. a/gosus recruitment peaking in summer and P. perna showing 

a significant seasonal pattern that could not be interpreted with a post-hoc test, but appeared to peak 

in spring. Oceanographic conditions that change seasonally and thus favor the delivery of larvae to 

different sites in different seasons might ultimately drive these spatial patterns. The implication of 

these results from Namibia is that the ranking of sites in terms of their recruitment density can be 

species-specific even for organisms falling within the same functional group (e.g. mytilid bivalves). 

Persistent differences in recruitment density among locations are common (e.g. Hughes et 

al. 2002; Navarrete et al. 2002) and may be attributed to the relative levels of spatial heterogeneity 

that in tum influence local hydrographic phenomena (wave action, current speeds, water 

temperature, onshore/offshore transport or retention mechanisms, nutrient supply). Other studies 

that address the spatial patterns of recruitment on medium scales (100 m to 10 km) have also found 

variability in patterns of recruitment, due to variable current speeds attributed to shoreline 

heterogeneity. Archambault and Bourget (1999), in their study of larval recruitment in the St. 

Lawrence Estuary, found that shoreline heterogeneity, particularly in terms ofits influence on 

nearshore current speeds, significantly affected the relative recruitment rates of individual species at 

different sites. In fact, they found that shoreline heterogeneity was much more important than larval 

flux in predicting recruitment rates. Ebert and Russell (1988) used the size-structure of populations 

ofthe purple sea urchin, Strongylocentrotus purpuratus, to infer recruitment patterns in northern 

California and southern Oregon, USA, where upwelling is topographically predicable. They found 

evidence for low recruitment at capes and headlands, sites with upwelling, and high recruitment in 

regions between headlands that lacked upwelling. McCulloch and Shanks (2003) also found that 

very nearshore oceanography, determined by shoreline topography, had strong effects barnacle 

recruitment, and weaker effects on mussel recruitment. Finally, in their investigation of the 

latitudinal gradient in the recruitment of barnacles along the coast of California and Oregon, 

Connolly et at (2001) found that meso-scale oceanographic features, which are in part driven by 

shoreline heterogeneity, were more important in explaining recruitment variability than latitude. 
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Within-location temporal variability in recruitment - seasonal trends 

Harris et al. (1998) reported no clear seasonal patterns of recruitment intensity in Namibia 

(P. perna and M galloprovincialis combined, excluding S. a/gosus) or Groenrivier (M 

galloprovincialis and A. ater combined), but detected autumn and winter peaks for the Cape 

Peninsula (M galloprovincialis and A. ater combined). They also reported two annual recruitment 

events for P. perna on the East Coast, the first and larger one in spring and the second in winter. 

Although the coarse temporal scale of recruitment sampling may have masked some seasonal or 

intra-seasonal patterns, my longer-term data revealed several important trends that may crucial to 

understanding patterns among locations at the three-monthly scale. 

In Namibia, P. perna showed a clear seasonal trend, recruiting in the second half of the year 

in three of the five years sampled (Figure 1.9), while M galloprovincialis recruited in one large 

autumn and then one small spring peak in 1997 and has not recruited again to date (B. Currie, pers. 

com.). S. algosus showed a strongly significant seasonal pattern, peaking in summer and with 

diminished recruitment in June to September of each year. 

In contrast to other studies that have shown increased recruitment during the upwelling 

seasons on the west coast of South Africa (van Erkom Schurink and Griffiths 1990; Robinson 2005; 

M.C. Pfaff and G.M. Branch, unpubl. data), neither Groenrivier nor the Cape showed a strong 

seasonal recruitment pattern for either M galloprovincialis or A. ater (Figure 1.9). Spawning 

events on the West Coast may have been linked to patterns of in-situ temperature, as the protracted 

asynchronous spawning events evidenced at the Cape Peninsula for both M galloprovincialis and 

A. ater are consistent with the limited annual signal in the temperature cycle at these locations (van 

Erkom Schurink and Griffiths 1991a). Here, pulsed upwelling-positive wind events can cause 

temperatures to fluctuate widely and rapidly. varying up to 9°C between one day and the next. 

These fluctuations are more common in the summer upwelling season, and mean temperatures are 

cooler in the summer than in the winter (Andrews and Hutchings 1980; Demarq et al. 2003). A 

more constant supply of larvae into the water column during protracted spawning periods, in 

combination with persistent onshore-transport mechanisms (i.e. regular relaxation events in this 

pulsed upwelling system) could explain the near-absence of any temporal 'Pattern of recruitment at 

these two locations. On-offshore current velocities caused by upwelling are very slow, and a larva 

might be able to retain its position in the nearshore simply by swimming up or down against that 

current, however, as shown by Shanks and Brink (2005) in the more weakly upwelled Duck, North 

Carolina, USA. The coarse temporal sampling regime could also be the cause of the disparity 

between the observed patterns and previously published data (Caley et al. 1996), as most other 

studies of recruitment on the West Coast have sampled recruitment on a monthly (or more frequent) 

basis (e.g. Robinson 2005; M.C. Pfaff and G.M. Branch, unpubl. data). 

On the South and East Coasts, the nearshore sea temperatures differ approximately 6°C 

between the warmer summer and cooler winter (Roberts 2005; Chapter 2, Figure 2.11). Most 
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locations on the South and East Coasts had significant seasonal patterns with regular annual 

recruitment events. On the East Coast, the primary recruitment peak was in spring with a secondary 

autumnal peak. Berry (1978) reported spawning events towards the end of the year for P. perna in 

Durban, as water temperatures rise from the winter minimum to the summer maximum (July to 

December). At Dwesa, a single event was recorded in March-June 1996. Lasiak (1986) found that 

P. perna spawns earlier in the year (March to Sep) near Dwesa. These annual spawning patterns 

were consistent with the local recruitment patterns found on the East Coast and at Dwesa (Figure 

i.8a). Ndzipa (2002) recorded spawning in June to November for P. perna at Port Alfred, although 

recruitment there did not follow any seasonal pattern. At Port Elizabeth recruitment peaks occurred 

in autumn of each of the years of my study, just before the spawning times reported by Ndzipa 

(2002). Therefore, spawning and recruitment times at these locations were not synchronized, and 

spawning at Port Alfred may be disconnected from recruitment at Port Elizabeth, reinforcing the 

hypothesis that these populations are largely reproductively independent despite being only 100 kID 

apart on a relatively straight stretch of coatline. McQuaid and Lawrie (2005) recorded recruitment 

peaks in autumn and spring at Port Alfred, but with higher recruitment of plantigrades in autumn 

than in spring, and this matches the results for Port Elizabeth, but not Port Alfred, in this study. 

This could indicate either that the recruitment of Port Alfred is highly variable, or that it was 

anomalous during the years measured here. 

Implications/or management o/mussel stocks 

Low recruitment and proximate harvesting at Dwesa 

In terms of conservation, the mussel beds at Dwesa appear to be the most critical of aU the 

locations, with very low levels of recruitment and mussel density, and recruitment limitation. 

Mussel beds in and surrounding Dwesa have been of concern to managers and researchers for 

almost two decades (Lasiak 1991a; Dye 1992a; Dye et al. 1997; Dye and Dyantyi 2002). In an 

analysis of contemporary coastal shell middens from 1987-89 in areas near Dwesa, Lasiak (1991 b) 

noted that although P. perna is susceptible to depletion through unsustainable harvesting practices, 

the stocks have persisted despite heavy harvesting and showed no sign of recruitment failure, 

suggesting that the stocks must be maintained, at least in part, by larval supplies from populations 

beyond the exploited areas. As Dwesa is a small reserve, heavy harvesting of mussels on proximate 

ledges could cause the opposite effect - a significant reduction in larvae potentially available to 

settle in the reserve, thus limiting recruitment. Both legal and illegal harvesting have previously 

been implicated as a serious threat to mussel stock maintenance and recovery on the rock ledges 

surrounding Dwesa, and northern areas within Dwesa were heavily impacted by poachers in 1994 

(Dye et al. 1997). High levels of legal harvesting outside and poaching within the reserve may 

explain the low recruitment rates that I recorded at Dwesa. If the possibility of replenishment from 
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proximate sites is reduced, and if recruitment levels and bed density at Dwesa remain as low as they 

were during my study, this has important implications for management of mussel stocks in the area. 

Mussel bed dynamics and diminishing returns in low recruitment environments 

The width, percent cover and size structure within mussel beds are never constant over 

time, and can vary at multiple temporal scales. Wave action and the concussion oflarge objects 

against the rocky shore can dislodge portions of the mussel bed (Shanks and Wright 1986). The 

intense and rapid fluctuations of the bed width at Island Wreck, Groen, may have been due to such 

events (G.M. Branch, pers. com.). Predation by various terrestrial and marine organisms (Hockey 

and Underhill 1983), parasites and disease (Calvo-Ugarteburu and McQuaid 1998a, b), competition 

for space and resources within the mussel bed or at the edges (Steff ani and Branch 2004), and 

smothering by sand and sand scour (van Erkom Schurink and Griffiths 1993) can all cause 

mortality, thereby reducing mussel bed width, density or cover. Sanding events were observed 

during my study, including one at Kenton East, Port Alfred from which the bed recovered 

immediately, and one at Railway North, Zululand, which caused severe mortality and a slow (2-

year) recovery to the previous bed width. 

The mortality of adult mussels, when not sufficiently replenished with adequate levels of 

annual recruitment, will cause a slow 'winding-down' of the mussel bed. This was evident for 

mussel cover at Port Alfred, Durban and Zululand (Figure 1.8b) and for bed width at Groenrivier 

and Dwesa (Figure 1.8c). Additionally, a reduction in the proportion of small adults in the mussel 

bed was evident at Namibia, the Cape, Dwesa and Zululand, indicating a lack of sufficient 

replenishment of young individuals into the mussel bed over the course of the study. 

Thus, evidence of winding-down, direct or indirect, was present at every location in the 

study. So how do the mussel beds persist? Mussel beds can increase in width in several ways, 

including the settlement and recruitment of early and late plantigrade mussels directly into the 

mussel bed. Additionally, plantigrades may settle into adjacent algae or other substrates and then 

migrate into the bed at a larger size (Lasiak and Barnard 1995; Baker and Mann 1997; McQuaid and 

Lindsay 2005; Alfaro 2006b), and secondary settlement of large mats dislodged from other areas 

may land and attach, blanketing and smothering the organisms that were there before (G.M. Branch, 

S. Eekhout and F.J. Odendaal, unpubl. data). My study demonstrates that the magnitude of 

recruitment events varied temporally in both low and high-recruitment environments and for both 

low and high-recruiting species. Organisms with high fecundity and high pre-reproductive 

mortality that spawn in unpredictable nearshore environments can occasionally experience 

'sweepstakes' recruitment events, in which, seemingly by chance, unusually high numbers of 

individuals recruit in a single year (e.g. Flowers et al. 2002). On the West Coast, these sweepstakes 

blanket-recruitment events are fairly common, on intra-decadal (3-6 year) time scales (G.M. 

Branch, pers. com.). It is certain, however, that my study did not record the full variability of 
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recruitment densities on the East Coast, as evidence suggests that mussel stocks recover with large 

blanketing settlement events on a multi-decadal time scale. As described above, Berry (1978) 

reported normal June recruitment of P. perna in Durban in 1973, 1974 and 1975, with settlement 

predominantly on and around pre-existing mussel clumps. In 1976, he described a normal June 

settlement, followed by an anomalous 'massive' recruitment event in October, which extended 

along the entire coast of the Natal bioregion (including both Durban and Zululand), and was so 

dense that late plantigrades attached to every available surface, blanketing the entire intertidal zone. 

Where mussel beds had previously disappeared, they were fully re-established by this event. A 

second event occurred in the spring of 1994 in Zululand, whereby up to 100% of mussel beds and 

patches of coralline algae were densely covered by P. perna recruits, but this event did not extend to 

Durban (B. Tomalin, pers. com.). Similarly, Witman et al. (2003) report a massive recruitment 

event of subtidal mussels in the Gulf of Maine in 1995, which had important effects for both 

consumers and local competitors. Witman et al. concluded that episodic events such as these are 

important in marine community dynamics. A similar event has not been witnessed again in Natal 

to date, but it can only be concluded, as Berry (1978) did, that P. perna, and possibly other low­

recruiting species as wen, undergoes important natural fluctuations at intervals well beyond the 

temporal scope of my study. 

1.5 CONCLUSION 

The hierarchically-nested design of this study of mussel recruitment around southern Africa 

allowed a detailed investigation of recruitment patterns and processes at multiple spatial scales. 

Recruitment patterns were found to vary bio-regionally, recruitment levels being extremely high on 

the West Coast but moderate to very low on the South and East Coasts. Whether and how these 

patterns are linked to processes at each of the locations will require further investigation, but 

recruitment intensity was correlated with a combination of relative productivity and nearshore 

meso-scale oceanographic features that may enhance retention. Two locations appeared to be 

recruitment limited, Port Elizabeth and Dwesa, and of these Dwesa is more critically in need of 

active management as it has experienced a sustained decrease in both bed width and cover. 

Recruitment patterns varied among sites at several locations, perhaps because of higher spatial 

heterogeneity causing differences in onshore-transport mechanisms such as internal tides and 

associated internal waves and bores, eddies and retention cells, areas of reduced alongshore current 

speed or the presence of rip currents in the surf zone. As these mechanisms are likely to vary 

among sites, or even among stretches of coastline within each site, they are thought to be associated 

with varying levels and scales of topographic heterogeneity. Recruitment also varied among 

species and among sites within species, reflecting both differences in reproductive strategy and 
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adult survival among locations and bioregions. The density of recruitment peaks at most localities 

was persistent over time, and seasonal patterns matched those recorded in the literature for some but 

not all locations. The departures may indeed be real, as recruitment patterns remain somewhat 

unpredictable. The coarse temporal sampling and the use of natural substrata may have allowed 

post-recruitment density-dependent mortality to mask some recruitment peaks however. Studies at 

finer temporal scales using both natural and standardized artificial substrates are therefore essential 

to move towards a better understanding of site-level and intra-seasonal recruitment processes; these 

have already been undertaken at some locations subsequent to the collection of the data reported 

here (Porri 2003; Erlandsson and McQuaid 2004; McQuaid and Lawrie 2005; McQuaid and 

Lindsay 2005; Robinson 2005; M.C. Pfaff and G.M. Branch, unpubl. data; Chapters 2-4), and 

should be continued and expanded to the remaining understudied bioregions. 

Southern African mussel stocks are important ecologically, economically and socially 

throughout the region. Their effective management relies on an understanding of their population 

dynamics, including the processes that limit or are limited by the supply of recruits. The coastal 

environment is under increasing pressure from human populations, and they grow and shift from the 

interior to the coast. In response, the South African Marine Living Resources Act of 1998 has 

mandated the protection and management of natural marine resources. The coastal areas of 

southern Africa are diverse (Lombard et al. 2004), and McQuaid and Payne (1998) argue that 

different regions should have different, specialized management strategies. These conclusions are 

not unique to southern Africa (e.g. Navarrete et al. 2005), and indeed, my findings support them. 
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CHAPTER 2 

A dip into the larval pool: spatial and temporal patterns of bivalve and barnacle 
meroplankton in the Mapntaland Marine Reserve 

2.1 INTRODUCTION 

It has long been understood that oceanic processes affect the recruitment of intertidal 

benthic organisms with a meroplanktonic larval stage, and are therefore a potential determinant of 

intertidal community structure (Roughgarden et al. 1988), although this is not always realized 

(Forde and Raimondi 2004). Researchers modeling settlement or recruitment processes often refer 

generally to a 'larval pool' of unknown but assumed constant density (e.g. Palmer et al. 1996; 

Pineda 2000), and a homogenous larval pool has been a necessary assumption for modeling 

exercises involving recruitment dynamics. However, the larval pool is, in reality, patchy, and an 

understanding of both the scale of patchiness and the shape of patches is important. Recently­

spawned larvae may enter the water column as a cloud of constant density, but they are immediately 

both advected and diffused by currents (Largier 2003). Slow sheared currents may retain them in 

embayments or eddies, or accumulate and transport them in slicks associated with fronts or internal 

waves (Shanks 1983; Kingsford 1990; Archambault and Bourget 1999; Shanks et al. 2000; Paris et 

al. 2002), rip currents may shoot them offshore or entrain them in surf-zone cells (Smith and 

Largier 1995), and breaking internal waves or tidal bores can carry them shoreward (Pineda 1999). 

As a result of extended time in the water column, the actual shape of the larval pool may more 

likely resemble the spatial and temporal patchiness of a 'tattered curtain' (Roughgarden et al. 

1991a). The physical conditions that will affect the spatial and temporal structure of the larval pool 

can be both local and regional, and will further interact with levels of predation and food 

availability (Morgan 1995a), as well as the life-history characteristics of the individual species 

(Grantham et al. 2003). There are some examples, such as particle-tracking models used in 

conjunction with three-dimensional hydrodynamic models for offshore fisheries management, 

which take into account hydrographic deformations ofthe larval pool (e.g. Huggett et al. 2003), but 

these have rarely been applied to coastal recruitment problems (but see Penven et al. 2000; Largier 

2003). These characteristics ultimately influence connectivity, determining how larvae can interact 

with the available physical transport mechanisms that will return them to their adult habitat 

(Roughgarden et al. 1991a). 

Once spawned, the alongshore distance that meroplanktonic larvae travel is influenced both 

by the distance that they are advected and diffused away from the shore and by the mechanisms by 

which they return (Largier 2003). Researchers in different coastal areas have attempted to 

characterize the nature of onshore and offshore transport mechanisms, as well as retentive features 

that are likely to enhance or reduce the diffusion and advection of the meroplankton of intertidal 
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benthic invertebrates (e.g. Wing et al. 1995a, 1998; Epifanio and Garvine 2001; Narvaez et aI. 

2004; Tapia et al. 2004). These meso-scale features vary in their appearance and importance among 

locations, and therefore must be investigated, described and considered in each region separately 

(Narvaez et al. 2004). Roughgarden et al. (1991a) identified upwelling events associated with 

barnacle settlement pulses in central California, and these processes were subsequently incorporated 

into advection-diffusion models of larval transport and population dynamcis (e.g. Alexander and 

Roughgarden 1996). Upwelling and downwelling have thus been investigated, but not always 

identified, as transport mechanisms for other species with a meroplanktonic larval stage (e.g. Wing 

et al. 1995a, b; Shanks et al. 2000; Cudaback and Largier 2001; Poulin et al. 2002; Almeida and 

Queiroga 2003; Shanks et al. 2003b; Shanks and Brink 2005). Alongshore wind is largely 

responsible for the induction of Ekman transport and the on- or offshore transport of coastal water, 

but across-shore winds (sea-breeze effects) have also been associated with across-shore currents and 

could therefore affect larval transport (Tapia et al. 2004). Additionally, internal waves and internal 

tidal bores, with their associated surface-slicks, have been identified as potential onshore transport 

mechanisms (Shanks 1983; Kingsford 1990; Pineda 1991, 1994), and have been found to transport 

larvae in several locations, including Oregon (Shanks and McCulloch 2003), South Carolina 

(Shanks 1988), California (Pineda 1995; Pineda and Lopez 2002), and Baja California (Ladah et al. 

2005). Finally, these onshore/offshore transport processes can be mitigated by shoreline features 

that shear alongshore currents, creating eddies, upwelling shadows, or topographically-generated 

convergences, providing retention zones inshore, or enhanced by features that create offshore jets or 

rip-currents, pushing larvae away from the shore (Graham and Largier 1997; Chiswell and 

Roemmich 1998; Wing et al. 1998; Chiswell and Booth 1999; Gibbons et al. 1999; Hutchings et at. 

2002; McCulloch and Shanks 2003; Shanks et al. 2003c). 

The Maputaland Marine Reserve lies within the Greater St. Lucia Wetland Park and W orid 

Heritage Site in KwaZulu-Natal, and comprises the entire South African portion of the Delagoa 

inshore marine bioregion (Lombard et a1. 2004). The area is understudied, and supports great 

intertidal diversity on low-lying rocky semi-exposed to exposed headlands interspersed with long 

stretches of sandy beach (Sink 2001; Sink et at 2005). Park residents of the Thonga ethnic group 

participate in a traditional subsistence fishery of the brown mussel, Perna perna, which requires co­

management by the communities in conjunction with park administrators (Kyle et at. 1997a; Harris 

et al. 2002a, 2003). To address management needs, this study investigates the planktonic 

distribution of the larvae of mussels and barnacles to begin to understand the connectivity between 

rocky-shore popUlations in this protected area, and tests five hypotheses: (1) Because the area is 

energetic, with high winds and surf, the water column will be generally mixed, with no 

thermoclines or haloclines in depths of < 20 m. Because winds are generally alongshore, this will 

stimulate Ekman transport, and therefore some coastal upwelling and downwelling. (2) The larval 

pool, as wen as pytoplankton measured at the surface with remote sensing or below the surface, 
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measured in the field, will be patchy. Patches will either be associated with particular water 

temperatures or entrained (aggregated) in coastal embayments. (3) Strong along-shore winds will 

induce upwelling and downwelling, with associated changes in temperature and nutrients. (4) 

Based on evidence from other areas, cyprids will be generally found near the benthos and mytilids 

near the surface during daylight hours, so they are likely to be differently carried by onshore­

offshore transport mechanisms, including upwelling. (5) Shore-parallel foam lines or slicks, 

observed regularly in this area and generated by topographic features, will be convergence zones for 

positively buoyant and swimming meroplanktonic larvae. 

2.2 METHODS 

I assessed the distribution of bivalve and barnacle larvae in the water column around and 

between five adjacent rock ledges within a 25-km stretch of the Maputaland Marine Reserve 

(MMR) in relationship to wind velocity, continuous subsurface temperature, temperature and 

salinity profiles, concentrations of phytoplankton determined using chlolophyll a (chI a) 

concentrations measured in the field, and surface temperature and surface phytoplankton measured 

with l-km resolution satellite imagery of sea surface temperature (SST) and chi a. In the specific 

case of the brown mussel Perna perna, the abundance of mytilid larvae was then related to the 

density of the adult spawner stocks on adjacent rock ledges. 

Study Area 

The Maputaland coastline runs NNE-SSW, and is gently scalloped by a series of regular, 

zeta-shaped sandy bays connecting low-lying platform headlands of aeoleonite or beachrock 

(Ramsay and Mason 1990; Miller and Mason 1994; Ramsay 1994). The bays vary in length from 

5-10 km, and in width from 1-1.5 km (Figure 2.1), and are generally sandy, but contain some small 

patches of low-lying algal- or coral-dominated subtidal reef (Schleyer 1999; Lawrence 2005). 

B lack Rock lies at the center of the study area, where a near-pristine refuge of adult P. 

perna can be found on the southern half of the rock ledge. To investigate the potential for larval 

connectedness of Black Rock with its neighboring rocky headlands, zooplankton densities were 

measured directly off Black Rock and at two rocky points on either side, and also in the bays lying 

north and south of Black Rock (Figure 2.1). 

Field Sampling Methods 

All plankton sampling was completed during the day over running or slack low spring tides. 

The northern Maputaland coastline is exposed and rough (Sink 2001), lacking natural coves or 

harbors. For sampling trips, boats had to be towed onto the beach and launched through the surf. 
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The study area lies across 'sanctuary' and 'restricted' zones of the park, where public access is 

restricted. Vehicle access onto the beach is allowed for management staff and permitted researchers 

only; driving is restricted to below the high-tide water mark and from three hours before to three 

hours after spring low tide. As the coastline lacks electric lighting, an nearshore boat operations are 

restricted to daylight hours. 

Sampling stations were identified and relocated using a Garmin E-Trex GPS (WGS-84 

datum, accurate ± 5 m) and a depth sounder. The sampling grid consisted of 12 stations, seven 

inshore (500 m from shore) and five offshore (750 m from shore), spanning 25 km from north to 

south, and was designed to be completed over two consecutive days on each sampling occasion. 

Additional hauls in the first year were made outside of this grid and are included in some analyses. 

All tows were necessarily made during favorable weather conditions, with winds under 15 kt and 

swell under 2.5 m, introducing an unavoidable weather-based bias into the data set. As sea 

conditions often deteriorated in the afternoon, plankton hauls were more successful in the mornings, 

and most days when the sampling set was completed had winds under 5 kt. 

Launches were scheduled for three consecutive days per month during the P. perna 

spawning season, August to December of 2002 and 2003, plus three consecutive days in April 2003. 

Of the 33 scheduled launch days, launching was successful on only 18 days, and sampling was 

completed on 12 of those days. The entire sampling grid was completed in two days in only three 

of the prescribed months, December 2002 and April and November 2003. 

Temporal and horizontal distribution o/zooplankton 

Horizontal plankton distribution is often assessed using vertical plankton hauls with circular 

conical nets (Wing et al. 1995a, b; McQuaid and Phillips 2000; Porn 2003), horizontal plankton net 

tows at various depths (Leis 1986; Le Fevre and Bourget 1991; Natunewicz and Epifanio 2001) or 

I2V submersible bilge pumps (Bertness et al. 1996; Graham and Sebens 1996; Caceres-Martinez 

and Figueras 1998), sampling in a grid pattern that includes replicates at various distances from 

shore and along the shore. A pilot study indicated that zooplankton densities are relatively low in 

Maputaland, so oblique vertical tows were used, integrating in both the vertical and horizontal plane 

in order to collect a sufficient amount of plankton per sample for valid analysis. Two independent 

oblique hauls, each lasting 3-5 minutes were carried out at each of the 12 stations (Figure 2.1, Table 

2.1) using a 3-m long x 0.6-m diameter conical plankton net (surface area == 5.25 m2
) with a porous 

collar, 200-250 Jlm mesh, and an II-cm diameter cod-end. Early-stage mussel larvae can be as 

small as 150 Jlm on the long axis (Bayne 1976), and so these youngest larvae may have escaped 

through the mesh of the net. Nets with a large pore size relative to the size ofthe target organism 

can significantly reduce a net's sampling efficiency for that size organism (Evans and Sen 1985). 

The results presented here therefore probably underestimate the true density of plankton < 300 Jlm, 

and should therefore be interpreted with caution. The net was fitted with a calibrated mechanical 
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flow meter (General Oceanics Model2030R with a low-speed 16.5 cm diameter rotor) placed 

asymmetrically in the mouth of the net, following Tranter and Smith (1968). For each tow, the net 

was lowered to the sandy bottom, the mouth lifted 50-100 em, and the net then towed at less than 1 

kt, slowly increasing the speed of the boat to lift the net higher and higher in the water, until it was 

towed just under the surface for the last 30 seconds at < 2 kt. Sand was trapped in some samples, 

but generally not more than 10-20 ml of sand was collected in any sample, indicating that this was 

of suspended, rather than benthic, origin. Following each tow, larvae were removed from the cod 

end and placed in a 600 ml jar. A 10 ml aliquot of 40% formaldehyde added and the container 

sealed. Samples were stored in a closed, darkened container to prevent sunlight bleaching. 

Table 2.1 Summary oftemporal and spatial distribution ofzooplankton samples, showing the 
number of replicate oblique hauls (3-5 min long) taken at each station. 

N ~ ~ ~ = = = = t!4) N ... t!4) 
~ :::I = Cl. :::I .-.. -< N S li:: -< -< ~ Z g oc = S Q I:'-- ID ~ = ...,. 

N Cl. .... N N = 1:: N .cI ~ .... u ~ 1:: e a .s tlI u 0 .s .s 0 0 e 0 .... 
Site Latitude Longitude ~ ID III ~ ... ID ...,. ...,. N 

!.:;:)] r:J r:J !iI!:I r:J r:J r:J r:J !iI!:I r:J r:J 
Lala Nek Point Inshore 27" 13.549' S 32° 47.855' E 10 2 2 2 2 2 2 
Rocktail Point Inshore 27° 11.296' 32° 48.698' 10 1 2 2 2 2 2 2 
Rocktail Point Offshore 27" 11.143' 32° 49.246' 15 1 2 2 2 2 1 2 
Rocktail Bay Inshore 27" 09.471' 32° 49.140' 10 2 2 2 2 2 2 
Rocktail Bay Offshore 27°09.330' 32° 50.090' 15 2 2 2 2 2 2 
Black Rock Point Inshore 27° 08.233" 32° 49.991' 10 1 2 2 2 2 8 
Black Rock Point Offshore 27° 08.165' 32° 50.530' 15 1 2 2 2 2 6 
Dog Point Bay Inshore 27° 07.496' 32° 50.323' 10 2 2 2 2 2 2 
Dog Point Bay Offshore 27° 07.498' 32° 50.625' 15 2 1 2 2 2 2 2 
Dog Point Point Inshore 27° 06.580' 32° 50.715' 10 1 2 2 2 2 
Dog Point Point Offshore 27° 06.633' 32° 51.111' 15 2 2 2 2 2 2 2 
Castle Rock Point Inshore 27° 04.775' 32° 51.078' 10 2 2 2 2 2 2 
Three phytoplankton samples were taken per tow in all cases (one at 1 m, one at 3 m and one 1 m above the 
bottom). Single CTD dips were made at each station simultaneous to plankton sampling in sets from Oct to Dec in 
2002 and Aug to Nov 2003. Supplementary samples within the study area, but outside of this sampling grid, were 
taken in 2002 and used in some analyses. 

Zooplankton - vertical stratification 

On two occasions, the water column was sampled for vertical stratification of zooplankton 

using the same plankton net as above (Table 2.2). For each tow, the net was lowered to the selected 

depth and towed for 3-5 minutes at a constant speed, < 2 kt. At the end of the tow, the net was 

brought quickly to the surface, and the sample was processed as above. 
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Table 2.2 Zooplankton vertical stratification baul summary 

Water Sampling Tow 
Mean 

Depth volume Date Location depth depth 
Category n duration filtered (m) (m) (min) (m-) 

19 Sep 02 Black Rock Point 12 10 Bottom 3 3 105.2 

12 5 Mid 4 3 125.7 

12 Surface 4 3 179.3 
19 Sep 02 Rocktail Bay 10 8 Bottom 3 3 111.7 

10 1 Surface 2 3 194.7 

26 Nov 03 Black Rock Point 15 13 Bottom 5 143.6 

15 8 Mid 2 5 154.3 
Surface 

Zooplankton - in and out of a topographically-induced foam line 

A narrow shore-parallel foam line (1-2 m across) is regularly observed in the study area 

under conditions with along-shore wind velocities between 3-8 kt; above 10 kt it becomes masked 

by white horses and other surface features associated with higher winds. The foam line is generally 

formed 500-1000 m from shore at 10-20 m depths, and can span both headlands and bays. To 

assess its potential as a front line for zooplankton retention, oblique hauls were made beneath, 

shoreward and seaward ofthe foam line (Table 2.3). All samples were taken while traveling 

parallel to the foam line, directed into the wind. Samples taken outside of the foam line were 

randomly 20-40 m shoreward or seaward of the foam line. 

Table 2.3 Zooplankton foam-line oblique bauls in 15-20 m water deptb; tow duration == 3 min. 
in all cases 

In or 
Water 

Tow 
Mean volume Date Location outside of 

depth (m) 
n duration 

filtered (m-) foam line {min} 
17 Sep 02 Island Rock Bay Out 15-20 3 3 276.2 

In 15-20 3 3 243.1 

17 Sep 02 Rocktail Point Out 15-20 2 3 163.5 
In 15-20 2 3 215.4 

18 Sep 02 Rocktail Bay Out 15-20 5 3 IS5.l 
In 15-20 7 3 170.4 

Spatial and temporal patchiness of subsurface phytoplankton 

Between the two plankton tows in each set at each station, duplicate water samples were 

taken 1 m below the surface, at 3-m depth, and at 1 m from the bottom. These samples were 

colleted in 500-ml darkened amber-glass pop-bottle containers, and stored in these containers in 

darkness until analysis. 
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In-situ temperature and salinity measurements 

To assess stratification ofthe water, a temperature-salinity-depth profile (a 'dip') ofthe 

water column was measured at each sampling station using a Seabird Seacat SBE-19 Conductivity­

Temperature-Depth (CTD) Profiler. Data were downloaded and processed using Sea Bird 

Electronics data-processing software (version 5.32a). 

Benthic temperature 

Benthic temperatures were taken every 30 min on a reef at 15 m depth in Sodwana Bay (270 

31.231' S, 320 41.203' E, November 2002 to July 2005, 38 km from the study area) and at Leadsman 

Shoal (270 52.419' S, 320 36.216' E, August 2002 to May 2005, 100 km from the study area) with 

underwater temperature recorders (UTRs, Starmion Mini, manufactured by Star-Oddi, accuracy ± 

0.05°C). As the coastline is fairly homogenous, and as these two loggers were within a reasonable 

distance from the study area, it was assumed that these measurements reflected conditions at the 

study area, so temperatures from these UTRs were used in calculations requiring continuous 

measurements. 

The in situ sub-surface daily temperatures taken with the CTD at the observation sites 

(averaged over all stations for that day) were strongly correlated with simultaneous averaged daily 

benthic temperatures in Sodwana Bay (r::: 0.941, n::: 8, p < 0.001) and the Sodwana data strongly 

correlated with those on Leadsman Shoal (r::: 0.967, n = 45038, P < 0.0001). 

Coastal winds 

Hourly wind speed and direction were provided by the South African Weather Service from 

the Mbazwana Airfield (Climate Number 0412148-6, 27° 28.017' S, 32° 34.983' E, 61 m altitude), 

which lies 8 km west of the coast, 9 km NE ofSodwana Bay and 35 km SW of the study area 

(Figure 2.1). 

Mussel adult stock density 

The density of adult mussels on the shore was measured at each of the five rocky points in 

Oct-Nov 2003 and Nov-Dec 2004. Five or six shore-perpendicular transects were sampled, each 4 

m apart and stretching from the top to the bottom of the mussel zone. Using quadrats of 100 x 50 

em, the number of mussels in one quadrat per meter was measured along each of the transects in the 

following size categories: adult Perna perna (> 35 mm), juvenile P. perna (10-35 mm), and small 

mussels (2-10 mm, P. perna and Brachidontes semistratus combined). 
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Laboratory procedures 

Phytoplankton 

Within eight hours of sample collection, the microalgal content of the water was filtered 

onto glass fiber filters (Whatman GFIF or Advantec GF 75). Chlorophyll was then extracted into 

10 ml 90% acetone, and stored at 4°C in darkness. Within 72 h of filtration, the extract was 

transported on ice to Durban, and the supernatant analyzed using a Turner Design lO-AU 

fluorometer (narrowband, non-acidification method) following Weischmeyer (1994). The chI a 

content concentration was calculated using the formula: 

V 
ChI a == -:!. '" R 

Vw 

where V w is the volume of water filtered in ml, VA is the volume of acetone used in the extraction 

and R is the reading of the sample (converted to mg chI a with a calibration factor within the 

instrument). The concentration of chI a (g.m'3) was thereafter used as an indication of 

phytoplankton biomass. 

Zooplankton 

To process the zooplankton samples, any large organisms (> 8 mm diameter) were first 

removed. Samples were then filtered through 200-J.I1Il mesh and resuspended in 4% formalin 

buffered with 1 % sodium acetate (NaC2H30 2) in de-ionized water, pH 7.0-7.5. The resuspended 

samples were then placed in a 100-ml graduated cylinder and allowed to settle undisturbed in the 

dark for 24 h. The settled volume was recorded and the sample then stored in buffered formalin in 

the dark for later analysis. 

As each sample was large (settled volumes 4-75 ml), triplicate 5-ml subsamples were drawn 

off the samples for the identification and enumeration of organisms, following Kibirige and 

Perissinotto (2003). The sub-samples were placed in a channeled sampling dish tray. Using a 

stereo microscope, all bivalve larvae, mytilid larvae, cyprids and nauplii were measured and 

counted, although nauplii proved too scarce for analyses to be reported. 

P. perna larvae have been identified in the plankton along the south coast of South Africa 

(McQuaid and Phillips 2000; Porri 2003; McQuaid and Lawrie 2005). The mytilid larvae I 

examined comprised veligers and pediveligers of the same size range and shape as those of P. perna 

in these studies. However, as mytilid bivalve larvae can closely resemble each other, my material 

may also have included larvae of other Maputaland mytilids including Brachidontes semistriatus, 

Septifer bilocuiaris, Arcuatula capensis and Modiolus auriculatus (Branch et al. 1994; Sink 2001). 

For the barnacles, descriptions of the naupUar stages of Tetraclita serrata (uncommon in 

Maputaland) and Tetraclita squamosa rufotincta (common) were made by Griffiths and King 

(1979) and Barnes and Achituv (1981) respectively. but cyprid illustrations were available for T. 

serrata only (Griffiths 1979). Cyprids were therefore not identified to species, but are likely to be 
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T. squamosa rufotincta or other local species, including Chthamalus dentatus (common) and 

Octomeris angulosa, Notomegabalanus cylindricus and Balanus amphitrite (less common). 

As the larvae of mytilids, other bivalves and barnacles could not be identified to the level of 

species, they were grouped into three taxa: all bivalves, mytilid bivalves, and cyprids. The bivalve 

group included all veligers and pediveligers (0.2-2.0 mm shell length) present in the sample. 

Data Analysis 

All statistics were computed using Statistica 7.0 (StatSoft, Inc. <0 1984-2004). 

Patterns of zooplankton biomass and density: horizontal and temporal 

A Kruskal-Wa1listest was used to examine temporal (monthly) and spatial patterns (by 

station). Data were transformed for homogeneity of variances. Nonparametric multiple post-hoc 

comparisons of the average ranks were then computed for each significant result. 

To examine the inshore-offshore pattern of variability within the larval pool, a Student's t­

test for dependent variables was employed, comparing density at the inshore station against that at 

the station immediately offshore (n::: 35). Each response variable was In(x+ 1) transformed to 

achieve normality (determined with normal probability plots) and homoscedascity (determined with 

the Brown and Forsythe'S test) (Quinn and Keough 2002). Following this same method, the density 

within bays versus that at headlands was compared, averaging values for each day that had samples 

from both bays and points (n == 11). 

Patterns of sub-surface phytoplankton distribution and temperature 

Vertical stratification and horizontal and temporal patterns in the distribution of 

phytoplankton were explored. There were too many missing cells to warrant a multi-way ANOV A 

ofthese data, as this would have been a severely unbalanced design (Underwood 1997). However, 

as the log-transformed response variable was normally distributed with homogeneous variances for 

all three tests (horizontal, vertical, temporal), three one-way ANOVAs with type VI (unique) sum of 

squares were used, followed by Tukey's HSD for unequal n post-hoc tests (a::: 0.05) in cases of 

significant results. Tukey's HSD for unequal n post-hoc test is not robust to extremely variable 

sample sizes. Therefore, cells with less than 30% of the maximum n per cell were removed from 

each analysis. 

Relationships between benthic temperature, phytoplankton concentration and larval density 

Multiple linear regression analyses with the pairwise deletion of missing cells were used to 

investigate the relationships between zooplankton-density continuous response variables (settled 

volume, numbers of cyprids, all bivalves and mytilids), with specific physical variables (benthic 

temperature, in situ salinity and the station's longitude) and biological variables (zooplankton 
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settled volume, numbers of cyprids, bivalves or mytilids) as independent parameters. As the 

benthic temperature data from Leadsman were most complete, these daily-averaged temperatures 

were substituted for the CTD data set for these calculations. The examination of the interaction 

terms available through a more complex general linear model was not pursued due to the problem 

of missing data points for each of the independent factors in the models. Data were examined for 

normality, co-linearity and heterogeneity of variances and the response variables were 10glO(x+l)­

transformed to achieve normality. The model was checked to ensure that the residuals were 

normally distributed, and highly skewed independent biological variables that could affect the 

normality of the error term were log-transformed following Quinn and Keough (2002). 

Zooplankton - in and out of a topographically-induced foam line 

The data for zooplankton biomass (ml settled volume), numbers of cyprids, aU bivalves and 

mytilid bivalves were compared in and out of the foam line using a two-way factorial ANOVA, 

with site as a random factor and in or out of slick as a fixed factor, using a type III (orthogonal) sum 

of squares. The data were transformed to meet assumptions (loglO(x+l) for biomass and mytilids, 

fourth-root for cyprids and bivalves). Post-hoc results were assessed visually using box-plot 

diagrams and non-parametric one-way comparison tests. 

Zooplankton - vertical stratification 

The stratification of zooplankton (biomass in ml settled volume, numbers of cyprids, all 

bivalves and mytilid bivalves) was investigated with a Kruskal-Wallis test, which is robust to non­

normal distributions and varying sample sizes (Quinn and Keough 2002). Homogeneity of variance 

was examined using boxplot distributions and maximized using loglO{x+ 1) or fourth-root 

transformations (Quinn and Keough 2002). Significant results were examined using a 

nonparametric multiple post-hoc comparison of the average ranks, computed using normal z-values; 

post-hoc probabilities were corrected for the number of comparisons and computed for a two-sided 

test of significance in each case. 

Remotely-sensed sea-surface temperature and phytoplankton 

Biweekly 1-day to 3-day composite Advanced Very High Resolution Radiometer (AVHRR) 

l-km resolution satellite sea-surface temperature (SST) and surface chlorophyll a (chI a) images, 

taken by the Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua satellite were used to 

investigate the patch scales of these two variables and their relationship. Like for the chI a 

measured in the field, surface chI a was used as an indication of phytoplankton concentration in 

surface waters. 

SST data were first verified against the daily average subsurface (15 m) temperature data 

from the benthic temperature logger at Sodwana Bay using Pearson product-moment correlation. A 
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square cell of nine pixels (9 km2
) lying over each of the loggers was selected. Surface chi a and 

temperature data were de-spiked (impossibly high or low values that indicated measurement errors 

were replaced with values using linear interpolation), and these nine pixels were then averaged and 

compared to the mean subsurface temperature for that day. Satellite SST data were strongly and 

significantly correlated to the simultaneous daily averaged subsurface (IS m) temperature data, and 

were on average -Joe warmer (r = 0.944, n == IS, P < 0.0001, benthic temp::::: 3.806 + 0.816'" SST). 

Surface chI a was significantly negatively correlated with both temperature measurements (SST: r == 

-0.706, n::::: 15, p < 0.01; benthic: r::::: -0.616, n == IS, P < 0.05) (Figure 2.2a). As the relationship 

between daily surface and bottom temperatures was strong and significant, the daily mean of the 

running monthly benthic temperature anomaly record was used for time-lag correlation analysis 

between the concentration of chI a and temperature. No correlations were significant except for that 

at lag + 1, comparing chI a to the temperature anomaly from the day before, indicating an increase in 

the chI a concentration 24 hours after a decrease in benthic temperature (Figures 2.2b and c). 

Eight cells of two adjacent pixels closest to the coast spanning the study area were averaged 

for each date, as were eight cells off our adjacent pixels 5 and 10 km directly offshore from these, 

plus two cells offour adjacent pixels 17 km offshore (Figure 2.3). The simultaneous relationship 

between SST and surface chI a for all of the cells (within the study area, plus the two cells at 

Sodwana and Leadsman) was then examined with Pearson product-moment correlations. As 

surface and benthic temperatures were strongly positively correlated, the benthic temperatures were 

then used for time-lag correlation analysis between phytoplankton and the daily mean benthic 

temperature at Sodwana and Leadsman. The lag time-step was set as one day, and analysis was 

performed for ± 20 lags. The scales of patchiness of SST and surface phytoplankton were examined 

with a spatial autocorrelation analysis using multiple Pearson product-moment correlations with a 

pairwise deletion of missing cells. A matrix was created correlating the SST and the chi a 

concentration in each cell against every other. These r-values were then plotted against the distance 

between the cells to find the distance-scale at which the cells became de-correlated, indicating the 

patch size of the parameter in question. 

Patterns of winds and benthic temperature 

The primary coastal winds in Maputaland are alongshore, switching between NNE and SSW 

at regular intervals (Hunter 1988). NNE winds are potentially upwelling-positive, as they induce 

offshore Ekman transport of the surface layer (Mann and Lazier 1996). The link between 

alongshore wind velocity and benthic temperature was first examined with time-lagged Pearson 

product-moment correlation analyses with a pairwise deletion of missing values. The hourly means 

of benthic temperature were de-trended with a running 30-day mean. These were then compared to 

the hourly mean of the 20° alongshore component of the wind velocity from Mbazwana Airfield at 

80 time lags (lag:::: 1 hour). High r-values between upwelling-positive winds and a subsequent 

58 



Univ
ers

ity
 of

 C
ap

e T
ow

n

30 

Temp 
25 (GC) 

20 

3 
Chla 2 

(mg.m-3) 1 

0 

(a) •• . .. 
.- 15m mean I 
i 

15m±1 so: 
• 
" .... .... 

.... ..-
C( 0 

.!. c::: 
tU 0.. ., <C 

0.4 

0.2 

~ 0.0 
Ci.i 
;r -0.2 

SST± 1 so 
Chi a ± 1 SO 

...... :;g .. 
..... ... N 
0 0 0 , t; I 

"3 c::: 
tU -, 0 ., 

(b) 

-0.4 -

-0.6 

..... 

0
0 

° 
<> .. 

N N 
0 ~ .!. 
0.. :::l 

<C -, 

.. ..... .. 00 

Co °0 <> .. 
""'" 

_ or> 0 
"po 8 ... 

N (") (") (") (") '<t ~ '<t ~ 1.0 
0 C( 0 0 

~ 
0 0 0 

t; .!. 
, I .!. I ..!. , 

c::: "3 c::: "3 c::: 
tU 0.. tU 0.. (.) 

tU 0 ., <C ., 0 ., <C -, 0 ., 

t::: +1 day 

-21 -18 -15 -12 -9 -6 -3 0 3 6 9 12 15 18 21 
Time lag (days) 

7.0 .-:----:----------------------, 
c? 6.0 (c) 
~ 5.0 
$4.0 

Chi a = -0.9673(T) + 0.9816 
R2 = 0.2814, P < 0.01 

tU 3.0 III 
t5 2.0 11--====:===:~ ... ~III~J~jlll~;-~-~::;~:::::::::=-J 1.0 \ _ III '" ._ .--

0.0 
-1.5 -1 -0.5 o 0.5 

Detrended daily temperature (OC) 

1.0 
0 
t!. 
0.. 

<C 

Figure 2.2 (a) Surface and subsurface temperature and surface phytoplankton, measured 
using chI a, at the site of the Sodwana Bay underwater temperature logger (UTR). Black line 
is monthly subsurface temperature ± SO from UTR at 15 m depth. Black circles are the mean 
SST ± SO taken from the nine nearest 1 x 1 km2 resolution pixels from bi-weekly satellite 
images (creating a 3 x 3 km2 cell). White squares are the mean density of surface chi a ± SO 
measured in these same pixels. SST and phytoplankton were significantly negatively 
correlated. (b) Time-lagged correlation analysis of detrended subsurface temperature and 
phytoplankton. No correlations were significant except time lag +1, or chI a one day after 
subsurface temperature, indicating an upwelling response. (c) Pearson product-moment 
correlation of detrended daily temperature with phytoplankton at lag + 1. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

reduction in benthic temperatures (residual temperature after removal of the 30-day running mean) 

12-36 hours following the wind was identified a priori as a potential upwelling response. 

The relationship between wind and benthic temperature was then tested by examining the 

frequencies at which the power spectra of detrended hourly wind (along- and across-shore, or 20° 

and 110° from true north, respectively) and sub-surface temperature were significantly coherent. A 

climatology of the monthly winds and water temperature was compiled. A subset of the data was 

selected from the wind and temperature data sets to minimize missing values but maximize length; 

this set spanned 31 October 2003 to 8 July 2005. Although there were some missing data points in 

the wind data, there were never more than five consecutive missing values, and these were filled in 

using linear interpolation. No values were missing from the temperature record. Using the 

climatology, these data were then sub-divided, to examine the differences between the windy (July 

to Jan) and non-windy (January to July) seasons, and according to recruitment seasons (Chapter 3): 

September to April (recruitment season for mussels and C. dentatus) and April to September 

(recruitment season for Tetraclita spp.). All calculations were performed using Matlab v6 (0 1984-

2000, The Math Works, Inc.). 

A power spectral density estimate (PSD) of the detrended hourly temperature series was then 

computed with Welch's method (Welch 1967) with a window of 2048 values, an overlap of 1024 

values and 2048 discrete Fourier transform points (nfft). The PSD was then plotted against 

frequency in the period window of 0.5-56 days to look for dominant patterns, specifically tidal (14 

or 28 d), upwelling (3-10 d) or diurnal (1 d) signals. 

Power spectra ofthe detrended whole data set (window == 1028, overlap == 512, nfft = 1028) 

and of the detrended subsets (window = 512, overlap = 256, nfft = 512) were then computed using 

Welch's method, and the values plotted against frequency. Estimates of the squared coherence of 

temperature and across-shore wind, and of temperature and along-shore wind, were calculated. The 

number of sections in each data set (s) was first determined using the original number of data points 

(n): 

The degrees of freedom (d/) were then calculated: 

df= 36s
2 

19s-1 

Finally, the level above which the squared coherence was significant was calculated using the 

desired significance level (a): 

1- a 2l(df-2) 

Significant coherence at frequencies higher or lower than the ecologically-relevant window (periods 

greater than 14 days or less than one day) was not reported. In cases where more than four of the 
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coherence levels were significant, the four most important (highest coherence levels) were included 

in the table. 

Patterns of adult mussel standing stock: 2003-2004 

The mean density of adult mussels (> 10 mm shell length) per 0.5 m2 quadrat was determined 

from each transect, yielding 5-6 replicates per site per year. These data were fourth-root 

transformed for normality and homogeneity of variances and the role of two factors, Site (random) 

and Year (random) were examined with a two-way factorial mixed model ANOV A with Type III 

(orthogonal) sums of squares. In the presence of a relevant significant interaction term, main effects 

were interpreted as in Chapter 1. Significant results were then compared with a Tukey's HSD for 

unequal n post-hoc test (a = 0.05). 

2.3 RESULTS 

Zooplankton biomass and density: spatial and temporal patterns 

There were highly significant differences among months for zooplankton biomass and for 

the density of bivalves, mytilids and cyprids (Figure 2.4a-d, Table 2.4a). Mytilids and bivalves 

showed a similar pattern among months, but their densities did not necessarily correspond to 

months with the highest zooplankton biomass or cyprid densities, nor did cyprid densities 

correspond to zooplankton biomass. Zooplankton showed no seasonal pattern. Cyprids and 

mytilids were concentrated in the warmest month, with a peak in December, and bivalves were 

found in a wider range of months. 

In the spatial comparison, there were significant differences among stations for zooplankton 

biomass and mytilid larvae, but not for all bivalves or cyprids (Table 2.4b). The highest density of 

mytilids was found at two points: Black Rock Point and Lala Nek Point. Again, the stations with 

the highest zooplankton biomass and the highest mytilid larvae did not necessarily correspond, 

although Lala Nek Point ranked highest for both categories. There was an increasing gradient in 

zooplankton biomass and mytilid density from north to south (Table 2.4b). 

Bivalves, mytilids and cyprids were all more abundant inshore than offshore, while the 

overall biomass of zooplankton was not significantly different at the two distances (Figure 2.4, 

Table 2.5), indicating that meroplanktonic larvae are distributed differently from the general 

zooplankton pool, probably because they originate onshore and their dispersal is limited. None of 

the variables showed a significant bay-point pattern, disproving the second half of the first 

hypothesis of this study: although meroplanktonic larvae did accumulate closer to shore, they were 

not entrained in the bays as predicted, nor were they gathered near the points. 
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Table 2.4 Summary results of Kruskal-Wallis ANOVA by ranks tests for (a) temporal pattern 
and (b) spatial pattern of zooplankton distribution. H = Kruskal-Wallis test statistic (degrees 
of freedom, number of replicates), "'p<O.OS, ",up < 0.001, ns = not significant, n = number of 
replicates taken in a given montb or site, :ER'n-1 is tbe mean rank for eacb cell, Me == result of 
tbe multiple comparisons post-boc tests (a == 0.05). 

(a) Zooplankton" Cyprids Bivalves Mytilids 
Transformation None Log1o LOlbo Log1o 

H (d/. n) 38.4 (5,176) 35.0 (5,176) 72.4 (5,176) 47.4 (5,176) ...... ...... .. .... .. .... 
Month n I:R'n,l MC I:R'n-1 MC I:R'n,l MC I:R'n,1 MC 
Alig 02 29 82.3 b 85.7 ab 46.0 e 50.2 e 
Sep 02 37 52.9 b 90.9 ab 80.2 be 64.0 be 
Dec 02 23 79.3 b 123.7 a 135.3 a 129.6 a 
Apr 03 24 104.9 ab 64.7 b 130.9 a 112.6 a 
Oct 03 32 93.7 ab 111.5 a 102.7 ab 98.9 ab 
Nov 03 31 125.6 a 56.9 b 55.9 be 93.6 ab 

• Measured as settled wet volume (ml), Measured as individuals per 100m 

(b) Zooplankton" Cyprids Bivalves Mytilids 
Transformation 4th root Log1o LoglO LoglO 

H (df, n) 16.4 (7,177) 8.2 (7,177) 13.6 (7,177) 18.5 (7,177) .. ns ns .. 
Sites' n I:R'n,1 MC I:R'n-! MC I:R'n,l MC I:R'n,l Me 
CRP 15 59.1 b 96.5 98.3 79.0 ab 
CRB 13 66.2 ab 81.7 49.2 44.5 b 
DPP 21 86.3 ab 99.2 97.6 81.1 ab 
DPB 22 93.6 ab 101.5 83.5 77.3 ab 
BRP 30 86.5 ab 73.3 81.3 103.3 a 
RTB 38 86.1 ab 79.3 89.6 94.1 ab 
RTP 25 108.4 ab 96.4 97.0 97.6 ab 
LNP 13 119.9 a 100.5 114.2 113.2 a 

• Measured as settled wet volume (ml), Measured as individuals per 100m , C Sites are listed from north 
to south; abbreviations of site names can be interpreted from Figure 2.1. P = rocky headland point, B = 
sandy bay 

Table 2.5 Summary results of Student's t-test for matcbed pairs for insbore-offsbore pattern 
of zooplankton distribution. All data were fourtb-root transformed for analyses, but mean 
values are presented untransformed. Tr. = transformation of raw data, Jt = mean value of 
tbe response variable (in == ins bore, off = offsbore), t = Student's t-test for matcbed pairs 
statistic, **p < 0.01, "'p < 0.05, ns == not significant. 

Taxon n Jt In Jt olT t df P 
Mytilids" 35 287.2 181.3 3.11 34 .. 

All bivalves· 35 63.2 30.1 3.07 34 ** 
All cyprids • 35 45.3 28.4 2.30 34 • 

Zooplankton b 35 202.1 224.1 -0.85 34 ns 
"Measured as individuals 100m,3, 6 Measured as settled wet volume (ml) 
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Phytoplankton concentration and temperature 

Sub-surface phytoplankton concentration and temperature are summarized as spatio-temporal 

contour plots (Figure 2.5). There was no stratification in either the 10 or 15-m depth zones, 

indicating mixing throughout the water column. This was further supported by the lack of any 

consistent depth-pattern for phytoplankton concentration, measured using chI a, as the depth strata 

were not significantly different (One-way ANOY A, F2•S37 = 1.64, not significant). Chi a varied 

significantly among dates (One-way ANOY A, F 12,497::: 142.36, p < 0.001), and post-hoc analysis 

revealed that most dates were unique, including some sequential days (Figure 2.6a), indicating high 

temporal variability. 

The concentration of subsurface chI a also differed significantly among sites (One-way 

ANOYA, F6,sOI = 3.35, P < 0.01). Post-hoc analysis revealed that most sites were, however, not 

unique, with only Lala Nek Point (the southernmost site) and Castle Rock Point (the northernmost 

site) differing significantly from each other (Figure 2.6b). There was, however, a clear gradient 

from north to south, matching that of the zooplankton biomass and mytilid numbers. The distance 

between the northern and southernmost sites corresponds to the 23-km patch size indicated by the 

spatial autocorrelation of surface phytoplankton (Figure 2.7). This patch size was apparently 

independent of that of SST, which did not vary spatially at any scale considered in this analysis 

(Figure 2.7) 

Salinity 

On aU occasions when salinity was measured, there was no stratification at any station, and 

values varied between 35.3 and 35.5 ppt. 

Temperature, phytoplankton concentration and larval density 

Mytilid, bivalve and cyprid densities were all significantly predicted by the combination of 

water temperature, phytoplankton concentration and the densities of each other, but not by latitude 

or zooplankton biomass (Table 2.6). Mytilids and bivalves were positively correlated with water 

temperature and negatively correlated to phytoplankton, while the opposite was true for cyprlds. 

Biomass of zooplankton was not predicted by any of the selected independent variables, as the 

model itself was not significant for zooplankton. 
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Table 2.6 Summary results of multiple-regression analysis of larval densities (oblique grid 
tows only). All biological independent variables were IOglO(x+1) transformed. u*p < 0.001, 
up < 0.01, ns = not significant. Note that the model for zooplankton is marginally non­
significant. 

Independent variables Const Zoopl Cyp Myt Div Phyto 
Temp Lat 
{oq {OS} 

8 -32.742 X -0.039 X 0.033 0.065 0.019 -1.236 
Zooplankton 8 SE 12.468 0.066 0.056 0.134 0.017 0.458 

IJ -0.075 0.075 0.062 0.132 -0.289 
Adusted R2 == 0.057 Tol. 0.664 0.673 0.647 0.738 0.920 

p == 0.080 (ns) t -2.626 -0.594 0.599 0.485 1.103 -2.697 
Sig. .* ns ns ns ns ** 
8 4.184 -OJ55 X 0.470 X 0.939 -0.121 0.046 

Cyprids 8 SE 20.843 0.175 0.086 0.189 0.026 0.768 

Ii -0.081 0.518 0.465 -0.439 0.006 
Adusted R2 = 0.340 Tol. 0.888 0.819 0.841 0.838 0.847 

P < 0.001 t 0.201 -0.883 5.446 4.955 -4.671 0.060 
Sig. ns ns ... * ... ... * ... ... * ... ns. 
8 -10.903 0.216 0.555 X X -0.951 0.142 -0.292 

Mytilids 8 SE 22.629 0.190 0.102 0.210 0.027 0.834 

Ii 0.102 0.504 -0.427 0.469 -0.032 
Adusted R2 == 0.358 Tol. 0.893 0.843 0.810 0.878 0.848 

p < 0.001 t -0.482 1.134 5.446 -4.530 5.180 -0.350 
Sig. ns ns *** .*'" *** ns 
8 7.491 0.128 0.551 X X -1.091 0.129 0.344 

Bivalves 8 SE 25.415 0.213 0.115 0.236 0.G31 0.936 

Ii 0.057 0.468 -0.459 0.397 0.036 
Adusted R2 == 0.290 Tol. 0.893 0.843 0.810 0.878 0.848 

p < 0.001 t 0.295 0.599 4.808 -4.630 4.163 0.368 
Sig. ns ns *** *"'* *.* ns 

8 = estimate of the raw coefficient, 8 SE == standard error of this estimate, IJ = standardized coefficient and T 01 == 
tolerance value (Tol. < 0.1 indicates strong co-linearity with another variable). t = tests the Ho that ~ = 0 for 
that predictor variable. Sig. == significance level of this test Const == model constant (intercept), Zoopl = settled 
biomass of zooplankton, Cyp == cyprids.100m,3, Myt == mytilids.l OOm'], 8iv == bivalves. 100m -3, Phyto == [chI a]. 
Temp == the mean benthic temperature on that sampling day, Lat == latitude. X indicates independent variables 
that were not used in the model, due to either non-relevance or co-linearity with another independent variable. 

Winds and benthic temperature 

Most of the time-lagged correlations between the alongshore wind velocity and benthic 

temperature were negative and significant, but not very strong (Figure 2.8a). Significant revalues 

varied from +0.124 (lag -21, or temperature 21 hours before wind) to -0.333 (lag +34, or 

temperature 34 hours after wind), with 'positive' wind values (northerly and upwelling-positive) 

associated with lower temperatures (Figure 2.8b). The minimum significant r-value in this analysis 

fell within the a priori window for a wind-driven upwelling response, indicating weak offshore 

Ekman transport. The power spectral density analysis of the subsurface temperature supported the 

conclusion that wind-driven upwelling is present in this area, with secondary peaks ranging from 

3.9-8.6 d (Figure 2.9). Despite a benthic upwelling response, a visible response in the SST satellite 

images was, however, rare (see Figure 2.10 for an example). 

Using the time series of wind and temperature, a climatology was compiled for the area 

(Figure 2.11) and used to assign 'windy' and 'non-windy' seasons. There was significant coherence 

in the frequencies between alongshore wind and across-shore wind and temperature for all data sets 

examined (Table 2.7). Coherence levels increased in the shorter data sub-sets, indicating the 
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Figure 2.9 (a) Sodwana balf-hourly subsurface (15 m) temperatures over 2.5 years, (b) Power 
spectral density of tbe bourly measurements taken between Oct 03 - July 05, using a 2048 
window. Strong peaks were converted from frequency to period. Peaks at 3.9-8.6 days indicate 
tbe influence of wind-driven effects sucb as upwelling. Tbe peak at 1.0 days indicates diurnal 
warming or a cross-shore sea breeze effect. 
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Frequency 0 4e-5 

PGrioa (a) , , 2.7 1 1 10 

Fi::"n' 2.11 E,mnph' ,,1' the p,,,,,"r 'peelra or along,ho,-e and aco-""· ,h,,re \\ inol all,1 
, ul),,, ,-face "''''P''),"''' n' 'ahn a' Smh\ an" lJa~' (,I,,'a ,n' I'H',,'n!(',1 in Fig" r" 2_9). S"me 
,ignificont .ob"ronC(' f)'<tl" ,'nei", an' highlig h,,·,) \\ ith ,,·rtio~1 lin,·" "no) t)", 1'0'-;0'1.\ (in <Ia) ,) 

"ro ~i\('n_ Sla", indic"to \\b,'n ,,;nd ""'0,.' '''''n' ,i~nitkantl) ,-oheo-cn{ "ith "'ml'",-,n"r" 
(,, - lUI,). 
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ZuuplaJlAIOn .. in "",I ,,/{/ '1'" "'f'''!:Tapllically-iJllJu(.'e''-t;Ulm lim: 

I' either the overall zooplankton biomass lKl' the demity of mytilid biv" Ives were 

, ignij]c""!ly dillerent ill or out urlhc klam lil1 e or "mcll1g ,iles (Figurc 2, I J. Tah lc 2.8). awl Ihe 

il1ter"ctiun term W"' al"" nol ' ignifLcallt tor III<,e "ari"ble,. Ol1ly Ille inl~r" ction !ern' 

(T remmel1t ' Sile) W"' ., ignifLcant in th" ca,e or CYl'ri ds: although O)'l'r id , "I'P'-'""d to tx; denscr 

with i n th e foom lin e,. there wa, " , ignii]cant imeracti'''' with tile site 0 I' til< "' nl piing tx;~aLlsc only 

Rockmil El"y h<ld a signiiiC"LlI di rte rence in c,iprid ,k [l , ity. Ol1 ly hi ... I,,", 'howeJ 'i~nifjcan! 

di l'ference, both be lween I rc"tme"ts ar~1 "nw[lg ., ile ,. ",ilh Ihe I 'igile'l Jen, ilies ocneath tile foam 

T~hle 2.8 SUnmlUj rc,ni!, urSi!c"'1 rc.tmcn! two-way faetoria] A'IOV A of meropJankton in 
and nu! of Ihe ,horc-paraUtl foam lint, Site w., a random f.dor and trealment was lherL 
D.I. ","r" Log, .(x+1) or f01lrth-rool tr. n,formed . .., I' < It.ltn I , ·'p<n.n5. ns - nul significant 

Tn o. h<lor' 
T ,,"",",", 

Site 
Trc"'m,""~i" 

L",,< 
[" .. [""",[ 

SilO 
T,c","" ",',il< 

Lm~ 

T,,, 'me" ' 
~;" 

j '''''' '" CfJ<' Site 

]'"',,mCfl( '<'Jt< 
rm~ 

'f "s , rl.l~o , U.(I{J! , n.n·1n 

" 0.!16 
11.1% , U.J% , n.'" 

" 11.1)'13 , 0.1,6 , 0.03 , 
, 0.0-16 , ij,(l{J2 

'" fi.lt9i 

F 1' --
l.Ii-l ," 
o I' l '" 0.26 '" 

------
1.l<J ," 
I' 71 "' ,--- ,,'.' 

.'--' ' " U.57 ," 
o 37 '" 
"5.~-I , .. 
'·1.5~ 
o Ol~ '" 

Kru'kal- Wall is [e,1S r.i leJ !o Jdec1 any ,i~" i tiulTll difference' in Ihc abLLIIJ.nce, of 

/ooplank!on. mytiliJ, or bi ,'alve.' . t different Jc'p!h.,. i ndicming that tile,," Were no! mmi ~ l'<1 wilen 

[ile s","pics Were co IlccteJ. CypriJ,. ix)we\ cr. "ere ., ign iticaml)' sl,alitid I k "dal- I,' a ll i, lesl. 

II!." -7,18. P < Q,Q5), Il igiLer d~nsj!ie, were [ounJ at !he miJJ k anJ lxrnom. which we re nol 

, ig l1 ijica lltly dine rent. ""d fe""" C} prids "ere fOlmd J! the top (mult iple compa*om kslS. Figure 

2.14). 

Pal/an" of' adult rnus"e/ s!(ltlliing stud: 2(11)3-2004 

1'wo-way .'\ ~OV i\ TO"e" Id [I" si gTl i Llc.nl Ji Il"re[lc", t><tycceTl ,ilcs or ye"" ill I he Mlull 

stock of 1'. Ilemu JI e.ch ,,[!he ro cl}' roi,,,, (Yea" .\.i s - 0.0 1.1 . F ,-" - 0.032. [lm.<i gl1iGcaT1l; SilO; 

MS = 0.223. F, ,, - 0.542. [101 sig [l ifL ca[l!; Ycar'Si[c; .\.is - OAII. F."" - 4.437, r < O.On Illis 

~Ilaly'i, 'lCccssaril)' OXcillJ. J ll-,c l-l lack Ruck Smllh si!e "-, i! was <anlpkd 011 10' ill 2003, Yea" 

G5 
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Figure 2.13 Ah"" ,hut 0" (If zooplankton" nd lU<ropl.nl.:tull in ~n,1 0"' of ,loon>-p"r"I1,-\ foam 
lille. I _"e.!in", at " h l""d J{""I,. [I,,) III{ I) I .. J{"d..ra;1 lln): (RTI!) ",,) R",klai) ['oim (RTf'I. 
r eO"l"," ,,!, nt<' "j[lli" Iii,' i"oamliu(' (biack) ""d" 4U III ""ay from (ht foam lin< (g .... ~). 
~~i!h~r ,il. n",- I,-e"!men I ,,", 'il.:rI; tit"n( i'or ,_""pl." ~t"" Ilinn"" or for m) (iUd" For 
hi> ail ~'. bui ll [.cl .. " "ore .igniticant. " hilo for c:'I'l'id, ' '',I~' {ht im .... <!ioll ttl"m '"'' 
,i~!lili"anl. nata ""r~ {r.",formed for "!lal~'<s but ... ~ jll'tsOIll<d here utlf .. "",formc'l. 
Values ar~ ",c~n' + ~L 
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WerC the" combincd for a ollc-way A'IOVA wit h s it~ '"'' HHl<lom iactor, including tl>: d"t" from 

f>bc~ j{,){;~ South. Thorc was then a sigll ,ficant ditfe .... Jwe b<-twe~1I ,ites (MS - 0.861. F",,-
6.~30. P <: 0.00 I). with t11<- unha,,'.skd lliock I(ock soulhem ,i l. h"v ing ,ignilkmlly iligh~r 

ck-lisiti~, or adliit muss~ls than any ol't11<- 011"" s ite, e~c~pl Rock",il Poinl (rigur. 2. lSi. l1,.,e 

w~re als.o ,ignific,,,,t ,Ii tferenc~, in the "long,11O,e d~n,i(ie, of myli I i,1 I,,,,,,,,e IT "bk 2.4b). which 

ach[~v~d gr~ater ,Ien,ities m I:lI"ck Rock Po int (wile,e I il. ,kn,ily or ",lull m u"eb wa, higl""t) ,md 

at Lab Nek Point (wtler~ til. Mn,ily ol'wopl,mklon w,,, iligl>:,ll. 

2.4 IllSCLSSION 

]],0 larml p(l1I1 

Fcml'orui1'ariahililv 

Ikns[lies of mop lankton and larval taxa all var i ~d ,igniticantly among momhs (!'aIM 

2.·ia) The densitie, of m;-tilid and bi"al"e lar""" did not however, corres]Xlnd 10 high recrllitment 

periods for Pema perna or nwciliJ,,"res .'~lt1is!ri"!II.' (Chapter ·1. thi' study). Tl1i, s itllat ion 

corr~,po nds with that report~d h, \-1cQlIaid and Lawrie 12005). who found three per[",I, of 

sigll ificantly higher than normal myt ilid larval dells iti~" but no correlation with 'pawll ing time, 0] 

settlement jX"aks at site, they e,,-amilled on tl,.. s.o uth coast of SOllth Afri~a. Mu lti ple regression 

analy,~, in my stlldy did show that myti li ds a11(1 bivalves w~re significantl;- and ]Xl,itively 

~orrebt~d wit h warm~' w"t~, that was lower in pilytophmkton, whi le ~yp'ids we,e correl"ted w 

~oole, wat~r lhat was higher ill phytoplankton, and va ri"b i lity in 111<-,e 1'1<'10" ,",socim.d wil h wind 

~V~lIts (and tl,..refore the presence or abs~nce of upwelling) might e~pl" in tile hig11<-' or Iow~r 

demities of t11<-se taxa during different momh, of th. year (Table 2.6). 

Parrern.\' u( ai>lIIulanc" 

The ,Iemil ie, of ~yp'ids. mytilid, . bivalw, "'I<I ."l()planklon w~rC "II veTy low ~olllrarcd lO 

tilo,e re~o"I.,' in other r~gion' ofSoulh Ai',i~a. I foulld !LLC"" (and Ill",imum) "alue, of 

"pproximm~ l y 0.(14 13i. 0.2 (15) ,md O. I (.I) !LL' t,l[ mylil id,. bi"al"e" and ~yr<id<, rC'reclivel, In 

1~'f{).<II> .\kQu"i,1 ","ll'hillirs (20(~)) invc<tigated lhe spatial di,tribution of p, !"'nt" iar""" in 

""Ie,, 41lO m i'T(l1ll ,ho,e nc" r ~Orl Alfred on the ,outh ~oa't of South Afr ica and fo und den, ili.s 

of l" rv,,11' peen" var}'i" ~ i;clween O"nd 140 111" . In the <am .. ar~a. Porri (2003) found me,,,, (m"~i 

,I.'''ili., 01',,,20 ( .1(~)i 111 " 1<,,, P. f1~ma in 2()OIJ two order< of magnitude gr~ater than t11<- mytili'l 

,I.,,,i l",' I ,comd",d in M "rutaland These ck-nsil ie, were highly plrls~d. as Porri fo und 00 I. ",,,;: nt' 

1110'1 ,a'LLrlin~ ,,,,c",ion<. McQlraid and Lawri .. 120(5). working: in a simila r '''~" tn POrTi. found 

equivalem mean ("' ''''') Mns iti es of ,~IO 1400) m ". but. as irr my stll(ly. 1m .. "" w~", p r~,.nl al k"'1 
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in I"w mimi",,,, ,'" 80% ofl)",ir sampling daw; from I'eb ,u"y I'FiS In April I~~~. On the we,1 

WZLSt of SOll1h A fric,. in the cooler Benguela Current where wind -dri"en lIpwellin;, is pre""km. 

larval biva lve (knsilie, "f25OOD·200000 "," wer. r,conkll ""a"nt, r, in SI Heklla Hay. an 

additional slep up of Ihre, nrde" "r "'agn il\~k from II", S"ulil Coa,] (U i bl.,.,n, el al. I ~'N) 

The maximum ""Iue, fO Llnd in M"put"h",d were also lower lilall lilo'O fnund in Sludie, ill 

oth er Pc'lt" oflhe world . In the Outer B" nk< of i'nrth C""li n". USA. 'HlO Ity;r "Iig"lrophi~ we,ICrn 

bnundary current system injj uenced by wind-illduced upwd ling. the demilie s of i nsllOre larvae 

'P',nJled 5-746 m" fur b,,,"ad , c}'p<'ids and Ik~ 16 ",_3 for bi"alve,. wilh b..-)(h t,L,a peaking in 

dell,ily ,",ar-,i"",lla""n", ly (Ciar land and Zimmer 2002) , The author. concluded th"t in th is 

,hal low dqJ! h the Iwo t,lxa werC moving in a , ingle I"val pJlch. In a 3-hnur ly ' lUdy ,,( a 'imilar 

I"calion blll al Jeeper depths (:1, 9 and 12 m ill 21 -m ",mer) the h)llowing yea r. bivalve I" r""e 

de", ilies span""d 100- 10(01) m" (Gar1a,;d el al. 2002), In anOlher I'm "r the ",me 'tudy, II", 

veligers ofllle bivalve Mya ~rm~ri~ Were f",,,,d in densitie, t" 300 "' in depths up to 14 m 

(S hank, et al. 20(0), On the west coasl ,)r~orlh AI1,e rica, in Oregon, USA. " , tu dy of "' ''ssel 

It,.""e a"d barm,ck cyprids rep"rled de", iti" of "'u,,,, I It""a, rallgi ng a~n'" o-x 17m" ", ilh Ie" 

th an 50 m-' on most ,am pl illg <"c,,,i,,n,. alld Jen,ili" or c},p<'ids averaging 40-"70 m'" wilh 

1B<"i"' UHl den,ilie, <.' r I 411-41)1) ",-., (\-kClIllc><o1\ and Shanks 200]). Finally, in ,nllll",1'n C, I ifor nia. 

USA. c"rrid demities we," f",mJ lO 'pall 1I.3·n ",_J, al a dislal",e of .1011 m fro m the shore (Tapia 

2oo5j. con,id,,,, bly !ewer then in the , tudi., in Korth C"ol i m,. "n.d "'ore wn,i,leIlL wilh Ity; re,uiLs 

I recorded, 

Iflan'al d;l1,i!ics ,,,', a, 1."' pon, lly p"l",d 'os " ,,'" ""die, illdical, (e .g. I'orri "In,), Ih, 

k,w ""lui.", in my 'llIJy ~oulJ si mply I", d"" to low ,amplin;, frC<I''''''''y, ' Il,i, is lI11li kely, tK'wever, 

a, ,a"' pl ing was 'CreateJ ,)], , i, neca,iOllS over I" day, duri ng pea k ,pawni n ~ perinds. 

Palle"n< o/<palia/v"riabiiil)' 

Despite tl'" I"", va ill e, lor the densily of all tIle pla nktonic group' I considered. there "ere 

n,,,eT1l>:;less 'ig ni 11 e"111 sp"t i "I pmtern, 11"'1 ind ic "te P'Hchine" 0(1 ,,,,Ies sm"lIer than that of the 

sl,"ly """ (Table, 2.4 an d 2,5. rigme 2,·1j, The overa ll biomass ofzonpl"nkron wa, n"t corre lat ed 

with ll>:; d,l1, i';", '-' r any '-' r I he ""riabl., ",,,niJ,,,d, '" the mul li pie-regressio n llI odel de,cribin;, 

Lh"ir ,ITe~" ",a, "'.' l 'igni r,calll (Table ".6 j. There wa" " -,wever. " ' igni r,cani i I1cr",,,, rrum norlh 

1,-, 'ollth. wilh greater ~oncell l rali<-"" a""mJ La la ~d, th, ""ll"nmH.'" ,;Ie (Tabk 2.4b j. 

A Ilhp ligh ll>:; dens iI i" of ll>:; laTval La", we," Iwt c<Helmed WiIh ",eh "\I,,,r in \I", mulliple 

regr"si", allaly,i " ll>:; lln,e COlllribut,d ,igni ll call1ly I" tl'" ""ri"bil ity "f e"ch <J!l>:;r when 

lelllp:;rature and phytop lanktOll were 'Ktd,d 10 II", l11(xkl (T" ble 2'(,). .1111 Ihre, ,h<.,weJ 'igni r,~"nt 

,palial paLlerns in!he sludy iJTOiL al !h<~.Ig h Ih" e diITered among the la,a . . 1111 Lhe'" we" 

C!}OCenlral,d m"" illsh,)Te Lh'ln nrrshore, allJ at pa'li~"lar sites al"ng I he coa,1 (Figllre 2.4. Table 

2"1). In co ntr,st McQuaid and Lawr ie (2005) did no. r,lld any ' ignill ~a11l dit"fe rcllces in P p"ma 
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alo"gshore I)atte" , L" their sludy could he due to lhe m LOch s"", lloT ,"ttle "I' their Sllmpl ing, witl1 

".pliemion withi" 0 study "rea of on ly 600 x &00 J'" McClLlloch and SI"",", (2(~n), in conlr"'!. 

SOml)led ot 0.2, 0.1i and l.5 ""l fro", 'hore and 10",,,1 oolh lTl U"eI aLld ham"lo 1""'"0 to oxhibit 

SI)ati,,1 st"""lUre, hei ng consistently least abunda," at the ",,1St, ,,,h,,,,: .,auLj)ling ,tatioll, "rid tt..:y 

omi hliled th,_' to the l>re,e"ce of a t,)pOBrophica IIY-H~neroled fro"t at liLe mouth of th" btty_ 

The I'lIy,,;cal environment and I'h)'lOphmkl"n cmICCIIlrali"" 

Large-sci/Ie ""s/wre Iran.'ifXJrl mechanism,,' 

In winter, 110l111.asl.]'ly (upwelling-po,itive) and sO<lthwesterly illp" elling-"ogotivo J wj ,>:1, 

",. g~ll<"tlly eql",lIy freq uellt in KZX belt in til< slimmer the IlQ"Il<JSterly wind.; domjnate (1llInter 

I 9XX)_ SO\Jthw~".TI Y w illd 're.d, "rO ,lightly gr."I.]' 111"" '1Ot1l1e",l<rly. belt m<"" wi"d 'peed, 

h,wo previ ",,,Iy b.~n ,",,,,,led "s being 7-8 111.,' in imth directions (Ilunte, I ng). and were 'lightly 

I"w~, durillg til. course ol-my st udy (monthly Ill."n, s]J'ln1l<d 1,5-4.0 111,'-'), This could be due to 

til. positioll of ,l1e "".1n"met~r I us~d. wl1icl1 Wtt, apl'roxiJll'lIely 2 km inb nJ and behind tho coastal 

dunes, Along,llOre WLLld" o/1;;l1or. I-:km"" tm"'p""t 'lnd upw.lling I"v< iJllPOl'"nt iLl/h,.nees on 

liro I,-"vi,i,,,, ,,1'nlHTLc"h ,md Ih" lrttnspmt ("- relolllion ofmernpl"nktolli, I""·,,. in 0111.]' w<st.l'n­

bOUll(bry ,lIrr01ll .,y"."" in the world (Sha"., d "I, 2(~~); (j"rhu,,] 01 "1. 2002; Sh""ks OL "I. 2t)0:Jbc 

Sho"" ,,"d Hrill" 2(~)5 J. 1'Iri, bl to I h. ge"",,)lion of the IrYI',,,lh,,,i, ll1ttl 111. ,t'Ol1g ttlollgsl1o," 

wind, ill ~bp"t"blld ,timlll"t. "pw.llillg in,h(n ol'tl1o Agull1tt, C"rr.lll. J(N to tile S0lHh nt 

M"pu",I"nd 11,. i"01,,",,,d widlh oflh" :-."",1 Righi tn!ill' tl'" IIgullws Curr.11I "Wtty from ti,. ~"tt,t, 
topogml'hic"lly induciLlg" e~l1t .. whe,e co,,,I .. upwoll <d w"t.r i, th~n cilimilled ttml .ddied '" f"r 

soutl1 as Duro"" (LlIlj.hanm <t ttl. 2000,,, ,,·I<y .. <t "I. 2002), tt., o"id<nl i" Ihe 'ttkllit< imago' in 

Figu]'e 2. I O. Ne,,]'by, in 'Olilhett,t Modogo"ar. a"OII",,, "P" oiling coli ha, I",e" Ldemified i ",ho,.e of 

til< ,0ull,.]'n ,um 0 r I he r",t \-iadogascaT ,u'Te"t (I."ljehW"ll" and Machu 2(00). I lowever, I have 

fO(Hld "" l>revi'Hl' mention of wind-i\ldllced off'hore Ekm"n tmnsport in tb. lil.l"lIlIl'< tel[ til< 

M"pULttlarxl rOH i"n . III Ll1 Y .,1(Jdy. UI)we ll ing-IXls itive wind, and reductions in bentl1ic temr<"lIur. "I 

SodW""tt W.f< l1,osl p()Silivoly 0'''] ,igniil~o,nly correlated atie, I"g_' of 12-]6 hOllrs. tim is, l1<ntl1L, 

tempe,mure, d.c,""sed ,,24 hour, "fl(:T 11'", Oil"" 01' upwoll ing-p'"iIi\'e wind event" Thi' is " 

strOllg indic,,1 ion thttt upwelling dc.,., occur alo"g lhis coastline, Thi, W"' confLrJll.d will1 

otis.]'vttl ic'n, of "'k ll i lO imoHo, in conjULlct ion wilh lempermu,. "00 Willd r.cords (. ,g, Figur~ 

2. I 0). '" ",<II '" tho , igni IL,onl coherence I"'lween te mperature '!l1d "longsl1oT~ "ind ttl )X:rio<h 

bOlwe~112·9 day' (Table 2.7)_ 

' I hero "'" II, 0 other IlOtential deli"ere" of puL",d upwelled water I" the noar.,I""e 

~nvir"nmonL I'ho first i, intern"1 tidal bor." or b]'<ttking iTH~rr",1 ti(b a,-,ocialed with spring tide, 

"hi cll Cl')ul d I>u_;h up be,nh ic water trom IUrll1.r ol1shore (~i ,wdo 199.-1) 'I hese would be , igmti<d 

hy" "egula, iortni gl1Lly o,,"urrOll,~ oreoolor water (Pineda 19~5). A 14 or 28-d"y (tidal) cyd~ of 
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",,"min~ ,,[1(1 c"oling "'''' "01 evid.nl inl h< temp.TOlliT. p"",.r ,>",cln.." i [1(lic"l in~ Ihallida l bOTe, 

arc prnbably not a d,)mitlant foature in thi' ~"'a (rigu~ 2.9 i. '1 he other is internal ",ayes tiM can 

gelle ,"l e lhe eb,ernd loom line, l'T , Ii ,-ks, ''I,d "'~ a 1 ,,-~enl i'tI ""'lwr~-IT""'p<'" me,h;mi "" for belh 

PJ'iti "~l y ami negatively hlll'y''''t m."'pl ""kll", i, klT"a. (Silon ks r ~83. \V ol dron I 988, K il1~,roTd 

1990). AIII"'11£11 illl~nlal ",ave, c"u ld be preselll ill Map,Jlah",d, (l1e), ",.Te n,,1 ovi(Ie,,1 a, ' T"'WT 

"'b,e ry~d lh<-iT ,han!cle" , Iic ,e ri ~, "r,'-l1or~-p,"allel ,Ii,b I1wving ,I, ,,o,,,a rd. 

Til. li"a l "' .. =<, 1 (", . an"paphi, fe"llIre Ih", ,,,uld ,an,e ben lhic ",,,I ",,,tcr inlru,;,)n int<) Ihe 

n .. ",il OTO is" pu l'.,,, ,, 'Ii l",y ,,,,.an ·w~rd, ",caTK].T ",' an olho""i,. ,tablo current , uch a' th e 

Aglllha" ,imila,- I" Ill. 1\ .1", I'u l,e Ihal ori ginat.- in Ihe Natal Ilight edd)' (Lutj~harm5 .nd Rebert, 

1488. Llili eharm , and C,)"ne ll , ~~~: l.uli eharm;, et al. 2000b: Lutj~h.rms et al. 200 I). but 

"Ti ~inalin g funl",r TWTl h, [>Crimp, f,om the Dol age", Ilight edd)' (Ulljeharms ond Do Silvo I QS8i. 

~atal PlIl"" mol' ~nh .nce lIpwellillg at tl". ills l",re edge ol'th< Ill"ill ,1",al1l ol' th< Agu lil "s Cur,-.nt; 

ifp Ll I,o, W~re t,) f,)[m a, jor nerth os Mo putol"nd,l' ri ginatillg ",itilt he Debg"a Aight edd)', II,.y 

cnu ld calise beth II p'''~lIing ond in,hor~ cO linl oT-c llrr~nt5 '" (l1e), Inw. ' hy (M, RoboTI" p. r,. ,"~!I ,). 

N" ill/'o"'1<Hion i, curr~nily ,,,,,,il,,hl. onlh< i",i,",n,. ol'.dd),·inducod ru l'e, n""h " r c aro Vidal. 

bill " r~",,,d ,,1' Ill e .. pu l,e" ("k.n fwm ,me llil . SST image ,-y "r all im . l,-y, "naly/ed l('!-'cll"'T witl' 

tt,. I"'THlli, LCL11f"'ralure d"l" pTo,e rHed i" LI, i, chaploT, Ill igh l Tevoal [hc i" n LlenCe 0 1' \lnz'''!1 bi 4' '" 

Ch~r",d Or l>ela~oli Ilighl c(k]i e.' ,)1, i r"h,,,o dy"am ic , in MapHLaland ('I'. I ,an"'"t, f"'TS. Win.). 

fhYlOplanklrm "on('mimlion 

Vcr} few ,tlIdie, describe tr". characleriseie., of ph} topbnktell concentrmil'n ill M" puloland 

", ,,te rS. but the yo luos lhm ha; 0 ken rccorded Or<" almost olwa}s ,ery ],m· (rc" i~",od in Ca,ter C1nd 

S,I1 I.y.r , n~). (;cT,.Tally, ,.-."rd,." ",~"i(1cr pl,"'kl"" d)- "ami" in II,. ro~ion "f II, . AgLilha, 

C UTront to be rhy,ically m~diated, and Meyer d al. (ZCI4I2) do,cTi b" nutrienl levo l, in th o Agu lha;, 

Current region as relativel}' I,,,,,, poo king i!l th e nOTl irm po~ nfll'" l\alal Hi ght. \.1. C Pfaff 

(un pub l. d"t") r~e~'t'ded el11 II co ne~nt ration> l'f 0,08- I ,87 mg.,,'-' prexilllme Il' rock)' , hl' r-. w·ithin 

m)' stud), "Te" t.. t\" <en Augu,t 2003 oml August 20M: th i, is s l iglltly lewer th,m tho l'I1,110'" 

",Ca""emO rH , rq" ,t1.d in m)' 'Iudy, Al lllOUgh pl1yt"pltmklOIl con,o nlrmioll' ,OntillUO,I)' r~m"in.d 

I"", "~)jnpared to ,)Ih., regio'" in ,,'whem A I'ri,". Ih<)' did re'p'>rld p",iti..-eiy I" d.,,,e",. , 

temp.e,-alu,e i rl the rre..-i '"'' day (Fi~I"-. :' .:'b,cl. Illi, indical.' Ih'H the upw.lloJ w"lor m"y m" 

an i), b" c,,,)ler. bLil also rT",}, ITa"'p"t1 Tn" ricn" i"lo Ih is '>lI,.rwi,. r"lITi.nl_p<'" ."yim"ment . Ille 

si~ni flcant ,i[!I LlltaTwou, corte la li "" t..1 "' •• n incr.,,-.d 'IIT I'"". ph),I " p,""kl"n and re(J,,,,od ,uThc~ 

tem l""mure <i<-riwd f",)m tho saLc l1 ile dalil al S(xl""na and M"rLl I . I~nd "~)I1Il Tm' Ihi, T. lal i"",hip 

In the ir inyostigatil'n of th e pa,c h size, ,)f in "iI1l rh}' Lop lan k ton a long co""al Ch i Ic, W i~lor;, OL "I 

(2003) iOlll,d r".r; i ' t~nt di fkro ne~, betwe~n s it~s I 0, of km o par~ and auriblilod thm to h)Cal ized 

upw. llillg cell" n,e pmc h ,il~ of r~ly,op l ankK~l ",os lar~~r in In} sludy, being -23 km Lngure 

2.7). The IdJ putalJnd coastl i no j, Illuch less spmio lly irtcrngeneoui, lh" n lIldl of c~ntml Chi Ie', '0 
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upwelling i, ,wt e,pe~leJ W h-c '" 1,,,,,,li/ed_ Hl'w~v~r. if locali/ed upw~lling de",' nDC driv~ the 

paldLlll~" 01- phylpplilnkloll ill M"putilkmJ. heteroge neous physkal drivel" (bntwm-up el1;'ct5) or 

va,ialion in COt1Slllnpti,'n (top-down etrec!s) may ""velthele" ~xi'l alp"g th~ I~ngth of tlle e,""lIi"e 

Ihal will aller the density of ph) wplankwn at me,o-,eal., ,uch as th~s~, 

nit Inw lewl, "r rllllri~nt' and phytopl,mkton ill tlJ..> ne,,,,hore wmers or \1apuwlaml "ould 

ha," imporlilnt ciTed, l'n ""'planktl'n &,o"th aLld surviw,rsilip, ~!0'1 mussel and barnacle lan'''~. 

inclLLJing mo,t nf those in this sludy, ar~ pla"ktotI,'phic, altlwugh lar"'le "f th" b'lrmlcie Tame/ila 

squamo.'" ruillli",,'" arc though' [wt to be '0 (llarn es and Achitm 193 I). For plankwt rophi~ 

organisms. fo-..ld [imitation during the l'lr",,[ slage "an!".. 'he most impoltam "'Ufee PI' I,,,-"al 

monality where p,-imary P,-(x[u"1 ion i, low (Ol,,-~, and Obon 14~4; Sh"nk< 1995; Ani I et "I. 2{){) I ; 

Desai and Allil Z002J, and tlo.o timing '1Jx1 "buml'ltlc~ or li'(x[ can 'Illeot ix' ih 'he de"elppmenl alld 

compote"cy of pdagie laI""e (Rod,ig<Jez ~I al. 1'19:;). ,\ gr", illg ~fle"1 "oulli ,herel(''-~ explaill 1 he 

negati,e patlial cOIrelmio" t<.~JJld belween Ix'th 111y lilid s 'mel hiv"h'es and phy lop lilnllOll ill!he 

multipl~ r~g,~ssion analy,i" Inter~' l ingly, 111<' ge"eral biom"" PI' z(x'phn~ Ion was 'wi eor,-~hLeJ 

wil h phytopl'I"kl'~'. ~ither posi'i "~Iy pr J1<'ga'iYcly. 'I'h. 'p""i~, ~f'"p<-'S i,i(", l't- ,ILe z,"''PI""'Wn 

P""--,I v.,,, highly "ariable ,mlOllg lhe ,ample, lalell in Ih is "uJy (pcr>. oh>-), ""J rilngeJ frr,n 

he,bi ""Ie-doL"illat~J (mo,lIy ""I"'P'''],) !p preJ"ll'f--Jl'mi nakJ "''''''' hlage, (chelogna!hs illx1 

,'the,,). and this could e.'plain Ill e I,, "" 01' "orr.I'lli(",_ 

Sm"lIa-~c"/~ ollshore lran.'port mecl"",bm, 

n,e la]'l',,1 p(x'i "'as '''mp l ~d t(lT "erli"al w" ,iJic,,,il'1l ,,' lILfe~ Jeplhs nlT,hore "nd ''''0 

dep,h, iLl,h<.>re pn one d"y, and ,hen ,,' pne nlr,hore , ik ill 'hree depl h' on a secl'nd da)' in the 

1;',lIov. ing yeaI. '1 1"'ay, d lIring Ille re~ruilmenl T"'ri,ld for I' perna_ C) prids "er" <I", only taxa til"t 

show~d" signilicanl v~rlie"1 pallern, will i higher den_,ities in lh~ middle and bo<wm <!rata (figur~ 

2.14), TI1<',e I~sulls agre~ with p'-~Vil'lJ' .,ll.Jies el"""h<:re. In Iheir 'tudy of P_ p~ma ,ll' the ,ou lh 

~,~"t. Mc'Qu'liJ am[ Phillip' (11~){)) j(',und [\l' \'~lti~al s[fmi fi~mion ,ll' 9 or 1 I "'",piing (",c"sion" 

and ~,'ndLLd~d tha i 1', pe,."" Jo •. , m" UOOL-rgO did vetli~a[ migrati,'n, [n a ,t udy "I' ehlh"",,,loiJ 

bamade I arv"e ill ",-,w hem (' , 1 i Fmi". I apia I cOO_I) foULx1 that althoug h lh~ na~liar pI""e, we'. 

"1clI~ 'I bUJldant neaI Ih~ sud'"e. eypriJ, ilggreg,"eJ ""arer th~ botwm. 

SlloIe-parall~1 or cUTvili",,", ,licks or foam lines ill the ne"rstlc,,~. "III~-,ugh all ,imi lilr i" 

apl"""''''"~. may he "illJ.",J by a sui(C nf different mechani""" all of whici1 ~,'uld l'" i",por~ll1 l fOf 

'he phy,icall1yJ ,-ogrilp hy Ihm ill nUCIIC"S mer,'plankton uymmi~' (Kinpi'cnl 1490), TI1~ I,rst 

ITl edkllliSln i, "illJ·Jri ,·en ) .angmLLi, circulation c"lls that ,,"~umul"te buoyant p"nicle, ,mJ 

up",,,J.,wi ITlming or~ilnism, a.; dl"y subduct (L""gmuiI I 9:;8. King,I(>rJ 1990) 'I'h" ,~e,"Ld is 

"'pngr dphicall y-gen~rated fr,llm that I<><m a, Iwo w,"e, 11Id'''-', ml'Ve YO rl ieally aga in,t each OIl1e,­

(M~Culioch and Shanks 2003; Shanb ~I "I. 20me), alst' cilusi ng tile ac~umulation of buoy",u 

patlid~s 'lJld upwarJ.'wim '" ing orgil"isms al <I", interf'lc~, alth<.~ l gh Ihe,. "iln he "iJe, th,'" ,tIc",e 
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"o""ved ill my 'Iudy (King,JeHd 19'10). f ill"lly. ,~(, ohlic," or loam lille, ma)' k cr~"L~d. "r1<1 

lhen I",.hed ,horew"rd, by inlernal w",e, passing Unde[[LCmh (Lwing 1%0: Waldron 1988), The,;e 

sl icb ""ve ken I,'und 10 pu,l1ll", larvae "r jish<:' an,l inven~hmLe, soo",wJrd ill oll1el ran, "r II", 

world (Sh""l, I nl. I ~~~). 01 her ",,~allograrhic Inech""iSlT1S ""ve als" t>een l1},prn l1e,i~ed I" 

tr""'port la,,''''' in t I", nea"I~"r~ ~mironmelll, 'uch a, upw~lling. II", ,elaxation ol-upw~llillg "1'1<1 

:>eli,e ili'wmvclling (horrell ~I "I. I ')'II. Roughg"Hlen eL al. 1991ac Shank< ~t"1 201~1; oul ,ee 

Shanls and Ikink 211115) and brealillg inlernallidal w"'~,. Or lid"1 ho,e,; (Pined" I ~~4_ I ')'IS: 

Va'g,,-' d"1 ZI~14: I.,,,bh d"1 ZI~IS)_ bul nei Lher l'f the,e "ll'l1" Ca,,"" ,I"''''-p"ralle I fo"m line,; l'r 

sl icl. _ 

All ofll1e II1",e oceaoographic processes Ihal cause shore-parallel foalnline. will 

accumlliale booyanl patlicles alii", Sllrtace, bUi only inlernal wave, or IOIX>~raphical ly-ge neraied 

h,ws COti ld p"'lenLiall) al;o accumulale den,er patlicles td;}w Ihe slicks Illrough Ill< bulenl eddying 

at II", pycnocline ooLindary, 1 cOllld find no differences in zooplankton biomass or Inylilid densitic, 

in and ou! oflhe shol~-r"ral("1 slicb. blll tl'" ,Ien,ilie, of all bivalve, (which w~le genemlly 

ver1ically Ull<l,ali ti~d) w~re 'iglli Ilcanlly l1igl",r i nsi,(" alllile hom lir"" salnr("d and cyprids 

\ which wer~ found", "cCUm LLbl~ n~"r the ",'limn) w~re signi 1,,""l1y l1igl1"r in ,orne l,r I h"m (Tao Ie 

2,8. rigu", 2. 13). Tl1i, ,ugge'ls tl1at _,ome, bUi T)(}l all. of Ihe shore-paralic I ;;1 id_, sampled in Ihi_, 

study we", occulnlllating denser partic!c< ;;\lch as larvae_ and Iherdore miglll be c"u_,~d by fmnl< or 

inl~r<,"1 wave, mt l1el than wind-d, ivc n Langmuir circLLblion cells_ Fl" imern"1 "'""e,; '" h" pre,em. 

" pycnocl ille is lequ i",d in II", waler column (VI ann and La,i~r I 'i'!6). I, n fl,rtLLnatei)'. no sal ill il},_ 

"I lemperJlllle-with-,lepth measuremenlS were mken on Ihe da}',; Ii'"1 Ihe ,lid, W~Te ,"mpled to 

i ndi~m~ " 1",II",r or nol " pycJ)Jc!i '"" was present btLI "II day,; "ilh meaSllTemenh ,Ill'wed no 

py~1)()~li"" ; n this 'Iept h "I' wain In addition, sels of ;;hon'-paralle I _,I id_,_ indicali 'e l' f inl emal 

waves. "e,~ ne, er ol"er,~d. "" io i, I ik~ly tiM tl1i' is a lopographically-generated fmnL 1I."lhe1 

lhan dri,' ing c,,,,,-,I""e lransV"-I. I il i, front wOlild act as a barrier 10 advclion fo, meroplanklonic 

larvae rMcCulklc h and Shanb 21~1.l. Silank> et ai, 2oo3c), TI",se ranerns "'qlJire tim l"" 

ob,e"aliorl 1i1[()ugh carefLLI lar,a l sampling "nd 'lC~an<.ll'.raphic Ineasu lements t:.cfore dra ",ing any 

Cl>rlciu,il'n, "1"'Llllhe process Ih"t formed Lheln and II"'ir role in lile on, llOre-transllOrl of 

meroplanklonic lar;'ae 

The role ~(llIrml behllvior ill ("'''''por( pr<lce,'_,e,' 

In It.. i, >I,xl) 01' tl'" meroplanklonic larvae of C()nciwlip"x <'oncholepm ;11 Chile. P,'ulin et 

al (21~lc) Clm~luded Ihallhe di,tlibulion of compelent lar.ae "as deLermined hoth hy plly,ic"1 

Iml1Sl"'" mechanism, (in tili, case. downwelling caLLs~d by allmgslwre willds) a1'l<1 h}' larv"1 

behavior. ",hich mai nlain~d COmpelellt larvae neal se,,1 i ng areas de,;pile II", presen~e 0 f 

mechanism, Ihal mighl h",e Iral1S1X>r1~d 11",'n away, In my ;;Ilody. "lilaXa W~Te fOLind 10 t>e more 

dense in_, I""e lhall oIT,;I""e, pc,ill!p' due to the l>resence ora 10IlOgraphically-~~""ml~d fTom al 12· 
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17 m depth that prohibited offshore advection of the larvae. Of these, mytilids were found to be 

most dense nearest two particular rock points, Black Rock and Lala Nek. The study area as a whole 

was selected because of its repeated pattern of small rocky headlands and long shallow sandy bays 

along a straight contiguous coastline, so that the rocky headlands are nearly physical replicates of 

one another. Biologically, they are not replicates, as the central ledge, Black Rock, has a 

significantly higher density of the mussel, P. perna, than exists for IS km in either direction along 

the coastline. Additionally, a second, smaller area of high-density of P. perna has been reported on 

a small island SO m offshore of the rock point just south of Lala Nek, called Island Rock (Sink 

2001). The significantly greater densities of mytilid larvae inshore near the adult populations at 

Black Rock and Lala Nek could be an indication of associations with adults related to either 

spawning or settlement events. In contrast, cyprids were found to be more densely inshore in the 

absence ofnauplii, which may therefore indicate behavioral adaptations of the competent larvae that 

allow them to return to areas nearer their preferred settlement habitat. An examination of the 

current patterns around these rock ledges would be required to further investigate these hypotheses. 

2.S CONCLUSION: a conceptual model ofthe larval distribution and local transport 
near Maputaland rocky shores 

The meroplanktonic larvae and coastal phytoplankton investigated in this study did exhibit 

spatial patterns, accumulating inshore and around some headlands, while the general pool of 

zooplankton did not. This is probably because the zooplankton pool was dominated by forms such 

as copepods and chaetognaths, which are open-ocean neritic species, whereas the barnacle and 

bivalve larvae belonged to species whose adults are confined to the intertidal zones of rocky shores. 

Phytoplankton increased in density 24 h after the appearance of cooler water, which appeared 12-48 

h after the onset of upwelling-positive northeasterly winds, suggesting that wind-induced upwelling 

transports nutrients into the nearshore. Wind-driven upwelling may also be important for the 

onshore transport of bottom-dwelling larvae such as cyprids, and relaxation of upwelling may 

transport larvae onshore if they occur in the upper strata. Neither mytilids nor phytoplankton had an 

alongshore spatial pattern, disproving the hypothesis that eddying or slowing of currents within the 

bays is retentive for phytoplankton or larvae. Even though vertical stratification of the water 

column was not measured in the brief investigation of foam lines, the aggregation of negatively 

buoyant larvae within some foam lines indicates that a topographically-generated frontal 

convergence zones may accumulate larvae in this area. The density of adults may influence the 

spatial patchiness of meroplanktonic larvae, as noted with the increased densities of mytilid larvae 

nearest to Black Rock; whether this aggregation was related to spawning or to settlement was not 

determined. Additional sampling, plus further study at a fine temporal scale oflarval settlement, 
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associated with a rapid collection of subsurface temperature and salinity information, would be 

necessary to test these hypotheses. This would resolve whether upwelling, topographically~ 

generated fronts or internal waves are mechanisms of larval retention, transport and aggregation and 

are therefore important for onshore or offshore transport of mussels and cyprids in the Maputaland 

Marine Reserve. 
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CHAPTER 3 

Recruitment patterns of mussels and barnacles and benthic-pelagic coupling in 
Maputaland 

3.1 INTRODUCTION 

Many benthic invertebrates rely on pelagic larvae for dispersal, and the amount of 

propagules that then recruit into or from other locations forms the basis of inter-generational 

connectivity. Benthic-pelagic coupling has been reported in studies correlating hydrography with 

both meroplanktonic distribution and larval settlement (Yoshioka 1982; Minchinton and Scheibling 

1991; Bertness et al. 1992, 1996; Archambault and Bourget 1999; Wing et al. 2003). These authors 

found that when larvae converge or are driven inshore by dominant hydrologic or wind regimes, 

larval density in the plankton is a good predictor of settlement density. Although these results seem 

intuitive, some researchers have failed to find direct evidence of coupling between larval densities 

and settlement, at the scale of meters (De Wolf 1973) or 100s of meters (Porri et al. 2006), while 

others have found direct links at some locations but not at other proximate sites (McQuaid and 

Lawrie 2005). 

The connectivity of adult populations both in and out of marine protected areas has become 

a topic of increased research in the past decade, and is important because the factors that connect 

larval and adult ecology are central to conservation and management (Warner and Cowen 2002; 

Lubchenco et al. 2003; Roberts et al. 2003). In particular, improving our understanding of 

connectivity within and among marine protected areas has become timely in South Africa (e.g. 

Wieters 2006), especially under a new climate of ecosystem-based management and systematic 

conservation planning (e.g. Lombard et al. 2004; Pierce et aI. 2005). Of all the marine protected 

areas in South Africa, the largest falls within the Greater St. Lucia Wetland Park, in northern 

KwaZulu-Natal, and is now known to span two intertidal bioregions (Lombard et al. 2004). Re­

assessment, with regard to placement and size of sanctuaries and permissible activities (including 

extractive use) of the Parks zonation is currently underway as part of a legislative requirement for 

development of an Integrated Management Plan for the World Heritage Site. 

In previous decades, most scientists describing the intertidal and nearshore subtidal marine 

biogeography of the KwaZulu-Natal (KZN) coastline grouped it with the rest ofthe east coast of 

South Africa into a single region called the Natal Biogeographic Province (Hommersand 1986; 

Field and Griffiths 1991; Emanuel et al. 1992; Bustamante and Branch 1996). These descriptions, 

based mostly on species presence/absence data, were recently revised by Sink et al. (2005), who 

took both species composition and abundance into consideration. Further, Bolton et al. (Bolton et 

al. 2004) identified Cape Vidal as a biogeographic break for seaweed. Both Sink et al. (2005) and 

Bolton et at (2004) confirmed Jackson's (1976) suggestion of an important biogeographic break in 
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intertidal populations at Cape Vidal, within the Greater St. Lucia Wetland Park. Systematically 

ruling out the influences of sea temperature and wave exposure, Sink (2001) identified two 

correlates for this break. The first was riverine input: 99% ofKZN province's annual rainfall runs 

into the Natal marine province to the south of Cape Vidal, whereas a mere 1 % flows into the 

Delagoa marine province to the north in Maputaland, mostly through the Kosi Lakes system in the 

extreme north of the province. The other factor was the impact of human harvesting of intertidal 

invertebrates: harvesting offtake in Maputaland was 18 times higher than that in the Natal 

bioregion. One of the most heavily targeted species in Maputaland is the brown mussel, Perna 

perna (Kyle et al. 1997a), a focal species in this study. Sink's conclusion was supported by 

Lombard et al. (2004) who described two distinct inshore bioregions based on both intertidal 

community structure and geomorphological data: the Natal bioregion extending south from Cape 

Vidal and the Delagoa bioregion extending north into Mozambique, through a coastal area known 

as Maputaland or Thongaland (Figure 3.1). This break also appears to exist for subtidal 

communities (Lawrence 2005). 

Recruitment rate is a reproductive parameter that is strongly influenced by connectivity, and 

is a compound measurement of several important factors that influence the early life history of 

benthic invertebrates. Biotic and abiotic factors affecting benthic recruitment influence each of the 

following periods in this complex life cycle: (1) initial release of gametes or larvae into the water 

column (including fecundity, spawning synchrony, fertilization success), (2) emigration and the 

pelagic larval phase (navigation and orientation), (3) metamorphosis and settlement (immigration, 

settlement cues, settlement choice), (4) post-settlement survival and recruitment, and (5) juvenile 

growth and maturation (Morgan 2001). At each of these stages, there are intrinsic properties of 

each species and even each individual organism (type of larval development, behavior, condition, 

growth, sensory capabilities) that will influence its dispersal path and recruitment success, as well 

as extrinsic selective biotic factors (predation, food availability, competition, mutualism) and 

abiotic factors (temperature, advection, diffusion, accumulation, water chemistry, nutrients) that 

play strong roles in survivorship during the various periods (Morgan 1995a, b, 2001; Shanks 1995; 

Morgan and Christy 1996; Pineda 2000; Kingsford et al. 2002; Menge et al. 2004; Navarrete et al. 

2005; Wieters 2005). In recruit-limited environments, settlement and recruitment rates reflect the 

subsequent density of adults on the shore (Connell 1985; Gaines and Roughgarden 1985), and will 

influence the relative strength of community-level processes (Nielsen and Navarrete 2004; 

Navarrete et al. 2005; Wieters 2005). Previous studies have shown substantial temporal and spatial 

variability in recruitment among species (Navarrete et al. 2002), substrates (Bulleri 2005), 

proximate sites (Helson and Gardner 2004), different levels of wave intensity (McQuaid and 

Lindsay 2005) and intertidal zones (McQuaid and Lindsay 2005). 

This chapter investigates the recruitment patterns of the mussel species P. perna and B. 

semistriatus and the barnacle taxa C. dentatus and Tetraclita spp. onto natural and artificial 
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substrates at five adjacent rocky headlands in Maputaland. The most important intertidal mussel in 

KZN is the brown mussel Perna perna. Mature beds of P. perna support coastal biodiversity: as 

ecosystem engineers, they transform simple rock face into a complex three-dimensional matrix that 

houses numerous other organisms (Suchanek 1985; Alper 1998), As filter feeders, mussels actively 

transfer energy from the nearshore pelagic ecosystem into the intertidal, transforming it into a food 

source for coastal predators including starfish, whelks, seabirds, inshore linefish and humans 

(Pollock 1979; Griffiths 1981; Hockey and Underhill 1983; Hockey and Bosman 1986). Mussels 

are an important traditional food resource for human coastal communities (Bigalke 1973; Siegfried 

et al. 1985; Lasiak 1993; Kyle et al. 1997a; Cockcroft et al. 2002; Harris et al. 2003), and in some 

areas in South Africa their consumption prevents nutrition-related diseases like kwashiorkor that 

affect childhood development (Siegfried et al. 1985). P. perna is also one of the two most 

important recreational fisheries in KZN (Tomalin and Kyle 1998; Robertson 2003). Finally, 

mussels accumulate marine pollutants in their tissues, and can play an important role as 

bioindicators of the coast's health (e.g. Gregory et al. 2002). Because of its high offtake by 

subsistence harvesters in Maputaland, P. perna is of special conservation concern to managers and 

harvesters alike (Kyle et al. 1997a; Tomalin and Kyle 1998; Robertson 2003), and additional 

information is required to assist the successful co-management of local stocks established in several 

areas around the coast of South Africa (Cockcroft et aL 2002; Harris et al. 2003). 

Settlement and recruitment patterns of P. perna have been previously investigated in South 

Africa in the Natal bioregion (Berry 1978; Harris et al. 1998; and see Chapter 1), and in the Agulhas 

Bioregion to the south (Figure 1.1) (Beckley 1979; Crawford and Bower 1983; Lasiak 1991a; Dye 

1992a; Barnard 1995; Lasiak and Barnard 1995; Dye et al. 1997; Harris et al. 1998; Lawrie and 

McQuaid 2001; Porri 2003; Erlandsson and McQuaid 2004; McQuaid and Lindsay 2005; Porri et al. 

2006; and see Chapter 1). These studies have included settlement and recruitment into both natural 

substrates (mussel beds, algae and bare rock) and artificial substrates (scouring pads and brushes). 

In general, P. perna has shown a strong seasonal recruitment pattern, with spring peaks in KZN and 

winter peaks along the south coast of South Africa (Berry 1978; Harris et al. 1998; and see Chapter 

1). No recruitment studies of benthic intertidal invertebrates to date have extended north of Cape 

Vidal into the Delagoa bioregion in South Africa, although some studies ofthe settlement and 

recruitment ofbrachyuran crabs (Paula et al. 2001, 2003) and their larval distribution (Paula et al. 

2004) have been undertaken at Inhaca Island, in southern Mozambique (260 02' S, 32° 54' E). 

Aspects of the distribution, recruitment and growth of P. perna have also been studied in Brazil and 

Venezuela, where the species is commercially farmed (Velez and Epifanio 1981; Pompa et al. 1990; 

Marques et al. 1998; Holland 2001), and in Texas, USA, where it has become invasive (Hicks and 

Tunnell 1995; Hicks et al. 2001; Holland 2001). Finally, settlement and recruitment studies on the 

wild and farmed greenshell or green-lipped mussel Perna canaliculus in New Zealand have added 
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to knowledge of the genus (e.g. Booth 1977; Hayden and Kendrick 1992; Menge et al. 2002; Alfaro 

and Jeffs 2003; Helson and Gardner 2004; Alfaro 2006b). 

A second, smaller mussel species, Brachidontes semistriatus, co-occurs with P. perna 

throughout KZN, and is the other bivalve species in this study. A unexploited mussel that can grow 

up to 30 mm, its range it presently thought to extend from South Africa to the Mediterranean and 

throughout the eastern Indian Ocean basin. Its taxonomy is currently in revision, however. The two 

names used previously in South African literature for this species are B. variabilis (e.g. Davies 

1980) and, more recently, B. semistriatus (e.g. Lasiak 1999), but both are junior homonyms and 

therefore invalid (Herbert and Wan~n 1999). While Herbert and Waren (1999) refrained from 

recommending an alternative name, other researchers have begun to refer to this species as B. 

pharaonis across its distribution (e.g. Oliver et al. 2004). There is some suspicion that this may be 

more than one species (Rilov et al. 2004; G. Oliver, pers. com.). Given the current taxonomic 

confusion, I have opted to retain the name B. semistriatus in my thesis, as it links the southern 

populations of this species to the name used previously in South African ecological literature. In a 

comparison of adjacent exploited and non-exploited rocky shores at the Mkambati Nature Reserve 

in the Eastern Cape (Figure 1.1), B. semistriatus contributed numerically very strongly to the 

average dissimilarity because it was found more commonly on exploited rocky shores (Lasiak 

1999). With the exception of studies on B. pharaonis in the Mediterranean Sea (Nakhle et al. 

2006), little else is known about the ecology ofthe species. There are, however, many studies on 

the physiology and the ecology of some congenerics, including B. solisianus and B. darwinianus in 

Brazil (Tanaka and Magalhaes 2002), B. exustus and B. recurvus in Texas (Hoese 1960) and 

Florida, USA (Lee and FoighH2004), B. rodriguezii in Argentina (Adami et al. 2004) and a 

recruitment study of B. granulata in Chile (Navarrete et al. 2002). 

In addition to the two mussel species, I investigated the recruitment patterns of the 

dominant mid-shore barnacles Tetraclita squamosa rufotincta and Chthamalus dentatus, as well as 

the less common Tetraclita serrata. All of the species are indigenous to South Africa and 

Mozambique and are sessile as adults but have a dispersive planktonic larval stage. Plantigrades or 

nauplii and cyprids remain in the water column for 10-20 days before settling onto hard substrata in 

the mid to low intertidal (Griffiths 1979; Barnes and Achituv 1981; Anderson 1994; Hicks and 

Tunnell 1995; Chapter 2). 

The reproductive season of Tetraclita serrata, has been studied in the Western Cape by 

Griffiths (1979), and the intensity of its regular annual recruitment was found to be significantly 

related to the mean abundance of adults in the Eastern Cape Province (Dye 1992b). Dye concluded 

that this indicated limited dispersal for this species. I have found very little published material on 

any of these barnacle species, so instead have largely consulted the literature on congeners. The 

recruitment of T. squamosa and T. japonica in Hong Kong are known to be controlled by heat stress 

at the upper limits of their zonation and by predation at the lower limit (Chan and Williams 2003), 
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and Tetraclita panamensis is thought to be recruitment-limited in Costa Rica (Barnes and Achituv 

1981; Sutherland 1987). Aspects of the settlement and recruitment ecology of other Chthamalus 

species have been studied in Mexico (Raimondi 1988b, 1990), California and Oregon, USA (Menge 

2000a; Connolly et al. 2001; Forde and Raimondi 2004; Broitman et al. 2005), Japan (Apolinario 

1999), the UK (Kent et al. 2003), Portugal (Cruz 1999; Cruz et al. 2005) and across Europe 

(O'Riordan et al. 2004). 

This is the first intertidal recruitment study in the Delagoa bioregion of South Africa. 

Incorporating the recruitment data presented here plus the physical, larval and adult density data 

presented in Chapter 2, five hypotheses are tested. (1) As in other areas of KZN, mussels will show 

regular seasonal recruitment patterns while barnacles will not show a regular seasonal pattern. (2) 

At the scale of the study, recruitment among sites will be synchronous, but unpredictable 

differences in intensity of recruitment will exist among sites. (3) Recruitment rates for each species 

will be correlated between adjoining natural and artificial substrates, as well as among zones on the 

shore. (4) Interannual and spatial patterns of mussel recruitment will be correlated with the density 

of adult stock on the shores. (5) Variability in recruitment rates will be explained by simultaneous 

larval densities in the nearshore, and/or by physical conditions including prevailing water 

temperature, recent temperature anomaly and along- and across-shore winds. 

3.2 METHODS 

Study Area 

The study area comprised a 25-km stretch of coast within the Maputaland Marine Reserve 

in KZN, South Africa, and is the same as that described in Chapter 2 (Figure 3.1, Table 3.1). Five 

intertidal rock ledges with a limited range of wave impacts, from exposed to very exposed (Sink 

2001, Sink et al. 2005) were investigated. Sink (2001) recorded wave forces spanning 4.8 to 18.1 x 

103 N.m,2 in Maputaland, with the most exposed sites falling between Castle Rock and Lala Nek 

(ranging from 15.5 at Black Rock to 18.1 x 103 N.m·2 at Dog Point), ranking my study area as the 

most wave-exposed region of Maputaland. In comparison with measurements taken by Bustamante 

et al. (1997) and Steff ani and Branch (2003), these values are higher than those previously 

measured on the south and west coasts of South Africa (1.1 to 10.0 and 1.5 to 15.0 x 103 N.m'2, 

respectively), and fall within the measurements on the north-west coast of South Africa (2.5 to 18.0 

x 103 N.m ,2), indicating that the rocky shores in this study are among the most wave-exposed in 

South Africa. 
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Table 3.1 Station positions for rocky shore sampling. 

Site name 

Castle Rock 
Dog Point 

Black Rock 
Rocktail 
LalaNek 

Main platform 
length (m) 

400 
1100 
800 
400 
600 

Latitude 
27° 04.700' S 
27° 06.372' 
27° 08.025' 
27° 11.145' 
27° 13.538' 

North 
Longitude 

32° 50.967' E 
32° 50.598' 
32° 49.868' 
32° 48.520' 
32° 47.732' 

Latitude 
27° 04.725' S 
27° 06.395' 
27° 08.045' 
27° 11.193' 
27° 13.553' 

South 
Longitude 

32° 50.977' E 
32° 50.608' 
32° 49.880' 
32° 48.532' 
32° 47.718' 

The five ledges have similar shapes and geological substrata (aeoleonite sandstone), and are 

separated by sandy zeta-shaped bays 5-10 km long and 0.5-1.5 km deep. All of the rock ledges 

consist of an exposed sea-level notch, forming a flat horizontal intertidal platform of aeoleonite 

carbonate-cemented beachrock 2-12 m wide. An armored rim lies at the seaward edge of most of 

the platforms (Miller and Mason 1994). Shoreward, the platform may be backed by sandy beach 

(Lala Nek, Rocktail, Dog Point, and the south locality at Castle Rock) or rocky cliffs (Black Rock 

and the north locality at Castle Rock). The average position ofthe platform-beach interface varies 

horizontally by as much as 10 m seasonally (pers. obs.), but has been noted to change by as much as 

40 m (Miller and Mason 1994). 

Vertical zonation patterns in KZN were first described at Isipingo Beach, Durban (Eyre and 

Stephenson 1938), then at multiple other sites including Black Rock (Jackson 1976), and most 

recently and more extensively along the entire coastline (Sink 2001; Sink et al. 2005). In addition, 

there is also an important horizontal variability in community structure at a scale of 1-10 m (Sink 

2001). The mussel and barnacle zones in my study are equivalent to those alternatively called 

'lower balanoid' and 'upper balanoid' (Branch and Branch 1981). 

Field Methods 

Monthly recruitment was investigated for 18 months from July 2002 to February 2004. In 

July 2002, one set of treatments of 5 brushes, 5 plates, and 10 scraped patches was installed at each 

of the 5 designated rock points. Each of these treatments was located 100-300 m south of the main 

point of the ledge (Figure 3.2). Brushes and plates were placed on the main rock ledge with an 

aspect < 20° from the horizontal. This first set of treatments was surveyed monthly through to 

February 2003. In February 2003, the treatment replication was reduced to 3 brushes, 3 plates, and 

6 bare rock patches, and duplicated at each rock point by the addition of localities lying 100-150 m 

north or south of the original locality. Sampling took place monthly through to February 2004. 

Brushes were manufactured by Addisil
\ with nylon-bristles, identical to those used for the 

study in Chapter 1. The brushes measured 16 x 5.5 cm, but were cut in half. A stainless steel coach 

(hex-head) bolt was used to attach each half-brush to a hole drilled into the rock and fitted with a 

plastic wall plug. Some brushes were lost, reducing sample sizes. 
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Plates were constructed of clear 3-mm shatter-resistant acrylic, cut into 10 x 10 cm squares, 

affixed with 3M® grey Safety-Walk tape and attached to the rocks using stainless steel bolts (Menge 

et al. 1994). Plate loss was lower than brush loss, but there were two incidents of theft or vandalism 

at Black Rock (June and July 2003). 

Each plate and brush had a corresponding 10 x 10 cm2 patch of bare rock situated 30-40 cm 

away that was scraped and scoured with a steel brush and then surveyed for recruits a month later. 

All barnacles> 500 flm sitting on plates or scraped rock patches were identified, counted, and 

assigned to I-mm size classes. No mussels were found attached to the bare rock patches in the 

either zone throughout the survey. 

On two occasions and at two sites, blue scouring pads called 'Chuffies', Chilean-made 

versions of Tuffy® scouring pads, used to record recruitment in Chile, South Africa and the USA 

(Navarrete and Castilla 1990; Menge et al. 1994) were installed 100-120 cm from each brush, left 

out for one month and then removed on the same day as the brushes. The surface area of these 

scouring pads, when unrolled, was approximately 100 cm2
, and they occupied about 48 cm3 when 

rolled and deployed (6 x 4 x 2 cm). 

Laboratory methods 

After retrieval, brushes and Chuffies were stored frozen at _4°C. They were then placed in a 

bucket of 8 liters fresh water with 1 ml commercial bleach and soaked for - 1 h before being 

cleaned with a comb and/or forceps to remove all biological material. The biological material was 

seived through a 250 flm mesh strainer and stored in 70% ethanol in darkness until analysis. The 

cleaned brushes and Chuffies were soaked overnight in a mild bleach solution, rinsed with fresh 

water, sun-dried, and stored prior to the next installation. The biological material was examined 

using a stereo-microscope and all B. semistriatus and P. perna counted and measured in I-mm size 

classes. Recruits were defined as individuals 0.5-2.0 mm shell length. Over 95% of all the bivalves 

in the samples were either P. perna or B. semistriatus, and other rarer species were not counted. 

To process the plates, any C. dentatus and Tetraclita spp. that had settled on them were 

counted and measured across the maximum diameter in I-mm size classes. Cyprids were not 

identified to species, but were counted. Following analysis, plates were soaked overnight in a mild 

bleach solution, brushed, dried in the sun, brushed vigorously to remove all biological remnants, 

checked under the microscope and stored for future use. 
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Data analysis 

All statistics were computed using Statistica 7.0 (StatSoft, Inc. Cl1984-2004). 

Temporal and spatial recruitment patterns 

Recruitment rates were plotted for each taxon at each locality. Although all treatments 

were collected every 26-30 days, data are standardized and presented as recruits per sampling unit 

per day. 

For the brushes, counts of mussel recruits of B. semistriatus or P. perna were included in 

the analysis. For the plates and bare rock treatments, counts of barnacle recruits of C. dentatus or 

Tetraclita spp. < 4 mm were included. Other species and cyprids were not examined, as their 

appearance was too infrequent for statistical analysis. For each of the target species on each 

substrate, I tested the relative importance of site, locality (north or south) on the headland and 

season to the recruitment variability using a mixed-model three-way partly-nested ANOV A (Quinn 

and Keough 2002). Season (Sn) and Locality (Loc) were designated as fixed factors. Often time is 

regarded as a random factor in models such as these. However, as the data were grouped a priori 

into seasons with the intent of finding specific temporal effects, I treated season as a fixed factor. 

Site (St) was designated as a random factor and thus locality nested within site [LoceSt)] also 

became a random factor. The interactions Sn*St and Sn*Loc(St) were therefore both random 

factors (Table 3.3a). 

This analysis was only possible for the period March 2003 to February 2004, following the 

addition of a second locality to each site in Febrary 2003. 'Seasons' (used here to designate three­

month blocks of time, rather than actual seasons) were designated as follows: Autumn 03 (Mar­

May 2003), Winter 03 (Jun-Aug 2003), Spring 03 (Sep-Nov 2003) and Summer 04 (Dec 2003-

Feb2004). 

In general, data were well-balanced and few individual replicates were missing from any 

cell for any species. Cells were considered to be the monthly values, and three cells for each 

locality were combined to give a seasonal mean (Ileell = 3, nseason == 9) and to allow temporal 

replication within seasons. Because a balanced ANOVA is robust to slight variations in sample size 

(Quinn and Keough 2002), virtual replicates were not added if> 50% of the replicates were present 

in any individual cell. However, cells for the artificial substrates were occasionally vacant. In this 

case, as in Chapter 1, the models were balanced by adding a few virtual replicates to the data sets 

following Underwood (1997) and according to the following criteria: (1) When two localities close 

to each other followed the same trends (means or relative means and variances) in other seasons, 

virtual replicates were added to mimic the matching locality in the missing season, not to exceed 

10% of the overall data in the model. (2) Data were added such that their variance matched other 

cells in the same season with similar means. 
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Table 3.3 Calculations for the general linear models used in (a) the split-plot three-way 
mixed-model ANOV As, (b) four-way partly-nested mixed-model ANOV As and (c) two-way 
mixed-model factorial ANOV As 

{a} Factor Effect dl F-value* 
Intercept Fixed MSA 

Site A Random p-l MSAIMSB(A)+MSAC·MSs(A)C 
Locality(Site) B(A) Random p*(q-l) MSS(AylMSS(A)C 

Season e Fixed r-l MSCIMSAC 
Season*Site Axe Random (p-l)*(r-l) MSACIMSB(A)C 

Locality(Site )*Season B(A) x e Random p*(q-l)*(r-l) MSS(A)CIMSResid. 
Residual E9r*{n-Q 

(b} Factor Effect df. F-value* 
Intercept Fixed MSA 

Site A Random p-l MAIMSAB+MSqA)-MSsC(A)+MSD(A)-
MSCD(A)+MSBCD(A) 

Season B Fixed q-l MSslMSAB 
Site*Season AxB Random (p-l)*(q-l) MSASylMSSC(A)+MSsD(A)-MSsCD(A) 
Zone(Site) C(A) Random p*(r-l) MSC(AylMSSC(A)+ MSCD(A)-MSsCD(A) 

Season*Zn(Site) B x C(A) Random p*(q-l)*(r-l) MSSC(Ay'MSSCD(A) 
Locality(Site) D(A) Random p*(s-l) MSD(AIMSSD(A)+MSCD(A)"MSsCD(A) 

Season*Loc(Site) B x D(A) Random p*(q-l)*(s-l) MSSD(Ay'MSSCD(A) 
Zone (Site)*Loc(Site) C(A) x D(A) Random p*(r-l)*(s-l) MSCD(Ay'MSSCD(A) 

Ssn* Zn (Site)*Loc(Site) C(A) x D(A) X B Random p*{ q-l )*(r-l )*(8-1) MSSCD(Ay'MSResid 
Residual 29.rs*{n-Q 

(c} Factor Effect dl F-value* 
Intercept Fixed MSA 

Site A Fixed pol MSAIMS AS 
Season B Random q-l MSslMSAB 

Site*Season AxB Random (p-l ).( q-l) MSASiMSR .. id 
Residual PQ*{n-l} 

·For all of these models Statistica 7.0 calculated 97-100% of a synthesized MS-denominator for the F-value according 
to the above formulae, while the final 0-3% was due to the MSRcoid term, following Satterthwaite (1946). The model 
in (c) closely resembles the unrestricted full-factorial mixed-model presented by Quinn and Keough (2002). 

The denominators for the main effects all incorporated MSlnteraction values (Table 3.3a), so 

post-hoc analyses of the main effects were carried out even when the interaction term was 

significant (Quinn and Keough 2002). For the unplanned post-hoc comparisons of significant main 

between-plots effects (St and Loc[StJ), Tukey's HSD test for unequal n was used following Quinn 

and Keough (2002) and the recommendations in Statistica 7.0. For unplanned within-plots 

comparisons (Sn, Sn*St and Sn*Loc[StD, I used a Bonferroni test to allow adjustment of 

significance levels for multiple testing (Quinn and Keough 2002). 

For the bare rock treatments, zone (Z), nested within site, was examined as a fourth fixed 

factor in the models (Table 3.3b). There were no missing cells for these data sets. Data were 

fourth-root transformed to achieve normality (examined graphically with a histogram and a normal 

probability plot) and homoscedascity (examined graphically with a box-plot, and statistically with 

Cochran's test, a. == 0.05). The data set for P. perna recruitment into brushes contained multiple 

zero-values. Although transformation did improve the normality of these data, the results were 
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interpreted conservatively, using graphic representations of the data to control for the increased 

chances of Type I error. 

In cases when the Loc(St) term was not significant in this model, this term was removed 

from the analysis and the localities were subsequently combined within each site (Table 3.3c). This 

allowed a comparison with the earlier data, in which only one locality on each rock point was 

sampled. Each of the models was balanced by adding a few virtual replicates as above, and fourth­

root transformations were applied to meet assumptions. Post-hoc analyses of the main effects were 

carried out even when the interaction term was significant, as above. 

Recruitment density among species, substrates and zones 

The simultaneous difference in recruitment density between any two taxa recruiting onto 

the same substrate was tested with a matched-pair student's t-test. Data were fourth-root 

transformed for normality and heterogeneity of variances. Recruitment synchrony among species 

and zones was examined with Pearson product-moment correlation analyses (Zar 1999). 

Coupling of recruitment with larval densities and physical processes 

To explore correlations between recruitment and the density of meroplankton or the 

zooplankton biomass sampled in the same month at the same rocky headlands, I used the inshore 

zooplankton data in Chapter 2 and Pearson product-moment correlation analysis (Zar 1999). 

Hourly wind velocity and direction data from January 2000 to December 2005 taken at 

Mbazwana Airfield (Climate Number 0412148-6; 27° 28' 01" S, 32°34'59" E, 61 m altitude) were 

provided by the South African Weather Service, and are the same as those used in Chapter 2. From 

these, the vector components of the hourly wind data were calculated so that a positive velocity 

corresponded to a north-northeasterly wind (200 clockwise from north) for the alongshore 

component and an east-southeasterly wind (1100
) for the across-shore component. Benthic (15 m) 

temperature was measured hourly from 2002·2005 at Sodwana Bay, using the recorder described in 

Chapter 2. These data were used to compile a monthly climatology of subsurface temperature, and 

alongshore and across-shore winds for the region (Chapter 2, Figure 2.11). Using these hourly data, 

the mean values for the 27 days previous to the collection of recruitment samples each month were 

calculated for the following variables: along- and across-shore wind velocity, benthic temperature, 

and benthic temperature anomaly. Temperature anomalies were calculated by taking the mean 

temperature calculated for those 27 days previous to the collection of recruitment data and 

subtracting from them the mean temperature for those 27 days from all the years of data collection. 

Multiple regression analyses with the pairwise deletion of missing cells were then used to 

determine the relative importance of winds, water temperature, temperature anomaly and nearshore 

larval densities in explaining recruitment rates. Mean daily recruitment rates for each species on 

each substrate were used as the dependent variable in the models, and independent variables were 
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temperature, wind, larval densities and latitude. Before running the model, the individual linear 

relationships between the physical and biological variables were examined for co-linearity using 

Pearson product-moment correlation analysis (Zar 1999). Interaction terms available through a 

more complex general linear model were not pursued due to the problem of missing data points for 

each of the independent factors in the models. Data were examined for normality and heterogeneity 

of variances and the response variables. Independent biological variables were fourth-root 

transformed to achieve normality, as skewed variables could affect the normality of the error term 

(Quinn and Keough 2002). The model was checked to ensure that the residuals were normally 

distributed, and that the tolerance among the independent variables was sufficiently high (a 

tolerance < 0.1 indicating strong co-linearity with another variable). If redundant independent 

variables were indicated, they were removed and the model re-run. 

Coupling a/recruitment with adult stock densities 

Pearson product-moment correlation analysis was used to compare mean recruitment levels 

per brush per day for P. perna during its spring/summer recruitment season with the numbers of 

adults.m-2 recorded at each site (taken from Chapter 2). A regression line was fitted using the least­

squares method. 
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3.3 RESULTS 

Temporal and spatial recruitment patterns 

Recruitment patterns for both Brachidontes semistriatus and Perna perna showed 

consistent and similar inter-annual trends, with peaks in the second half of both 2002 and 2003 

(Figures 3.3 and 3.4). All sites showed the same temporal pattern, but differed in intensity. Only 

season significantly affected recruitment of P. perna, while site and season were significant for B. 

semistriatus (Table 3.4a). The northern and southern sites within each location were not 

significantly different for either species of mussel, so they were pooled for comparison with the first 

year's data (Table 3.4b), which confirmed that season was the only factor significantly affecting P. 

perna and that both season and site affected B. semistriatus. Post-hoc analysis revealed that spring 

was the peak recruitment season for both species (Figure 3.5). Recruitment of mussels onto plates 

or bare rock was too uncommon to warrant analysis « 15 individuals of B. semistriatus over the 

course of the entire study, and no P. perna). Recruits of B. semistriatus were observed settling 

densely in patches of colonial diatoms on bare rock in the barnacle zone, especially in colonies 

trapping sand to a depth of 1 cm, but their densities there were not enumerated. 

The recruitment patterns of barnacles were much more complex than for mussels (Figures 

3.6 and 3.7). There was a significant seasonal effect for both species (Table 3.4a,c, Figure 3.8); C. 

dentatus showed a spring recruitment peak in both years, with an additional peak in winter 2003, 

and Tetraclita spp. had a peak in autumn 2003. A significant Locality(Site) effect for both 

substrates revealed that localities separated by only 100-150 m within sites were different, reflecting 

spatial heterogeneity in barnacle recruitment at a smaller spatial scale than for mussels. This 

precluded a pooling of localities and hence a comparison with the earlier phase of sampling when 

only one locality was sampled per site. There was no clear north-south trend, indicating a lack of 

consistent alongshore pattern in recruitment density among rock ledges (Figure 3.8) 
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Table 3.4 Results oftbe (a) partly-nested tbree-way, (b) two-way mixed-model factorial and 
(c) partly nested four-way mixed-model ANOVAs. Significance: *p < 0.05, up < 0.01, u*p < 
0.001, n.s. == not significaut. 

(a) S2ecies Substrate Factor'" dl MS F 2 
Site 4 1.2469 10.0321 * 

Locality(Site ) 5 0.1089 1.6141 ns 
Brachidontes Brush Season 3 1.6248 19.6173 *** 
semistriatus Season*Site 12 0.0832 1.2298 ns 

Loc(Site)*Season 15 0.0677 l.8899 * 
Error 278 0.0358 
Site 4 0.1619 1.0376 ns 

Locality(Site) 5 0.0940 2.0902 ns 
Perna perna Brush Season 3 2.8919 26.9864 *.* 

Season*Site 12 0.1075 2.3922 ns 
Loc(Site)*Season 15 0.0450 1.0080 ns 

ns 
Locality(Site) 5 0.5786 7.0860 ** 

Chthamalus Plate Season 3 0.3676 5.9849 ** 
dentatus Season*Site 12 0.0614 0.7522 ns 

Loc(Site)* Season 15 0.0817 1.0156 ns 

Locality(Site) 5 0.3805 3.4684 * 
Tetraciita spp. Plate Season 3 5.6542 35.7398 *** 

Season*Site 12 0.1582 1.4420 ns 
Loc(Site)* Season 15 0.1097 1.0566 ns 

(bi S2ecies Factor a dl MS F 2 
Site 4 2.2232 19.0556 *** 

Brachidontes Season 5 3.2149 27.4328 *** 
semistriatus Site*Season 20 0.1176 2.5890 *** 

Error 418 0.0454 
Site 4 0.1128 1.1978 ns 

Perna perna Season 5 1.7800 18.8143 *** 
Site*Season 20 0.0948 2.0093 ** 

(c) Species Substrate Factor'" dl MS F P 
Site 4 2.1572 0.7450 ns 

Season 3 8.9032 15.4757 *** 
Site*Season 12 0.5761 1.2957 ns 
Zone(Site) 5 0.3366 0.9678 ns 

Chthamalus Bare Rock Season*Zn(Site) 15 0.2100 0.9391 ns 
dentatus Locality(Site) 5 2.7924 4.7293 • 

Season*Loc(Site) 15 0.4585 2.0506 ns 
Zn(Site )*Loc(Site) 5 0.3611 1.6263 ns 

Ssn*Zn(Site)*Loc(Site) 15 0.2236 1.4120 ns 
Error 534 0.1583 
Site 4 2.1572 0.7450 ns 

Season 3 8.9032 15.4757 *** 
Site· Season 12 0.5761 1.2957 ns 
Zone(Site) 5 0.3366 0.9678 us 

Tetl'aciita spp. Bare Rock Season*Zn(Site) 15 0.2100 0.9391 us 
Locaiity(Site) 5 2.7924 4.7293 .. 

Season*Loc(Site) 15 0.4585 2.0506 ns 
Zn(Site )*Loc(Site) 5 0.3611 1.6263 ns 

Ssn '" Zn(Site )*Loc(Site) 15 0.2236 1.4120 us 
Error 534 0.1583 
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Recruitment density among species, substrates and zones 

The recruitment of B. semistriatus was denser than that of P. perna at all sites and into 

both substrates (Table 3.5). Statistical comparisons of mussel recruitment between zones or 

between substrates were not possible as both species rarely settled on bare rock and never on plates. 

Tetraclita spp. recruited more densely than C. dentatus onto all substrates, and both barnacle taxa 

recruited more densely into the barnacle zone than into the mussel zone when comparing 

recruitment onto bare rock. 

Table 3.5 Summary results of matched-pair student's t-tests between taxa recruiting onto the 
different substrates. Significance: ***p < 0.001, **p < 0.01. 

Taxa Substrate Zone Mean.dati SD dL t 2 
B. semistriatus Brushes Mussel 0.746 0.325 734 37.48 *** 
P.perna 0.190 0.281 

B. semistriatus Scouring Pads Mussel 0.608 0.382 47 3.22 *. 
P.perna (Chuffies) 0.424 0.329 

C. dentatus Plates Barnacle 0.851 0.309 722 -5.95 *.* 
Tetraciita spp. 0.990 0.509 

C. dentatus Bare Rock Barnacle 0.270 0.339 803 ·22.43 *** 
Tetraclita spp. 0.732 0.542 

C. dentatus Bare Rock Mussel 0.147 0.282 790 -25.15 *** 
Tetraciita spp. 0.673 0.616 

Tetraciita spp. Bare Rock Barnacle 0.661 0.483 387 2.72 *. 
Mussel 0.592 0.542 

C. dentatus Bare Rock Barnacle 0.276 0.341 387 6.56 *** 
Mussel 0.149 0.283 

Correlation analysis of simultaneous recruitment of barnacles onto plates versus bare rock 

in the barnacle zone revealed a positive correlation for Tetraclita spp. (r = 0.20, n = 727, 

P < 0.0001) and a weak but still significant positive relationship for C. dentatus (r::::: 0.096, n = 727, 

P < 0.01). Tetraclita spp. recruitment was denser than C. denlatus on all substrates, and the 

proportion varied between substrates more than between zones. Tetraclita spp. recruitment was 2-3 

times as dense as C. dentatus on bare rock but less than twice as dense on plates. The correlation 

between mussel species recruiting into brushes and Chuffies was positive and strong (for B. 

semistriatus, r == 0.85, n == 40, P < 0.0001; for P. perna, r == 0.36, n = 40, P < 0.05); recruitment was 

approximately three times greater into brushes than into Chuffies. 

Comparing between zones, there was a strong correlation of barnacle recruitment rates on 

bare rock between the mussel and barnacle zones (for Tetraclita spp., r = 0.48, n = 782, P < 0.0001; 

for C. dentatus, r == 0.36, n = 782, P < 0.0001). This was supported by the lack of significant result 

for any factor involving zone in the ANOVA analyses (Table 3.4). 
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Comparing between species, Tetraclita spp. was negatively correlated with C. dentatus on 

plates (r == -0.10, n ::: 804, p < 0.0001), which is to be expected as their recruitment rates occurred at 

different times of the year. Surprisingly, their recruitment onto bare rock was correlated (r == 0.38, 

n == 804, P < 0.0001). Despite the similar recruitment seasons of B. semistriatus and P. perna, the 

recruitment of these two species was not correlated (r = 0.005, n == 743, not significant), indicating 

that there may be competition or mutually exclusive settlement at a small spatial scale between 

these two species. Recruitment of C. dentatus onto plates was positively correlated with 

recruitment of both P. perna and B. semistriatus into Chuffies (r == 0.13, n == 671, P < 0.001 and 

r == 0.23, n == 671, P < 0.001 respectively) and Tetraclita spp. recruitment onto plates was negatively 

correlated with that of either of these mussels into Chuffies (r == -0.19, n == 671, P < 0.001 and 

r == -0.17, n = 671, P < 0.001 respectively). Both sets of results could have been predicted as C. 

dentatus shares its breeding season with the mussels, whereas Tetraclita spp. does not. These 

comparisons between barnacles and mussels must, however, be treated cautiously as they were 

made across zones and substrates. 

Coupling recruitment rates with larval densities and physical processes 

The linear relationships between recruitment rates and the densities of zooplankton, cyprids, 

mytilid larvae, and bivalve larvae were first examined using Pearson product-moment correlation 

analysis (Table 3.6). The measured biotic and abiotic factors that were thought to influence 

recruitment rates were then examined for co-linearity (Table 3.7). Due to the high correlation 

between mytilid and bivalve larval densities, the bivalve larvae independent variable was removed 

from further analyses. 

88 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Table 3.6 Pearson product-moment correlation matrix of recruitment levels on different 
substrates with mean inshore zooplankton densities measured at the same rock points in the 
same month. Significance: ***p < 0.001, **p < 0.01, *p < 0.05, ns == not significant. 

Nearshore Plankton Density 

Taxon Zooplankton Cyprids' 
Mytilid Bivalve 

Biomass· Larvae" Larvae" 
Zone Inshore Point Inshore Point Inshore Point Inshore Point 

Substrate Z00l!lankton Z00l!lankton Z00l!lankton Zool!lankton 
C. dentatus II r=0.149 0.223 

Mussel n=250 250 Xc X 
Bare Rock '" ••• 

Tetraciita spp. ·0.167 -0.279 
Mussel 250 250 X X 

Bare Rock • ••• 
G.I C dentatus 0.267 .... 
~ Barnacle ns 258 X X 
.... Bare Rock ••• 11:1 
G.I Tetraciita spp. -0.178 -0.291 EI 

;t: Barnacle 258 258 X X 
i: .* **. ~ 
G.I =: 

Barnacle ns 255 X X 
** 

spp. 
Barnacle ns ns X X 

Plate 
B. semistriatus 0.266 0.179 

Mussel 244 X 244 ns 
Brush >11** ** 

P. pema 0.226 -0.207 -0.212 
Mussel 244 X 244 244 
Brush **. ** *** 

• Zooplankton data are samples collected at inshore point stations from Chapter 2 (biomass is ml settled 
volume, meroplankton are larvae.! 00 m·3

) 

b Recruitment data are recruits. I 00 cm·2.day·l 
• Correlation analysis was not performed 
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Table 3.7 Pearson product-moment correlations of potential independent predictor variables for 
multiple regression analyses. Significance: ***p < 0.001, **p < 0.01, *p < 0.05, ns = not significant. 

Along- Across- Mean Temp-
Lat- Mytilid Bivalve Correlate shore shore Temp- erature Biomass Cyprids 

Wind Wind erature Anomll 
itude Larvae Larvae 

Along- r =-.281 -.563 -.125 .432 -.609 -.549 .192 
shore X n=907 740 740 ns 280 280 280 280 
Wind" *"'* .*. ** *** *** *** ** 
Across- r --.281 .603 -.496 -.121 .398 .267 
shore n=907 X 740 740 ns 280 280 280 ns 
Wind" *** *** *.* * **. *** 
Mean -.563 .603 -.141 -.526 .311 .490 -.178 
Temp- 740 740 X 740 ns 234 234 234 234 
erature b *** *"'* *** *** *** *** ** 
Temp- -.125 -.496 -.141 -.233 .293 .293 .214 
erature 740 740 740 X ns 234 234 234 234 
Anomall C ** *** *** *** *** *** ** 

-.459 
Latitude d ns ns ns ns X 280 ns ns ns 

*** 

Zoopktn .432 -.121 -.526 -.233 -.459 -.341 -.396 
280 280 234 234 280 X 280 280 ns lett vol 0 

*** * *** *** *** *** *** 

Mytilid -.609 .398 .311 .293 -.341 .809 .339 

Larvae r 280 280 234 234 ns 280 X 280 280 
*** *** *** *** *** *** *** 

Bivalve -.549 .267 .490 .293 -.396 .809 .157 

Larvae f 280 280 234 234 ns 280 280 X 280 
*** *** *** *** *** *** ** 
.192 -.178 .214 .339 .157 

Cyprids r 280 ns 234 234 ns ns 280 280 X 
** ** ** *** ** 

• Wind - the alongshore and across-shore components of the mean of the hourly coastal winds from the 27 days previous to the date of 
the recruitment sample collection; positive alongshore wind is north-northeasterly and induces offshore Ekman transport, positive 
across-shore wind is east-southeasterly 

bMean Temperature = the mean of the benthic temperature at Sodwana Bay ("C) from the 27 days previous to the date of the 
recruitment sample collection 

'Temperature Anomaly'" the difference between the Mean Temperatureb and the mean temperature for those 27 days in all years 
measured (2002-2005) 

d Latitude = the latitude of each site 
• .r All zooplankton data are from Chapter 2, and are the mean values of the two replicates from the inshore station at the associated 

rock point taken in the same month as month as the recruitment data. Zoopktn sett vol = mI settled volume of zooplankton 
f Mytilid Larvae, Bivalve Larvae and Cyprids are loom-3 
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Table 3.8 (a) Results of multiple regression analyses for recruitment of barnacles into 
substrates and zones, with pairwise deletion of missing cells. Significance: *up < 0.001, up < 
0.01, *p < 0.05, 
ns = not significant. 

Dependent 
Independent Trans- Valid 

Signif-
variable, fit of B BSE ~ Tol. l icance 

model 
variables formation n 

(p) 

Recruitment of Const. -35.683 15.806 -2.258 '" 
C. dentatus Aig. Wind None -0.046 0.060 -0.062 0.613 -0.715 907 ns 
onto plates Acs. Wind None 0.261 0.131 0.233 0.287 1.999 907 '" 

MeanT None -0.084 0.031 -0.442 0.146 -2.707 740 "'. 
Adusted R2 == T Anomaly None 0.109 0.091 0.098 0.578 1.195 740 ns 

0.091 Latitude None -1.444 0.611 -0.213 0.481 -2.365 907 • 
F(7,226)=4.33 Plan biomass 41h root -0.392 0.223 -0.225 0.238 -1.757 280 ns 

p< 0.001 Cyprids 41h root 0.025 0.084 0.032 0.337 0.298 280 ns 
Recruitment of Const. 32.092 12.964 2.475 '" 

C. dentatus Alg. Wind None -0.175 0.049 -0.254 0.613 -3.564 907 *"'* 
onto bare rock Acs. Wind None -0.146 0.107 -0.141 0.287 -1.358 907 ns 
(Barnacle zone) MeanT None 0.108 0.025 0.618 0.146 4.251 740 "'.* 
Adusted R2== T Anomaly None -0.196 0.075 -0.192 0.578 -2.624 740 .'" 

0.277 Latitude None 1.338 0.501 0.215 0.481 2.671 907 *. 
F(7,226)=13.78 Plan biomass 4th root 0.676 0.183 0.422 0.238 3.696 280 *** 

p < 0.0001 Cyprids 41h root 0.475 0.069 0.659 0.337 6.868 280 *** 
Recruitment of Const. 63.883 10.615 6.018 *** 

C. dentatus Aig. Wind None -0.166 0.040 -0.290 0.613 -4.144 907 "''''* 
onto bare rock Acs. Wind None -0.306 0.088 -0.356 0.287 -3.484 907 *** 
(Mussel zone) MeanT None 0.128 0.021 0.883 0.146 6.167 740 **'" 
Adusted R2== T Anomaly None -0.142 0.061 -0.167 0.578 -2.322 740 • 

0.301 Latitude None 2.573 0.410 0.496 0.481 6.274 907 *.* 
F(7,226)==15.32 Plan biomass 41h root 1.260 0.150 0.945 0.238 8.419 280 *.* 

p < 0.0001 Cyprids 4th root 0.434 0.057 0.723 0.337 7.663 280 * •• 
Recruitment of Const. 16.448 17.840 0.922 ns 
Tetradita spp. Aig. Wind None 0.135 0.067 0.130 0.613 2.004 907 '" 

onto plates Acs. Wind None -1.195 0.147 -0.770 0.287 -8.104 907 *** 
MeanT None 0.369 0.035 1.404 0.146 10.545 740 *.* 

Adusted R2 == T Anomaly None -0.211 0.103 -0.138 0.578 -2.056 740 ... 

0.423 Latitude None 0.988 0.689 0.105 0.481 1.433 907 ns 
F(7,215)=24.28 Plan biomass 41h root 1.122 0.252 0.466 0.238 4.463 280 ••• 

p < 0.0001 Cyprids 41h root 0.466 0.095 0.430 0.337 4.896 280 *** 
Recruitment of Const. -123.101 17.187 -7.162 *** 
Tetradita 8pp. Aig. Wind None 0.171 0.065 0.155 0.613 2.624 907 •• 
onto bare rock Acs. Wind None 0.677 0.142 0.410 0.287 4.767 907 * •• 
(Barnacle zone) MeanT None -0.149 0.034 -0.534 0.146 -4.426 740 *.* 
Adusted R2 = T Anomaly None -0.107 0.099 -0.066 0.578 -1.085 740 ns 

0.504 Latitude None -4.859 0.664 -0.487 0.481 -7.317 907 *.* 
F(7,226)=34.81 Pktn biomass 4th root -1.642 0.242 -0.640 0.238 -6.774 280 ••• 

p < 0.0001 Cyprids 41h root -1.116 0.092 -0.968 0.337 -12.178 280 *** 
Recruitment of Const. -Il9.158 21.850 -5.453 ••• 
Tetradita spp. Aig. Wind None 0.122 0.083 0.097 0.613 1.476 907 ns 
onto bare rock Acs. Wind None 0.773 0.181 0.412 0.287 4.279 907 *.* 
(Mussel zone) MeanT None -0.188 0.043 -0.592 0.146 -4.395 740 *** 
AdustedR2 == T Anomaly None -0.130 0.126 -0.070 0.578 -1.036 740 ns 

0.380 Latitude None -4.753 0.844 -0.419 0.481 -5.630 907 *** 
F(7,226)=21.43 Plan biomass 41h root -1.701 0.308 -0.583 0.238 -5.521 280 *** 

p < 0.0001 Cyprids 41h root -1.174 0.117 -0.895 0.337 -10.075 280 *** 
B - estimate of the raw coeffiCient, SSE - standard error of thiS estimate, p - standardized coeffiCient, Tol. - tolerance value (Iol. < 0.1 
indicates strong co-linearity with another variable), t and p test the null hypothesis that the given coefficient equals zero, Valid n = the number 
of evaluated cases that contained a value for this variable, Const. = model constant (intercept), Alg. Wind = mean alongshore vector 
component of wind velocity (m.s·') from the previous 27 days (positive is NNE'ly and upwelling-positive), Acs. Wind = mean across-shore 
vector component of wind velocity from the previous 27 days (positive is ESE'ly), Mean T = mean benthic water temperature from the 
previous 27 days (OC), I Anomaly = difference between Mean T for those previous 27 d and the Mean T for those previous 27 days over 4 
years (2002-2005). Latitude = degrees latitude (negative is increasing southward), Pktn biomass = biomass (ml.l OOm'!) of all zooplankton 
collected in the same month at the same inshore rock point as the recruitment data, MytilidslCyprids = density of mytilid bivalve/cyprid 
larvae (lOOm·l ) recorded in the zooplankton same month and at the same inshore rock point as the recruitment data. 
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Table 3.8 (b) Results of multiple regression analyses for recruitment of mussels. See Table 3.8 (a) 
for further interpretation. 

Dependent 
Independent Trans- Valid 

Signif. 
variable, fit of B BSE P Tol. t icance 

model 
variables formation n (p) 

Recruitment of Const. -21.478 10.027 -2.142 .. 
B. semlstratus Aig. Wind None 0.273 0.077 0.413 0.233 3.531 907 ••• 
into brusbes Acs. Wind None -0.057 0.152 -0.058 0.134 -0.375 907 ns 
AdustedR2 = MeanT None -0.041 0.019 -0.242 0.253 -2.157 740 

,. 
0.258 T Anomaly None -0.126 0.091 -0.129 0.368 -1.389 740 ns 

F(6,227)=14.52 Latitude None -0.828 0.377 -0.138 0.803 -2.198 907 
,. 

p < 0.0001 MytHid larvae 4th root 0.438 0.140 0.451 0.153 3.125 280 ** 
Recruitment of Const. -3.332 7.509 -0.444 ns 

P.perna Aig. Wind None -0.033 0.058 -0.057 0.233 -0.565 907 ns 
into brushes Acs. Wind None 0.094 0.114 0.109 0.134 0.826 907 ns 
Adusted R2= MeanT None -0.114 0.014 -0.779 0.253 -8.099 740 ••• 

0.454 T Anomaly None -0.152 0.068 -0.179 0.368 -2.236 740 * 
F(6,227)=33.27 Latitude None -0.227 0.282 -0.043 0.803 -0.804 907 ns 

p < 0.0001 Mytilid larvae 4th root 0.053 0.105 0.063 0.153 0.505 280 ns 

The relative importance of the remaining physical and biological factors for recruitment 

was then examined with multiple regression analyses. The residual values for all models fell within 

the standard requirements for normality. All models were significant, but differed in their ability to 

explain recruitment variability, with adjusted R2 values ranging from 0.091 to 0.504 (Table 3.8a, b). 

Adjusted R2 values were higher for Tetraclita spp. and P. perna than for C. dentatus and B. 

semistriatus, and lowest of all for C. dentatus recruitment onto plates. The relative importance of 

each of the independent factors was compared using the relative values of ~ (the standardized 

coefficient); ~ values were tested with the statistic t. The responses of the taxa in the various 

substrates and zones to the independent factors were not consistent, indicating a high level of 

variability in the processes that can influence recruitment. No single factor considered was non­

significant in all models. 

The previous 27 days' mean subsurface temperature was generally the most important 

abiotic factor, with cooler temperatures predicted higher levels of recruitment for mussels in all 

cases and for barnacles in most cases (exceptions being C. dentatus recruiting on bare rock and 

Tetraclita spp. on plates). This value was not detrended, and mean monthly temperature in 

Maputaland varies seasonally (Chapter 2). As recruitment is also seasonal, this relationship could 

have been predicted. Strong positive associations between recruitment and larval abundance also 

emerged, although the association was negative in the case of Tetraclita spp. on bare rock. 

The relationships between mean temperature, the availability of larvae and the recruitment 

ofbamacles onto plates and mussels into brushes were examined graphically (Figure 3.9). 

Although only two of the independent variables were plotted for each model, the three-dimensional 

plots demonstrate the interaction between the two independent variables and their non-linear 

relationships with recruitment. 
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Figure 3.10 Relationship between adult stock and recruitment densities of P. perna in 
Maputaland study area. Rock headland codes: CR (Castle Rock), DP (Dog Point), BR (Black 
Rock), RT (Rocktail) and LN (Lala Nek). Year codes: 03 (Aug 2002 to Feb 2(03), 04 (Aug 
2003 to Feb 2(04). DP 04 (circled) was excluded from this relationship as an ontlier, as 
explained in text. 
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3.4 DISCUSSION 

This chapter focuses on temporal and spatial patterns in intertidal recruitment variability 

and the coupling between recruitment rates and larval supply in the Maputaland Marine Reserve 

(MMR), testing hypotheses about spatial and temporal recruitment variability advanced in Chapter 

1. Table 3.9 summarizes patterns arising from this and previous chapters, and relates them to 

factors that appear to be driving them. 

Table 3.9 Synthesis of the patterns of larval abundance and recruitment variability in 
Maputaland. Larval data and patterns are synthesized from Chapter 2. 

Taxon 

Relative recruitment 
density 

Larval pattern 
(spatial) 

Larval pattern 
(temporal) 

Larval density 
drivers 

Spatial recruitment 
pattern (sites and 

localities) 

Recruitment peak 
(temporal) 

Recruitment pattern 
(substrates) 

Recruitment pattern 
(between zones) 

Recruitment pattern 
(between species) 

Recruitment drivers 
(significant 
independent 

variables with ~ > 0.2 
or < -0.2) 

Chthamalus dentatus Tetrad;la spp. 

Low High 

Cyprids near bottom, higher densities inshore than 
offshore, no alongshore differences (bay/point, 
latitudinal) 

Most abundant in spring and summer, less in autumn 
and winter 
Temperature Co), Phytoplankton (+). Larvae may be 
transported shoreward by upwelling and internal waves 

Localities within sites are 
different. No latitudinal 
pattern 

Winter and spring/ 
summer, synchrony among 
sites 
No recruitment into 
brushes; no clear 
association between bare 
rock and plates; drivers 
differ among substrates 

Localities within sites 
are different; higher 
recruitment southwards 

Autumn/winter, 
synchrony among sites 

No recruitment into 
brushes; weak 
correlation between bare 
rock and plates; drivers 
are the same but have 
opposite signs 

Moderate correlation between zones, drivers are the 
same 
More co-recruitment between taxa evident on bare 
rock than on plates, but co-recruitment rare as 
recruitment seasons are not the same for the two taxa 

Plates: Across-shore wind 
(+), Mean temp (-) 
Latitude (-) 
Bare Rock: Alongshore 
wind(-), Mean temp (+), 
Latitude (+), Plankton 
biomass (+), Cyprids (+) 

Plates: Across-shore 
wind (-), Mean temp (+), 
Plankton biomass (+). 
Cyprids (+) 
Bare Rock: Across­
shore wind (+), Mean 
temp (-), Latitude (-), 
Plankton biomass (-), 
Cyprids (-) 

13 - standardized coefficient from multiple regression analysis 
+/- = sign of 13: indicates whether association is positive or negative 
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Perna perna 

Low 

Brachidollies 
semistTiatus 

High 

No vertical pattern, higher densities 
inshore than offshore, no bay/point 
pattern, more larvae at Lala Nek and 
Black Rock than other sites 
Most abundant in summer and winter, 
less in spring and autumn 
Temperature (+). Phytoplankton (-). 
Larvae may be transported shoreward 
by downwelling or relaxation of 
upwelling 
Localities within 
sites are the same; 
no difference among 
sites; weak 
association with 
adult stock 

Localities 
within sites are 
the same; higher 
recruitment 
southwards 

Spring/summer, synchrony among sites 

No recruitment onto bare rock or plates; 
strong correlation between brushes and 
scouring pads 

Not examined Not examined 

Although recruitment season is the 
same, individual brushes were generally 
dominated by one species or the other 
rather than containing similar ratios of 
both 
Brushes: Mean temp 
(-), Temp anomaly (-) 

Brushes: 
Alongshore 
wind (+). Mean 
temp (-). 
Latitude (-), 
Mytilid larvae 
(+) 
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For all the species examined, recruitment was strongly seasonal. This was predicted for 

mussels, as mussel recruitment was found to be strongly seasonal at both the Durban and Zululand 

locations in Chapter 1. Beneath this overarching seasonal recruitment pattern, recruitment rates 

varied among sites, species, substrates and zones, and this variability related to both biotic and 

abiotic pre- and post-settlement effects. Sites and zones were generally synchronous within species, 

as initially hypothesized, but substrates were not. In Chapter 1, seasonal recruitment on the south 

and east coasts of South Africa was attributed to seasonal cycles in the production of larvae, which 

in turn can be linked to the seasonal nature of the prevailing conditions that cue larval release and 

mediate transport and delivery of larvae to their targeted habitat, as well as to the relative 

homogeneity of the shoreline along this coast. 

Temporal recruitment patterns 

Both P. perna and B. semistriatus had a well-defined seasonal pattern of recruitment, with 

peaks in spring in both years (Figures 3.3-3.5), consistent with previous descriptions of the 

reproductive cycle of P. perna in southern KZN (Berry 1978; Harris et al. 1998; Chapter 1). 

However, due to the course nature of the temporal sampling in this study, and the relative brevity of 

this data set (1.5 years), these results must be interpreted with some caution. The temporal 

recruitment pattern was strongly correlated between the two mussel species investigated. This is in 

different from the situation in multi-species mussel beds on the west coast of South Africa, where 

none of the species showed clear seasonal patterns and the timing of their recruitment peaks was not 

coherent among species (Chapter 1). This may be attributed to the physical heterogeneity and 

irregular pulsing of upwelling on the West Coast, coupled with a limited seasonal temperature 

signal there. 

Recruitment rates of C. dentatus peaked in September, coincident with the spring 

recruitment of both mussel species (Figures 3.6 and 3.8). Working in the Dwesa Nature Reserve, 

-600 km south-west of my study site (Figure 1.1). Dye (1988) reported consistent recruitment ofC. 

dentatus in late winter and early spring (August-September) over a five year period. with one 

exceptional second settlement in January 1985. In Maptualand, Tetraclita spp. recruited mainly in 

autumn (March-April) with minor peaks in June and December, a pattern that was consistent at all 

sites (Figure 3.7). At Dwesa, Dye (1988) reported that T. serrata exhibited peak recruitment in 

winter (July-September). However, this difference may simply be due to species differences, as the 

dominant intertidal Tetraclita species in Maputaland is T. squamosa rufotincta rather than T. 

serrata. 

Although Tetraclita spp. recruited more densely than C. dentatus throughout my study, this 

ratio may not be stable over time. After a further 9-year continuance of his study. at Dewsa, Dye 

(1998) reported high interannual variability in settlement rates of both C. dentatus and T. serrata 

associated with longer-term cycles of alternating adult dominance on the scale of 4-8 years. For 
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example, he recorded a massive settlement of T. serrata at two of the three sites in his study in 

1984. Despite high post-settlement mortality, this event changed the structure of the communities 

at these two sites, with Tetraclita spp. overtaking C. dentatus to become proportionally denser. Dye 

also monitored C. dentatus over 8-9 years in undisturbed plots at Dwesa and Mkambati (180 km NE 

of Dwesa, Figure 1.1), concluding that adult densities there also fluctuate on a scale of3-9 years 

(Dye 1993). The role of massive settlement events in mussel communities, such as the one 

described by Berry (1978) for P. perna in KZN is discussed in Chapter 1. Large but intermittent 

recruitment events, like those described by Dye (1998), may also be important for the long-term 

maintenance ofbamac1e densities in eastern South Africa, although they fall beyond the scope of 

my study. 

Recruitment events for both C. dentatus and Tetraclita spp. were synchronous among sites 

and on both bare rock and plates, which could be due to onshore-transport processes acting at scales 

larger than the study site (Table 304a). In a study of the daily and two-daily settlement of 

Chthamalus spp. in Baja California, Mexico, Ladah et al. (2005) similarly reported that settlement 

peaks were synchronous but spatially heterogeneous. They proposed that the spatial heterogeneity 

could have been due to a variety of factors, including a non-uniform larval pool, variability in 

transport processes, or differences in substrate among the sites, and attribute temporal synchrony to 

pulses of recruitment associated with breaking internal tidal bores, which would have operated at a 

scale larger than that of their study. 

While recruitment can be an integrated sample that represents the settlement densities, the 

signals of settlement pulses that may operate on the scale of days (e.g. Ladah et al. 2005) or weeks, 

showing fortnightly peaks (e.g. Porri et al. 2006) can be masked by post-settlement mortality. 

Without further, detailed study of the settlement rates of these taxa, it is possible that the observed 

seasonal recruitment pattern is driven by the effects of seasonal post-settlement mortality, rather 

than by seasonal spawning or settlement. Nevertheless, as the seasonal nature of the recruitment 

patterns observed for the taxa I investigated were similar to those reported for the same taxa in 

different bioregions, the seasonality of recruitment is probably accurately described, even if the 

underlying patterns that cause it are not yet fully understood. 

Spatial recruitment patterns 

Mussel recruitment patterns were similar between the two species and among localities and 

sites, with no significant spatial pattern in the recruitment of P. perna (Table 3.4b). This was 

similar to the recruitment of P. perna in Zululand and Durban (Chapter 1), where this species 

showed low levels of spatial heterogeneity among sites within locations. B. semistriatus did show a 

significant spatial pattern, with highest recruitment rates at Lala Nek in the south. When the 

recruitment rates were compared between and among species, sites and locations on the west coast 
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of South Africa in Chapter 1, patterns were far more localized, with spatial heterogeneity at a scale 

ofless than 10 kID. 

The recruitment rates of both barnacles were much more heterogeneous spatially than those 

of the mussels (Table 3.4). Not only were there significant differences in recruitment rates among 

sites, but also among localities within sites. This high variability at sman spatial scales is common 

for barnacles. Dye (1988) reported high spatial variability in the recruitment of C. dentatus and T. 

serrata among four randomly placed 0.25 m2 experimentally denuded plots at each of three sites 

located 2-8 kID apart in Dwesa Nature Reserve. In an eight-year study of T. serrata at 11 sites 

spanning 200 kID in the Eastern Cape, in and out of exploited areas, Dye (1992b) reported high 

levels of spatial and temporal variability in the populations of this species. However, he did find a 

significant linear relationship between the long-term detrended mean adult abundance and the 

maximum observed recruitment at each of the sites. He concluded that this indicated limited 

dispersal of the larvae, and attributed any observed departures from this relationship to both biotic 

top-down effects (predation) and physical bottom-up effects (temperature and desiccation). Spatial 

heterogeneity of barnacle recruitment also has been reported in several other areas around the 

world. Lagos et al. (2005) found that the biweekly recruitment of both balanoid and chthamaloid 

barnacles in Chile was seasonally pulsed and showed significant spatial structure. Chthamaloid 

recruitment levels appeared spatially consistent over time, linked to upwelling-related nearshore 

processes. Balanoid recruitment was, however, not spatially consistent, and the authors attributed 

this to processes acting at more local scales. At a larger scale, the spatial heterogeneity of barnacle 

recruitment on the Chilean coast appears to be more consistent than among-year heterogeneity at 

each site, even during oceanic anomalies such as El Nifio Southern Oscillation (ENSO) events 

(Navarrete et al. 2002). This is in contrast to the recruitment pattern on the west coast of the USA, 

where an ENSO event was more important than spatial heterogeneity in explaining recruitment 

variability (Connolly and Roughgarden 1999a). 

Recruitment density among species 

Tetraclita spp. consistently recruited more densely than C. dentatus onto aU substrates 

(Table 3.5). At three sites at Dwesa, monitored between 1982 and 1996, C. dentatus and T. serrata 

alternated dominance of the upper balanoid zone interannually, switching in 1985 and again in 1989 

and 1990 (Dye 1988, 1998), indicating that the ranking of these species, in terms of either recruit or 

adult density, may also not persist in Maputaland. Maximum recruitment densities of T. serrata 

into the uncleared barnacle zone in the Eastern Cape varied between 600 m-2 at Mkambati and 7000 

m·2 at Dwesa (Dye 1992b). The maximum recruitment of Tetraclita spp. ranged 500-1200 m -2 onto 

bare rock and 400-1800 m-2 onto plates among sites in my study, falling within the range of the 

lower-recruiting sites in the Eastern Cape. 
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Although recruitment levels of C. dentatus were low compared to other locations in South 

Africa, they did fall into the range of recruitment rates for Chthamalus spp. worldwide, as recorded 

in studies spanning both large and small spatial and temporal scales. In Baja California, Mexico, 

daily settlement rates of Chthamalus spp. varied between 1750 (mean) and 17500 (peak) m·l.day·1 

(Ladah et at 2005). This is 1-2 orders of magnitude greater than the recruitment rates observed in 

Maputaland; however, as settlement was recorded daily, it can be expected to be higher than values 

obtained from cumulative recruitment rates recorded over longer periods in other studies because of 

post-settlement mortality (Connell 1985). In Europe, O'Riordan et at (2004) studied the monthly 

recruitment ofChthamalus montagui and C. stellatus onto bare rock between Ireland and NE Italy. 

Mean rates for C. montagui varied between 57 in Ireland and 2800 m·2.day·1 in Portugal, and C. 

stellatus varied between 0 in Portugal to 81 m·2.day·! in NW Spain. Mean C. dentatus recruitment 

fell within values for C. stellatus and at the low end of those for C. montagui. However, these 

studies included cyprids and barnacles < 0.5 mm in diameter, whereas my study did not. In Chile, 

(Navarrete et al. 2002) found that annual recruitment rates ofChthamaloid barnacles onto plates 

identical to those used in my study varied significantly among both sites and years, ranging from 0 

to 2300 m·l.day-I. The recruitment rates of C. dentatus onto plates in Maputaland spanned a 

comparable range of values. 

Too few patches of mussels existed in the mid-shore in Maputaland to allow observations 

of recruitment of P. perna into mussel patches such as those in Chapter 1. However, using the 

regression formula from the Zululand brush recruitment rates (R) in Chapter 1 (Riled::: 1.64 + 

4.02*Rbrush) and data from Figure 3.4, the recruitment peaks for P. perna into mussel beds in my 

study area can therefore be calculated to be 2600 m'l.day·) at Lala Nek in September 2002. This is 

lower than the equivalent values for any other location described in Chapter 1 (see Figure 3.11). 

The low values for P. perna recruitment in Maputaland may be due to the lack of a dense local 

source population. If the population is recruit limited, adult stocks, the source of nearshore larvae, 

that have been depleted by intense harvesting will reduce local recruitment, such as in the case for 

Dwesa (Chapter 1). Mean (and peak) recruitment rates of B. semistriatus were 0.5 (6.0) 

brush'l.day·1 at most sites in my study. Using the linear regression formula from the correlation 

analysis (Rchuffy = 0.1393 + 0.3061 *RBrush), this can be converted to 0.3 (2.0) Chuffy"'.day"'. In their 

study of recruitment rates of the congener B. granulata in Chile, (Navarrete et al. 2002) report mean 

annual recruitment rates among 12 sites varying between 0 and 0.12 Chuff,),-I.day"l, so recruitment 

rates of B. semistriatus in Maputaland appears to be higher than those for B. granulata in Chile. 

While some mussel species appear to recruit in very high numbers, others have lower 

intrinsic recruitment rates (Chapter 1). In Namibia, the recruitment rates of the small bisexual 

mussel Semimytilus algosus were orders of magnitude greater than for P. perna, but the shore was 

dominated by adult P. perna. On the west coast of South Africa, at Groenrivier, the very high 

recruitment rates of Aulacomya aier similarly did not result in it out-competing the invasive Mytilus 
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golioprOl'inciaifs lor "dull habilal (R",,>ch alld SleI'hni 2(04). Thrm'~h()lLI my s\Udy. B. 

,,,mislriwllS recruilCJ in 'ignific~nlly higher OCLlSi[ie< [han p, panu. but adlill !:>ed, of B 

"emi"lriul <IS were much rarer on th e ,hore, and never existed w ilMUI 01 1<0>1 ,ome "dllil P f"""" 
"Ttlnng l);em (p"'" nbs,), La,;"k ( I 9(19) reported Ihal rocky ,hore, adj a~em 10 lhc M kamb",; ""' nrC 

f/.e,en'e in the Eas!ern Cape_ "'hich had been denuded off', perna, becamellu meri c"lI} (kHni n"led 

by H, semi.I/ria[m. B. s~mi,\'lrialu", I ike S. dli"-'U's, may therefore be a 'weed)" 'pecie, I hal ex ploi1> 

diSlLlrkd hab it~t s, bll1 d"", not persisl well ","n "dull ' Iod, rdying Oil high recruilment Icvc k 

di' I",,,inn anJ II", colonization of di'lur!:>ed bao;lal" mlher I han Oil [he intcr~ene," Lional ,labilit)' of 

Inng-I ived adults ;n mJlure mussel bed" to m"iLlla;n iI, pre,e,"'e in Lhe imert idol cnV[[C>l,n,.,nt 

t'Jf_C/s oJ ;mertidaI4oll~ 

C omp"ri",n, orre~rui Im e"l be l ween "one, wCre limilcd LO Lhc l'Wo barnacle 'recies on bare 

rnd. as 110 NI,.,r slIbmale' were , il ualed in bol h '-'"'cs_ ,,,,d m Li sscis biled 10 recrlLit on bare rock, 

A II hnugh lhe matched-pairs I-tests ind ical ed ,i.~ni ~ c" nll} ",ore recruilmenl imn [oc barnacle zooe 

than the mllssel Wl,., (Table 3,5), I he en"~1 or 'one wa, reJL .. ed In non-signi fLcance in the 

ANOV As (Table 3.4c), and the level, or re~rui [Tl", " 1 ill the 1",,1l "~ lc zone were temp",all, 

correiJled wi Ih U~"e ill 1 he Tllllssel zone, lJyc (I <;<)8) mnnilored tlk recruitment of barnacles iLllo 

lI",li'll"lxd and p<r ioJically dcnu.ded 0,25 m' 1,loh in 11>::0 upper and lower b"lmwid zones al Ihree 

s ites over I} years "I I)we,.,. ""d 'howed Ih"l recrLlilineni r~[e< fnr both C. denloius "",I T semll!1 

ge""rall y re II wililin I he ,"me order or magllil "de into all plnfs_ wi th no clear patt~rn of d.,n,er 

recTllitmenl level< in eilher "one or onto eillkr Irc"lmCIl!. A, ad ult barnacle, me less deLlSe in tl., 

mll"el ZOllO IhaLl in Ille b" ,,'acle mne (peT< , 01".), this iTtlI,lie, lhat althoLigh recruitm ent i, 

approx imalely eq ual in IxHh "Olles, I"-"I.r~cr u i"nelll morl"li ly climiLL"te, mOre b~rn""lcs in the 

LT1u"el "me (Connell In5) 

Effl«'I\' or ,n,h,I'lmle 

Snbnrate "a, more iml~"t~nl in expla ining barnacle recruilmenl Me' Ihan ",,",. 11 .. 

correlali(~, 1"'1 wcen rccrLlil mcm ,)llin bare ",ck alld plates tOt Teo'aeliia 'pp, in tile b"m"~i< ~one 

w," pmili "e and signifLcant. but weaker than thaI beNeeLltl", No zooe, for oare rod, For C. 

d"",,,,",\'_ Lhe rclation,hip klweeLl recruitment 0010 bare rock "",I plale, w,,, even "eaker, ,,,,d in 

olle c"", nnl significant. Additionally, 11>::0 recnlitment oftl., two 1""0 on piJle, was negalively 

corre l"ted_ illdced ne~r Iy Lll Lllually exc lusivc. blll wa, pmitively correlated all bare rock ill Ixllh Ih e 

lT1 u"c l ,,,,d II", lIamacle wne"; , Sub'lralllLn struemre ha, oileLl been repot1ed to explain 'eillemont 

",«i"lIilily in bamaclcs (Crisp and [larnes j 95,1: Cr;,p j 974: Chabol and Rourgel 1988. Herberl ,,,,d 

Ilaw kin' 2006), "s well a, differ~nces ;n post-recrU;tL1leLlt ,u rvivo L, hi I' aT~1 thL" cn"L1n unit} 

struemre jl'ler!:>eL' 'Uld llawkins 20(l6 ~ and cypri", il"ve a demoml"'lCd prc fercnce f'" rel~tivcly 

SJlloe<h over rO<lgh ""tiICe,_ but not over tho« [ilat "re 1 ,~" lly ,",(1olh (Crisp and Barne, 1 ')5,1: 
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Anderson and Underwood 1994; Berntsson et al. 2000). The material ofthe substrate has been 

found to influence the settlement of both cyprids and mussel veligers, with both taxa favoring 

materials to which they can better adhere (Crisp et al. 1985). In his study comparing the 

colonization of space on rocky shores and seawalls, Bulleri (2005) presented both cleared bare-rock 

patches and settlement panels on both structures at three locations in Sydney Harbour, Australia. 

While he generally concluded that structure was more important than substratum in explaining 

colonization patterns, he did find significant interactions between location, structure and 

substratum, as well as for patch nested within these factors. Bulleri (2005) presented two plausible 

hypotheses for the variability in settlement among substrata: (1) panels, which are not flush with 

the substratum, dry more rapidly than cleared rock, favoring organisms more resistant to heat stress 

or desiccation, and (2) as herbivores and predators were not excluded from the treatments, their 

preference for one substrate over another may have contributed to recruitment variability. Indeed, 

both of these factors apply to my study. Some of my cleared rock treatments could never be 

completely dried due to depressions or pits in the rock surface, differentially favoring some 

organisms over others. Secondly, I often found limpets (He/cion conca/or or eel/ana capensis) and 

snails (Oxystele tabularis) grazing on cleared rock patches, more frequently in the mussel than in 

the barnacle zone. Although occasionally present on the plates, grazers were substantially less 

common there. Connell (2001) found that even when predation or disturbance levels are large, they 

may not explain the differences in community structure between different nearby substrata. 

Nevertheless, Bulleri (2005) attributed the difference in settlement and colonization between 

adjacent substrata, if not between structures, to the differential presence of molluscan herbivores. 

This suggests that artificial recruitment panels may not accurately reflect either the actual 

recruitment rates onto rock or the ratio of recruitment rates among species. Despite the utility of 

standardized artificial recruitment plates in comparing among proximate or distant locations (e.g. 

Menge et al. 2002; Bulleri 2005; Navarrete et al. 2005), these must be ground-truthed against 

natural substrate to understand the relationship between the arrival of settlers onto plates and their 

settlement and recruitment into, and subsequent ecological effects on, the surrounding community. 

Examination of mussel recruitment into brushes versus mussel beds in Chapter 1 revealed 

that recruitment rates into brushes accurately reflected the recruitment of P. perna into mussel beds. 

In this chapter, P. perna and B. semistriatus recruited into brushes and Chuffies with similar 

temporal patterns and in similar proportions, although the total number of recruits into brushes was 

generally three times that in adjoining Chuffies. However, no mussels were ever observed 

recruiting directly on scraped patches of bare rock in either the mussel or the barnacle zone. In fact, 

the only recorded incidence of P. perna settling directly onto bare rock in KZN was in the 

anomalously high recruitment event in 1976 along the coast of Natal (Berry 1978), in which recruits 

blanketed the shore, radically changing the mid- and low-shore ecosystems along this entire stretch 

of coastline. Prior studies relating to the practices of subsistence harvesters in the Eastern Cape 
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have also revealed that neither mussel settlers nor recruits attach directly to bare rock, and this is 

one of the reasons why P. perna beds can take up to 10 years to recover from denudation (Dye 

1992a, 1998; Dye et al. 1997). Working in Dwesa Nature reserve, Dye (1988) reported that 

denuded patches in the upper and lower balanoid zone were much more unstable during their 

recovery in terms of diversity and species composition than adjacent control patches. This has 

important implications for the choice of harvesting practices employed by subsistence and 

recreational mussel fishers, as their top-down practices can influence the bottom-up effects of the 

mussel beds on recruitment (Harris et al. 2003; Robinson 2005). 

Coupling of recruitment and larval densities 

Two important patterns emerged from multiple-regression investigation of the association 

between cyprid density in the nearshore waters and the recruitment of barnacles in the intertidal 

(Table 3.8a). The first was that the abundance of cyprids was an important factor explaining the 

variability of the recruitment of C. dentatus onto bare rock in both zones. Similar benthic-pelagic 

coupling has been observed for barnacles in other parts of the world, as noted in the introduction. 

This relationship was negative, however, for the recruitment of Tetraclita spp. onto bare rock. I 

could not identify the cyprids to species-level, so it is possible that the pool of competent cyprids 

collected in the nearshore zooplankton samples largely comprised C. dentatus. The absence of this 

relationship, or the negative relationship, might also be due to sampling error. Cyprids in 

Maputaland are stratified and occupied mainly the bottom layer (Chapter 2), and the oblique tows 

used in Chapter 2 may have inaccurately sampled the density of cyprids in the nearshore by not 

sampling the bottom I m. 

However, this leads to the second important pattern, which was that the relationship 

between the density of cyprids and the recruitment of both taxa onto plates was totally different 

from that between cyprid densities and recruitment onto bare rock. There was no significant 

relationship between cyprid density and the recruitment of C. dentatus onto plates, and the 

relationship for Tetraclita spp. recruitment onto plates was positive (and highly significant) rather 

than negative. Although they may be due to error related to low sampling levels, these confounding 

results between plates and bare rock imply, as discussed above, that cyprid settlement behavior as it 

relates to substrate choice and the relative strength of post-settlement mortality on the different 

substrates are important processes influencing recruitment. 

Pearson product-moment correlation revealed that nearshore mytilid larval density was 

positively correlated with the recruitment of B. semistriatus and negatively correlated with that of P. 

perna (Table 3.6). Multiple regression analyses showed that mytilid larval densities were a 

significant positive indicator of recruitment density for B. semistriatus but not for P. perna (Table 

3.Sb). The identification oflarval-recruit coupling has been somewhat elusive in other regions of 

South Africa (e.g. Porri 2003) but has nevertheless been established for P. perna at some sites on 
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the South Coast (McQuaid and Lawrie 2005). The collection of larval data was limited and less 

consistent compared to the other data sets used in my study, and comprised snapshot samples 

interpreted to represent a month-long process. Despite this, a strong pattern of benthic-pelagic 

coupling emerged for B. semistriatus, which recruited much more densely than P. perna. Mytilid 

larval densities may still predict mussel recruitment of P. perna in Maputaland, but, due to their 

relative rarity, more complete and consistent larval collections would be required to demonstrate 

this. One of the first studies that successfully showed coupling between larval and adult population 

densities for nearshore organisms with a meroplanktonic larval stage was that of the bryozoan 

Membranipora membranacea, which adheres to kelp blades along the coast of California, USA. 

Yoshioka (1982) reported that upwelling conditions and the presence predators explained 55% of 

larval abundance, and that larval abundance and surface temperature, in tum, explained 79% of 

recruitment variability. Finally, recruitment was found to be the major factor (with predation) that 

explained population fluctuations, and also explained 75% of the variability of the reproductive 

output of the bryozoan colonies. Similar coupling between hydrography, larvae, settlement and 

adult community dynamics has thereafter been demonstrated for barnacles (Connell 1985; Gaines 

and Roughgarden 1985), urchins (Ebert and Russell 1988) and mussels (Menge et al. 2004). 

Coupling of recruitment and physical processes 

Multiple regression analyses revealed that mean monthly water temperature was the most 

important factor for the recruitment of barnacles. Again, however, the sign of this relationship 

varied among not only species but also substrates, complicating the interpretation of the physical 

processes (Table 3.8). For example, cooler temperatures predicted recruitment of Tetraclita spp. 

onto bare rock, but warmer temperatures predicted recruitment of Tetraclita spp. onto plates. In 

Chapter 2, a hypothesis was advanced relating cyprid densities to the onshore transport mechanism 

of upwelling, driven by alongshore winds, which predicted that barnacle recruitment would be 

higher during periods with cooler water temperatures and stronger northerly winds. Northerly 

alongshore wind was more important for Tetraclita spp., but across-shore wind was even more 

important, and the peak recruitment period for Tetraclita spp. fell in March 2003, in the month with 

the maximum onshore wind (Figure 2.11). For C. dentatus, the effect of along- and across-shore 

winds varied in their relative importance among the substrates and zones, but recruitment was 

generally highest with moderate northerly winds. Although the mean monthly wind showed no 

seasonal pattern, the variability of the wind was highly seasonal, peaking in August and September. 

Strong intermittent northerly winds during this period could therefore be related to the recruitment 

peaks for C. dentatus. 

Mean temperature was also the most important indicator of the recruitment of mussels 

(Table 3.8). The annual cycle was not removed from the mean temperature value, and both 

variables showed a strong seasonal cycle (see climatology in Figure 2.11), so this relationship was 
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anticipated. Alongshore wind, which was linked to temperature and upwelling in Chapter 2, but has 

no strong seasonal cycle, was a negative indicator of recruitment for P. perna. As predicted, the 

recruitment of P. perna in Maputaland may have occurred during times with upwelling relaxation or 

even downwelling conditions. Onshore wind, which can also promote downwelling-type 

conditions. was found to be an important factor in other studies (e.g. Tapia et al. 2004), and was 

also important in explaining the recruitment rate of P. perna. For B. semistriatus, northerly 

alongshore wind was significant but of low importance, and neither across-shore wind nor the 

temperature anomaly were significant factors in the model. leaving water temperature as the only 

process-related factor. This indicates that season was more important than smaller-scale wind­

based events for the recruitment of this species, in contrast with many previous studies of 

recruitment dynamics occurred in regions where wind-based events, such as upwelling and 

downwelling, or the relaxation of upwelling and downwelling. are more important than seasonality 

in controlling nearshore coastal processes (e.g. Roughgarden et al. 1991a; Botsford et al. 1994; 

Wing et al. 1995a; Bertness et al. 1996; Miller and Emlet 1997; Almeida and Queiroga 2003). 

Role of shoreline homogeneity in spatial and temporal recruitment patterns 

In Chapter I and here. recruitment was shown to be temporally pulsed and much more 

spatially homogenous on the east than on the west coast of South Africa. Two mussel species 

recruit in Maputalandjust as there were two (different) species at Groenrivier and the Cape 

Peninsula (Chapter 1). On the West Coast, recruitment at each site was synchronous between 

species, but there was a distinct lack of temporal synchrony among sites. In the MMR, in contrast, 

recruitment at each site was synchronous between mussel species, and the sites were also 

synchronous. As described above, one important factor controlling temporal synchrony of 

recruitment is spawning period, or larval supply, which is known to be pulsed for P. perna on the 

East Coast (Berry 1978). The spawning period is unknown for B. semistriatus. 

In addition to seasonality (discussed above), the final important factor found previously to 

control the synchrony of recruitment is shoreline heterogeneity in relation to the distribution of 

meso- and local-scale hydrographic events (e.g. Ebert and Russell 1988; Palma et al. 2006). Local 

coastal topography can shape and channel winds, which will influence wind-driven currents, Ekman 

transport, and Langmuir circulation cells. Below the surface, bathymetry will likewise channel 

currents and flows, changing current speed and direction, mediating the influence of tides, internal 

waves, upwelling. rip currents and other features. Many of these have been shown to be important 

for larval transport, accumulation and retention (Vargas et al. 2004; Queiroga and Blanton 2005; 

Shanks and Brink 2005). Various onshore-transport mechanisms have been shown to be strongly 

related to shoreline shape and topography. including sheared currents within bays (Graham and 

Largier 1997; Archambault and Bourget 1999), upwelling (Lagos et al. 2005), internal waves 

(Shanks 1983; Shanks and Wright 1987; Kingsford 1990) and internal tidal bores (Pineda 1999; 
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Vargas et al. 2004; Ladah et al. 2005), resulting in a settlement pattern that is temporally pulsed on 

the scale of days. When these effects are seasonal, such as on the east coast of South Africa, this 

may explain the seasonal nature of recruitment. Spatial heterogeneity of recruitment rates among 

sites has been attributed to bottom-up processes that are mediated by the shape of the coastline 

(Roughgarden et at 1991a; Wing et at 1995a; Archambault and Bourget 1999; McCulloch and 

Shanks 2003). The lack of alongshore physical spatial heterogeneity in the MMR, and even along 

the entire coast ofKZN, may strongly influence the marked temporal and spatial homogeneity of 

mussel recruitment. 

Coupling of recruitment with adult stock densities 

The densities of adult stocks of P. perna in Maputaland are currently very low compared to 

other regions of South Africa. I recorded mean densities of subadults and adults (i.e. individuals> 

5 mm) equaling about S m'2 and mean cover equaling about 3% (Chapter 2, Figure 2.1S). In the 

non-exploited area of southern Black Rock, mean densities reached IS-25 m'2, or about 6% cover. 

Dwesa had the lowest densities of P. perna of all the locations investigated in Chapter 1, with a 

cover that averaged around 15%. One factor that contributes to the low value for Maputaland is the 

greater horizontal patchiness within the low-shore zone (Sink 2001), reducing the overall values. 

At the locations surveyed in Chapter I, the permanent transects were placed within patches of 

mussel bed, whereas the mussel surveys in Maputaland (Chapter 2) were randomly placed and often 

fell upon other biotypes. Within the densest patches of the mussel biotope in Maputaland, densities 

reached 50 adults m,2 and 25% cover in the exploited areas and 110 m,2 and 60% cover in the non­

exploited areas (Black Rock South). This is higher than the mean values, but not higher than the 

maximum values that were recorded in Dwesa from 1995-2000. Stocks of mussels in Maputaland 

are clearly low relative to all other regions of the southern African coast. The top-down control of 

mussel density in Maputaland by high levels of human harvesting has been well documented (Kyle 

et al. 1997a; Tomalin and Kyle 1998; Sink 2001; Cockcroft et al. 2002; Robertson 2003), and this 

probably accounted for to the significant difference in the density of P. perna between adjacent 

exploited and non-exploited areas. 

I disproved my hypothesis for a positive significant stock-recruit relationship for mussels in 

Maputaland. Ecologically, the relationship between stock and recruit is important at two points in a 

mussel's life history. Firstly, a reduction in adult densities, especially the removal of the largest or 

most fecund individuals of the popUlation, reduces the number of larvae produced (Hughes et al. 

2000). Secondly, mussel settlement and recruitment is enhanced by the three-dimensional matrix of 

the mussel bed (Harris et al. 1998; Robinson 2005; Chapter O. With such a significantly reduced 

density of adult mussels in Maputaland, it is not surprising that recruitment rates are so low. 

Nevertheless, the correlation between adult stocks and recruitment was (marginally) non-significant 

(p = 0.07 after removal of an outlying point). 
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In situations with high or superfluous settlement, (Connell 1985) predicted that the stock­

recruit relationship could be masked by non-density-dependent post-settlement (or post-recruitment) 

mortality. In Maputaland, however, recruitment is very low, and this scenario is unlikely to explain 

the observed pattern. In recruitment-limited environments, settlement rate is a good predictor of 

recruit density (Connell 1985; Caley et al. 1996), and even of adult densities and community 

structure (Gaines and Roughgarden 1985; Menge et al. 2003). These bottom-up indicators may be 

rendered non-predictive in some environments by density-dependent top-down community-level 

effects such as competition and predation (Menge 1995, 2000b; Menge et at 1999,2002; Wieters 

2005). Both Dye (1998) and Harris et al. (1998) interpreted a significant relationship between adult 

stock densities and recruitment rates as evidence for limited dispersal, as it implies that the system 

is closed at the scale of the study. However, even in a closed system, stock densities and 

recruitment rates can be decoupled if mortality of either the adult stock or the larvae is stochastic 

rather than density-dependent. In Chapter 1, most of the locations examined had significant, 

positive, linear stock-recruit correlations. All of the sites chosen for that study were protected from 

human harvesting. Human harvesting behavior, when not economically driven (i.e. recreational or 

subsistence), is not density-dependent, as time invested in fishing is not considered in the 

individual's cost-benefit analysis (Clark 1985). Therefore, if one considers harvesting on the rocky 

shores in Maputaland to be a non-density-dependent source of mortality to the adult stock, this 

could explain the non-significant relationship between stock and recruitment in this area. 

Finally, there may be no significant relationship between stock and recruitment if the 

system is open at the scale of this study, as was concluded for many locations in Chapter 1. In some 

environments, larvae may be able to avoid advection and remain close to their parental stock using 

vertical swimming or horizontal orientation behaviors (Kingsford et at 2002). However, larvae are 

small, and they are weak swimmers (Bayne 1976). If the alongshore currents are not amenable to 

retention (i.e. highly advective and not sheared), no swimming behavior will allow them to remain 

close to their origins. As described in this chapter and in Chapter 2, the coastline of Maputaland is 

exposed and rough, with strong winds and potentially strong currents as well, and a low potential 

for eddying in the bays. More information about currents and oceanography ofthe area is required 

to resolve whether these rocky shores are likely to be open or closed at the scale of this study 

(Gaines et al. 2003), and an investigation into the advective properties of the surface and sub­

surface currents in Maputaland is the focus of Chapter 4. 
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3.5 CONCLUSION 

Recruitment of barnacles and mussels in the Maputaland Marine Reserve is seasonal. 

Seasonal recruitment patterns for Perna perna and Chthamalus dentatus were similar to those of 

conspecifics in other bioregions. There are no previous records of recruitment rates of Tetraclita 

serrata rufotincta or Brachidontes semistriatus, so no comparisons could be made for these species. 

Benthic-pelagic coupling was demonstrated for both mussels and barnacles, with larval densities 

explaining a significant portion of recruitment variability for each species. The seasonally pulsed 

nature of recruitment was linked to seasonal spawning, driven by the strongly seasonal patterns of 

sub-surface temperature. B. semistriatus recruited simultaneously with P. perna, which is different 

from the situation for the multi-species systems described for the West Coast in Chapter I, and this 

may be due to similarly timed spawning or to a lack of spatial heterogeneity along the Maputaland 

coast. 

Recruitment rates were only very loosely coupled to adult stock densities in both years of 

the study. Human harvest of adult mussels on these rocky shores is having a clear impact on the 

adult densities in the MMR. Several lines of evidence support this. Firstly, harvesting may explain 

the absence ofa stock-recruit relationship. At unharvested sites with low levels of P. perna 

recruitment in other parts of South Africa, the small-scale stock-recruit relationship was generally 

strong (Chapter 1). In addition, P. perna recruitment rates were among the lowest in the country, as 

are the stocks of adult mussels. Finally, the recruitment density of B. semistriatus was consistently 

higher than P. perna. B. semis/ria/us is a 'weedy' species that relies on high recruitment and the 

continued invasion of disturbed habitats, and is an indicator of disturbed rocky shores on the east 

coast of southern Africa (Lasiak 1999). As these areas are subject to regular harvesting, these 

factors together indicate that disturbance of the mussel stocks is having a transformative effect on 

the intertidal environment. 

The establishment of controlled or no-take areas could counteract the harvesting pressure 

currently exerted on rocky shores in the MMR. To contribute to the determination of scales and 

spacing of these closed areas for replenishment of mussel both in and out of sanctuary areas, an 

investigation into the potential for advection by nearshore currents in the study area is required. 

The results of such an investigation are presented in Chapter 4. 
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CHAPTER 4 

Hydrography of the inner shelf and the connectivity of rocky shores in Maputaland 

4.1 INTRODUCTION 

Conservation biologists have for decades understood the importance of the connectedness 

of disjunct populations for their maintenance (Saunders et al. 1991, for review). However, while 

connectivity via corridors and buffer areas have become a focal area of research for terrestrial 

ecologists (e.g. Wegner and Merriam 1979) and island biogeographers (e.g. Whitcomb et aI. 1976), 

marine ecologists have until recently simply referred to benthic populations as either 'open' or 

'closed'. Some have regarded rocky shores as being 'open' and connected by a large homogenous 

larval pool that is transported onshore by little-understood and therefore unpredictable hydrographic 

mechanisms (e.g. Berry 1978; Roughgarden et al. 1985). Others have treated them as 'closed', or 

disconnected, with recruitment dynamics being completely locally controlled (e.g. Suchanek 1985). 

Perhaps this is because marine organisms can disperse on average so much further than their 

terrestrial counterparts, making the connection between adult stocks and larval settlement less 

readily discernable (Kinian and Gaines 2003). Marine studies have, however, lately shown that 

populations are rarely either totally open or closed. Instead, scales of connectedness between 

disparate populations vary in ways that depend on multiple factors, some of which are scalar 

(KinIan et al. 2005). Some of these factors are becoming increasingly understood and predictable; 

others are not. At the same time, there is a continuing appreciation that insurance of continued 

connectedness of benthic adult populations via their larvae, or via various life stages that occupy 

different habitats, is essential for conserving ecosystems and sustaining fisheries (Botsford et aI. 

1998; Gaines et aI. 2003; Lubchenco et aI. 2003; Mumby et aI. 2003; Carson and Hentschel 2006). 

The minimum ecologically required dispersal distance at the population level is only 

hundreds to thousands of meters from the parental stock (Strathmann et al. 2002). While stepping­

stone models indicate that this might be accomplished in a matter of days (Palumbi 2003), the 

meroplanktonic phase of dominant intertidal species such as mussels and barnacles is on the order 

of 1-4 weeks (Grantham et aI. 2003; Shanks et aI. 2003a). A pelagic larval stage lasting weeks may 

have therefore evolved not for long-distance dispersal, but rather in response to selective forces that 

inhibit alternative modes of early life development (Strathmann et aI. 2002). As a result, 

Strathmann et aI. (2002) suggest that the long-distance dispersal evident from large-scale genetic 

homogeneity may not be a direct result of selection, but simply a by-product of the selective 

advantage of a prolonged early life at sea. Byers and Pringle (2006) support this view, and 

demonstrated that long-distance dispersal may simply result from the prodigious larval production 

required to allow sufficient retention. Recent experimental evidence suggests that many species 
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with dispersive larvae show strong stock-recruit relationships and even larval return (Harris et al. 

1998; Castilla and Guifiez 2000; Swearer et al. 2002; Warner and Cowen 2002; Branch and Steff ani 

2004). In addition, studies of larval behavior indicate that many meroplankers may have the ability 

to orient themselves and navigate through the water column (Kingsford et at 2002; Shanks and 

Brink 2005). 

Studies identifying the physical and biological mechanisms that drive larval dispersal have 

contributed to a better understanding of adult popUlation dynamics (Roughgarden et al. 1988; 

Bertness et al. 1996; Botsford et al. 1998). Although maximal distance ofpropagule dispersal 

maintains genetic homogeneity among populations (Mills and Allendorf 1996), it is the average 

realized dispersal distance that will effectively replenish neighboring (or distant) populations from 

one generation to the next (Killian and Gaines 2003). Maximum and average dispersal distances do 

not necessarily co-vary, and both can vary among populations and also among years, and therefore 

both require our study and understanding (Kinlan et al. 2005). The important intrinsic biological 

components of the dispersive phase have been generally identified, if not precisely explained, and 

these include both inter-specific differences (reviewed by Underwood and Keough 2001) and intra­

specific plasticity (Holm 1990b; Raimondi and Keough 1990) of dispersal and settlement behavior 

(Morgan 1995a, 2001). These interact with a suite of extrinsic biological and physical factors that 

include adult density (Hills and Thomason 2003), timing of fecundity and spawning (Lasiak 1986; 

van Erkom Schurink and Griffiths 1991a; Ndzipa 2002; McQuaid and Lawrie 2005),Hfe history 

parameters (Grantham et al. 2003; Carson and Hentsche12006), mortality in the water column 

(Olson and Olson 1989; Morgan 1995a; Anil et al. 2001; Morgan 2001; Johnson and Shanks 2003), 

meso-scale retentive oceanographic features (Wing et al. 1998), water velocity (Archambault and 

Bourget 1999), accumulation by slicks or fronts (Shanks 1983), and onshore transport by various 

mechanisms such as internal waves, tidal bores, or the onset or relaxation of pulsed upwelling 

(Shanks 1983, 1988; Pineda 1994; Shanks et al. 2003b; Tapia et al. 2004; Vargas et al. 2004; Ladah 

et al. 2005; Shanks and Brink 2005). Additionally, all ofthese vary with inter-annual fluctuations 

in the oceanic environment (Connolly and Roughgarden 1999a; Marinovic et al. 2002; Navarrete et 

al. 2002). Of course, the relative importance of these factors to local communities will vary in a 

scalar manner, underscoring the importance of generating local hypotheses to explain local 

community dynamics, and creating local, as well as national, management strategies (McQuaid and 

Payne 1998; Carson and Hentschel 2006; Chapter I, this study). Finally, the study of larval 

dispersal has been greatly enhanced by mathematical modeling (e.g. Gaines et al. 2003), although 

most models that predict larval dispersal have been created to describe straight stretches of 

coastline, an assumption that is inappropriately simple for most coasts (Largier 2003; Siegel et al. 

2003). 

The east coast of South Africa is, however, an ideal location to apply these models of larval 

dispersal as it contains relatively straight stretches of coastline. The area selected for this study falls 
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just south of Maputo Bay, Mozambique, and is proximate to where the Agulhas Current is formed 

(Figure 4.1). The flow of the western Indian Ocean was previously thought to include a southward 

branching of the South Equatorial Current (SEC) at Madagascar. The SEC was then thought to run 

poleward and west towards the African continent, where it diverted again southward and joined the 

poleward Mozambique Current to form the Agulhas Current between 23° and 27°S (Quartly and 

Srokosz 2004). The strength ofthe Mozambique Current was known to vary seasonally with the 

onset of monsoons (Schumann 1998). A recent ship-based survey has indicated that, at the time of 

measurement, the Mozambique Current and the East Madagascar Current respectively contributed 

27% and 30% to the Agulhas Current; the balance was contributed by the westward limb of the 

subtropical Indian Ocean Gyre south of 25°S (Donohue and Toole 2003). These inputs change over 

time, due to variable features such as eddies within the Mozambique Channel (Quartly and Srokosz 

2004) and the East Madagascar Retroflection (Quartly and Srokosz 2002) which, to date, have 

produced no clear consistent signal (Quartly and Srokosz 2004). 

Dominant features of inshore hydrography on the east coast of South Africa can be grasped 

from I-km resolution Advanced Very High Resolution Radiometer (A VHRR) images, comparing 

typical summer and winter conditions (Figure 4.2). Firstly, the Maputo (formerly Delagoa) Bay, 

near Maputo, Mozambique, lies at the mouth of several rivers and smaller streams and its waters are 

the same temperature as the surrounding water in summer, but considerably cooler in winter, due in 

part to the addition of cooler water via riverine input. Maputo Bay is shallow, with restricted 

circulation (Paula et al. 2004), and is known for the proximate formation of lee eddies in the 

Delagoa Bight (Lutjeharms and Da Silva 1988; Quartly and Srokosz 2004). Riverine inputs may 

inflate nutrient (and therefore phytoplankton) levels. There are two other areas with higher 

nearshore levels of phytoplankton concentration year-round. The first is the Natal Bight, between 

Richards Bay and Durban. Here, a topographically-induced upwelling cell, in addition to input of 

freshwater via the Tugela River, reduces inshore temperatures and increases nutrient levels, thereby 

increasing nearshore productivity (Meyer et al. 2002). A second topographically-induced upwelling 

cell south of Port Shepstone, has similar, if less obvious, consequences (Roberts 2005). 

The area selected for this study is the same as that described in Chapters 2 and 3, extending 

from Castle Rock to Island Rock in the Maputaland Marine Reserve (MMR), northern K waZulu­

Natal (KZN), South Africa, from the shoreline to 20 m depth (Figure 4.3). In satellite images, the 

area appears relatively featureless, with nearshore SST within lOC of the offshore temperatures, and 

no obvious proximate sources of nutrient subsidies that would affect nearshore phytoplankton 

levels. Due to its remoteness, little of the area's inshore hydrography has been described (but see 

Mitchell et aL 2005). The coastline is nearly straight, allowing an empirical comparison of 

dispersal estimates with previous dispersal models that assume a straight coastline, and has a series 

of rocky headland isolated by intervening sandy bays, permitting questions about the connectedness 

of rocky-shore fauna on these points by larval dispersal. Using data presented here, as well as 
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scieeted dat" Irom Chapte" 2 "nd J. thi' ' tudy ex"mine, the ,ole, of me:;.:)- "nd sm alk,il k 

hydrCldynaTHic f",cill~ on TeCTLJil melll dynamic" a",,1 Ih e ,ol1ne,kdne" 0 f mck y ,hor~' in I he 

M ~ I R. in I hT~e ra'l', I"i'<t. 10 (li'p"1 the hypoth<;,i, that the Agul has Cmrent dominates lIearshore 

dYTl<j[[,ic, ill il,~a, with narrow contillental ,h"lves. which wOlLld elI"ctively e l iminate "ny me"nS 01 

'''tentioll alollg the coast. th" roic of meso-scale fL'fcill~ Oil nearsh:)re currellt, "rxlrecruitment 

pottcnlS was investigJ1ed at the ""Ic of the Agulh"' Currel11 usillg remote sen,ing. Seco",,1. 

Ile"r,hore ",,'-ent ' were me"sured and eXiHrli""d in reialion lO ,0a,l]ille S~ilPC ilnd ,,'in(1 at~llidill 

IOrring. These empiric"l mea,,,Teme11ls weTe then "",d to <reille" ""Mkl OL illong- ,Hid ilCto'-'­

,llO<'e di 'pc,-,.,JI for pa"ive drifle", I'hi, ""Iioll o f Ihe MMII. Lilli, 1~,th in all OClt of sanctuary 

"Ol1e,. b"l Ihe enliTe C(li,, 1 iJ",,1 II", "d';"ce11l Ko,i flil} Lsi LJaTY "'~ ' LJhject to 5l1hsi,tclI<'e- icvcl 

hil '-v~Slic.g of THiJC.y illve"eb",le 'I"'ci~, ill,1 LJdinf~ the """,d Pern" pall" and che tlLnicoce ['yui"IJ 

" w/rmifem. il' well,,, Ii,h (Kyle et al. 19970_ h; Kyle 19<;9), Theoll1come, of the mOOci are 

Iherd"orc Televillit to the ma"a~cm""t of rocky shore mgolli,,))s with complex Ii le'ty Ie,; th ree 

examples of it' IXlcential li se '" recommelld ing spocing of ""wtllary "re", lor the managemenl of 

rocky-shore fishe ries within the \-l\-m "re pWYided"l th e elld OL lhi , chap leT. 

4.2 METHODS 
Study Are" 

I ,'" IIwhic.g con"Til;c.l, ,,,,d hillhymel ry of Ihc ne""hor~ "rca OL the \-brutiJ la,id M,,,ine 

lI.eseTve (~' I Mil.) "re de,cTihed in ClkJpler 2. and I he geolllo'rlw l o~~ of the n'Cky shore,_ incilLding 

the 'Ileeial characteri,tics of Glock Rock. the headland at til" Ce"CCr of this study. in Chapler 3 The 

cont in"ntal shell'is ger",,"lIy nan-ow (2-7 kml with" silelfbre"k deptil 01'45-112 meters (Ylartin 

and fiemming 1988). I p,,"itioned the itmer she lf into fLve "one, (figure 4.4), The ftrst three 

zones. whidl compri,c the Ilearsh",e, are the swash (0-50 m from shore), the surl' (50-1 00 m) and 

the regioll j u,t l,.,hi:,,1 the , uri' (100-1 50 111 1, In the bays, wilere sand b"rs nem~ " ",~olld , urI' cone 

l"'hir.J the tit'St. two additio n,,1 /.Olle; we re ilwll.Jed ,- the ","co:1d surl' "one (125- I 50 01) and the 

region b<hind Ih e , econd , urI' OOlle (150-200 m). TI", tillal two cone, are the ill,ho'-~ (2110-450 m 

Lrom shore, deplh' on-12 m) "nd lOC on,h",~ (450-XOIl L11. I c_1 ~ m deep) 

~'1arlLC,, 'a nd is microtid,,1 « 2 m tidal ra"ge) and cxperiellce, storm , urgc,:-: 2 m 

iJrpToxi ,,'atel} once annu,Jliy (~lilchell d "I COO-,) r ida l CLJrrents "'" ,mall ""d thOllght to havc a 

mi nc'I' infllLencc on coastal processe" U"ng 30 ycar, 0 f ,Ilip data from the Soutll Afric"" Data 

Centre for Oce;,,\(,~, 'Jph} (SAIKO). ~lilchell eL "I. (200-,) Teror l se,J",nil I THe"n ", ell condition, 

tlkJc v,,'y helwecn ",uther ly ,Hid ;'OLJlh-ea"er ly (Ja'M',"} I ~W dir~ctj"n, I , ~ I)) height 0,5 'per iod; 

July: 170", 1.9 m. 7,8 S), \\iinter 50ut l",rly melis refract strongly_ producing Ilorthward swasil - and 

,url'oo',., alollg'hor~ ,lInent" The,e cun-elm "re pul,ed. with storm ,wells of ('ape origi n arriving 

iJW")Xi ,,"Ml y weekly. li"ting 2-.1 d"y, "nd Jrivillg illollf"hore no"llw,,,d curre"l, excceJing 
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I rT1.'- '- U;;irrg the Engl",lund-rreds", equati~n. Mitchell et al. (2005) (bh"'~ lhal alongs;,oTe 

,wash- ond >url'zolle " UIT~l1 l' ar~ el1eTgc1i", Ol1U ~al1 rnohi I ize a noTthwarJ -r i,e,' of sand. greater 

than 10' rn:; pcr yeaT, 

ClITTcnt slICcJ anJ velocity in the inne, ;;hel f z~ne, were l11easured thr~e way" 

videography, d,.og~s, and ADCr (Table 4, I) ot vari(" , depth' duril1g rO Ll[ GelJ trips oHoc" 

cOl1scclltive da~" two in 2002 and 2003. one near the b<:gillni ng al1u 01'" IIea r tl", enJ ofille f' 

perna spaw ning peri'~1 nn lhe east co",t 0 r S'HJlh ,\ l'ri,'a (HeTry I ~7S), 

T.bl~4.1 Cun-ent mC.'UI".ment Iyp~' b~' <Am. 

Zone Video DTO~"O ."])("1' 

\\'oter depth .\11 J-l~ '" 17 no , 
" Sud"," 2-10 m l-I~ '" , 

" 
, 

lkhi",J Ii", ""1"0,,, (b.)"",I)') , 
5<",n<l ""r " "'" I~")" onl)') , 
Ikil:",J all ".1 , 
ImboTI; , , 
OINn~' , , , 

, 'allowing methc"l< deve I~pcd dll[ ing a pilot study I den OlKiendal11mer 20(2). lilming 01 

,uTI'ace water, lOok place at each ~I' , eve" ,ites (Table 4,2). recording for 10 minutes ot Ihree 

,pcci~eJ lime, on each day m each ofth",e angle< i" 2002 aoo four angles in 2003 (Tahle 4.3, 

rigu,e 4,5), The video fC'Otage "as then used to meru;ure the velocity of Ih e surbce layer nf the 

"ate, in each ~f the nearshore lone, using a keogmm. or tim e-slack. The use oj' viden-ba,ed vi,ual 

'ime·slacb lo ,I udy hyd"'dy"ami,'" 0' "nail and rrkdium ,cales is a Tciali,'ciy new ITel1J ill 

nea"h<,," o"eal1OgTophy ·t he mdll<ld, u",lulr",,, al1J ac~ur""y 01" Ihe !ime-"Ia"" rrleliJoJ for 

alol1gsllOre CLlTTe]1[ l11ea,urernenh !Torn a ,ingle, r,x~J loca!iol1 have beerr recen ll y ocscribeu 

\ ChickaJel el a l. 2 1~i3), My ,,!uuy eAlerl<h Ih is melhod 10 irrvol ve rnLLlliple Caillera, HIm i"g 

,i mLLllarreoLL,ly f"'ln ,evcral Hxeu loca!iorr', givi rrg an array 0 1' curre"t s,",ed, 'panrring a 

;;ub<1a"t i 01 ,",ction ~f coast. \-100 iticatiorlS aDd exwn,ions of the method descr ib ed hy Chickadel et 

al. (2003) are detailed in Appendix I. Videographic method, fo r m~a,urements nl''''';;lce "urr~l1" 

d'" part icularly vaillab le for inve'ti~ali,"b i" isolated area, such a, 11", \-laputaland Marine Re,erve, 

"I."'" locatio rr, aceess to electric ity, cost, equ ipme"t ,ecurity, the need for very- nearshore current 

Il Le'i;urements and other tacwrs pmhibit ~r exclude m~re p"rm"ne nt and co,tly opl in",. 
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Table 4.2 Description of the filming sites. 

Site Latitude, Longitude Camera height (m)* Substrate 
Castle Rock 27° 04' 42.2" S, 32° 50' 57.1" E 5.2 Solitary rock 
Dog Point 27° 06' 26.9", 32° 50' 30.0" 27.5 Heavily vegetated dune 
Dog Bay 27° 07' 18.2",32° 49' 56.2" 19.3 Slightly vegetated dune 

Black Rock 27° 08' 04.0", 32° 49' 53.1" 11.6 Rock headland 
Rocktail Bay 27° 09' 36.4", 32° 48' 43.6" 25.8 Slightly vegetated dune 
Rocktail Point 27· 09' 28.8", 32° 48' 49.6" 19.0 Moderately vegetated dune 

Lala Nek 27° 13' 30.6", 32° 47' 39.0" 15.6 Moderately vegetated dune 
"'The height of each filming point was measured using a theodolite and reflecting prism (accuracy ± 25 cm), 

corrected using hourly tide tables (Anon. 2002, 2003), and expressed as height in meters above MLWS. 

Table 4.3 Details of the video current measurements and drogue deployment schedule on 
each day (n = the number of drogues deployed on that day). 

Video 

Tide 
Date 

state • 
Filming angles Start times Sites· 

17 Sep 02 M NE,E, SE 9:30, 13:00, DB-S,BRP, 
15:00 RTB-N 

18 Sep 02 M NE,E, SE 10:00, 12:00, DB-N,DB-C, 
15:00 DP-S 

19 Sep 02 M NE,E, SE 9:00, 12:00, DB-N,DB-C, 
15:00 BRP 

20 Sep 02 S NE,E, SE 9:30, 12:00, DB-S,BRP, 
15:00 RTB-N 

1 Dec 02 M NE,E, SE 
9:00, 12:00, DB-S,BRP, 

15:00 RTB-N 

2 Dec 02 S NE,E, SE 9:00, 12:00, DB-S,BRP, 
15:00 RTB-N 

3 Dec 02 S NE,E, SE 9:00, 12:00, ~RB-S, DP, DB-
15:00 N,BRP 

4 Dec 02 S NE,E, SE 9:00, 12:00, DP,DP-N 
15:00 

23 Aug 03 M 
NNE, ENE, 9:00, 12:00, 

DB-S ESE,SE 15:00 

24 Aug 03 M 
NNE, ENE, 9:00, 12:00, 

DB ESE,SE 15:30 

25 Aug 03 M 
NNE, ENE, 9:00, 12:00, 

DB ESE,SE 15:00 

26 Aug 03 S 
NNE,ENE, 9:00 b DB 

ESE,SE 

23 Nov 03 S 
NNE, ENE, 9:00, 12:00, DB-N,DB-C, 

ESE,SE 15:00 DB-S 

24 Nov 03 S 
NNE, ENE, 9:00, 12:00, DB-N,DB-C, 

ESE,SE 15:00 DB-S 

25 Nov 03 S 
NNE, ENE, 10:00, 12:00, DP-N,DB-C, 

ESE,SE 15:00 BRP 

26 Nov 03 S 
NNE,ENE, 9:00, 12:00, DB-N,DB-C, 

ESE,SE 15:00 BRP-C 
• Tide state: S = spnng tide, M = midway between spnng and neap 
b 12:00 and 15:00 filmings cancelled due to high winds. 

Drogues 

Deployment Drogue 

depths (m) lengths n 
(m) 

7,14 5,10 20 

7-8, 14-16 5,10 27 

7-8, 14 5,10 20 

7 2,5,10 8 

7 5,10 20 

10-11,15-16 5,10 12 

15 5,10 10 

12, 15-16 5,10 12 

15 5,10 6 

10,15 5,10 6 

10,15 S,10 2 

10,15 5,10 16 

10,15 2,5,10 12 

10,15 5,10 12 

10,15 2,5,10 10 

10,15 5,10 14 

C BPR (Black Rock Point), CPB-S (Castle Rock Bay - Southern third), CRP (Castle Rock Point), DP (Dog Point), DP­
N (Dog Bay - Northern third), DP-C (Dog Bay, Central third), DB-S (Dog Bay - Southern third), RTB-N (Rocktail 
Bay - Northern third) 
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Subsurface temperature 

Subsurface temperature data were taken from Chapters 2 and 3, conected half-hourly at 15 

m depth at Leadsman Shoal and Sodwana Bay from 2002-2005. 

Data analysis 

All statistics, unless otherwise stated, were computed using Statistica 7.0 (StatSoft, Inc. C> 

1984-2004). 

Meso-scale hydrographic patterns and their influence on recruitment dynamics 

One-km resolution 1- to 3-day Advanced Very High Resolution Radiometer (AVHRR) 

satellite data were the same as those used in Chapter 2. In this exercise, however, a larger block, 40 

km wide (E-W) and 80 km long (N-S), centered at its western edge just below Black Rock, was 

extracted for analysis. Satellite data were selected approximately biweekly from March 2001-

December 2004. Images with> 30% cloud cover were rejected. Missing pixels were interpolated 

using ordinary kriging (EasyKrig3.0, C> 2004 Demang Chu and Woods Hole Oceanographic 

Institution, running in Matlab 6.0, © 1984-2000, The Math Works, Inc.). Semi-variograms were 

computed using a general exponential-Bessel model. Kriging was cross-validated statistically to 

ensure that the distribution of the deviation for the mean fell within acceptable criteria. The data 

were then detrended spatially (within each date) and an Empirical Orthogonal Function (EOF) 

analysis, equivalent to Principal Component Analysis, was performed, using a covariance matrix 

following Armstrong (2000). The distribution of the days among the first two eigenvectors, or 

factors, was examined graphically. 

A moderate separation of the images was observed between 'summer' (Sept-Feb, the 

recruitment season of mussels Perna perna and Brachidontes semistriatus and the barnacle 

Chthamalus dentatus) and 'winter' (Mar-Aug, recruitment season of the barnacles Tetraclita spp.). 

The detrended data were therefore separated for two analyses, one of only the summer months, and 

one of the winter months. For each factor, the factor loadings for each pixel were plotted, yielding a 

spatial representation of the dominant surface temperature patterns. The factor loadings of the dates 

were plotted, and Pearson product-moment correlations were used to relate these loadings to the 

daily. previous 3-days' and previous 7-days' mean along- and across-shore wind velocities, as well 

as daily mean subsurface temperatures. 

To investigate whether dominant SST conditions could explain the variability of 

recruitment events, these factor loadings for the summer and winter months were also compared to 

recruitment rates of the four species mentioned above, drawing on recruitment data in Chapter 3. 

For these calculations, the date in the middle of the recruitment month was matched to its 

temporally closest satellite image. The factor loadings of these dates for Factors 1, 2 and 3 were 
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Current measurements using drogues 

The drogues used in my study were the same as those used by the Council for Scientific and 

Industrial Research (CSIR, Stellenbosch, South Africa), and their velocities have previously 

matched well with simultaneous ADCP measurements (CSIR, unpubl. data). For four days of each 

field excursion, drogues were tracked directly offshore but in view of the central video cameras. 

The drogues were deployed with the overarching goal of describing the current structure between 

Castle Bay and Rocktail Bay, with a focus on Black Rock (Figure 4.3). Sampling on all days but 

18 September 2002 occurred over low slack tides. Window-shade type drogues measuring 100 cm 

long x SO cm wide reaching to three depths (2, 5 or 10m) were deployed at the localities indicated 

in Table 4.3. Generally, two groups of drogues were tracked simultaneously; one set along the 15-

m isobath in the offshore zone, and the other in the inshore zone. The inshore drogues were placed 

just behind the surfbackline, generally in depths of7-10 m. Drogue velocities were calculated by 

recording drogue positions and times at 10-15 min intervals using a boat-based Lowrance LCX 

15MT GPS in the WGS-84 datum. 

Current measurements using ADCP 

A 1200 kHz RD Instruments Workhorse Sentinel ADCP was deployed on sand using a 240-

kg aluminum and lead frame designed for a sandy substrate. A lead-lined rope attached the frame 

to a SO-kg sand anchor and a 10-kg angel, which were then attached to a subsurface buoy. The 

apparatus was installed at 17-m depth on 26 November 2003 directly offshore the central headland 

at Black Rock (27° 08.114'S, 32° 50.116'E) with the following settings: 0.5 m bins, 90 days, 3 

measurements.hr- I (20 min ensemble interval), 22°C, 35 ppt salinity, 350 pings.ensemble- I (SD 

0.37), transducer depth 17 m, magnetic variation -19.3°, magnetic error 6.7. Pre-deployment 

settings were configured using WinSE (ver 1.28). The ADCP was deployed for III days. ADCP 

data were analyzed by Janelle Reynolds-Fleming, following methods described in Reynolds­

Fleming (2003) and Reynolds-Fleming and Luettich (2004). As the ADCP was deployed after all 

other current measurements and not during the recruitment season for mussels, data from its 

deployment are used only for validation of the other current measurement techniques (see Appendix 

2). 

Wind data 

Wind speed and direction were recorded hourly on each filming day at Black Rock using a 

Silva Wind Watch (accurate ± 4%), a directional flag and a compass adjusted for magnetic 

declination. Additional hourly wind speed and direction were provided by the South African 

Weather Service from the Mbazwana Airfield (Climate Number 0412148-6, 27° 28.017' S, 

32° 34.983' E, 61 m altitude), which lies 8 km west of the coast and 35 km SW ofthe study area 

(Figure 4.3). 
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then plotted against the recruitment rate of each species. Replicates with zero-values for 

recruitment in that month were excluded. Recruitment of P. perna, B. semistriatus and C. dentatus 

was plotted against the factor loadings for summer, and the recruitment of Tetraclita spp. was 

plotted against the factor loadings for winter. 

Measurement verification and processes driving currents 

Data from the drogues, videography, and winds measured in the study area were validated 

(Appendix 2). Wind data collected at Mbazwana Airfield (presented in Chapters 2 and 3) and 

vertical tidal velocities were then used to determine to what extent these processes were driving 

currents by applying Pearson product-moment correlation analyses at various time lags. Hourly 

predicted tide levels (Anon. 2002, 2003) were used to determine vertical tidal velocity (Vr, in m.s· l
) 

using the formula 

where Ho is the tidal height at the beginning of the I-hour time bin in meters, HI the tidal height at 

the end of the time bin, and t is the elapsed time in seconds. 

Inshore hydrography and current variability 

The current data were then compiled to deduce dominant current patterns around headlands 

and in bays. The spatial velocity data were very patchy, and data points were added to some 

missing cells according to the following a priori rules. (1) Alongshore current speeds within the 

same 2-hour period in the inshore and offshore zones were assumed constant at all depths, based on 

field observations. (2) In the nearshore stations (surf and swash zones), when data collected at ~ 3 

rock points were similar, the mean values were substituted for missing cells for remaining rock 

points. (3) Data in the surf and swash zones were only collected in two of the bays. If data were 

missing for one bay, and if data collected later or earlier in the day indicated that both bays 

displayed similar current patterns, then the alongshore current velocity measured in one bay was 

substituted for the other bay. The alongshore component vectors of current speeds were binned by 

I-hour time window, depth, station and distance from shore; only currents measured behind the surf 

zone were used in substitutions for this zone. These data were then detrended temporally to 

investigate the daily patterns of current structures using EOF analysis with a covariance matrix, as 

for the satellite imagery. The factor loadings of the first three principal components, or factors, 

were compared both spatially and temporally. The temporal factor loadings were then compared to 

the dominant factors from the satellite images to contextualize the study on smaller-scale currents. 
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Larval density and alongshore current speeds 

On days where current speeds and in situ larval densities were measured simultaneously, 

Pearson product-moment correlations were calculated between along- and across-shore current 

velocities and zooplankton biomass and meroplanktonic larval densities, using larval data from 

Chapter 2. 

Dispersal models/or mostly-passive drifters in Maputaland 

Using the alongshore velocity vectors obtained empirically from drogue (inshore and 

offshore) and video (nearshore) current measurements in summer, a model similar to a stochastic 

Lagrangian simulation (e.g. Siegel et al. 2003) was constructed to describe the advection paths of 

passive drifters during summer within the Maputaland Marine Reserve. Five pre-competent 

planktonic larval durations (PLD) were examined (10, 13, 16, 19 and 22 days), typical of many 

meroplanktonic larvae ofintertidal benthic organisms in Maputaland (Table 4.4). The path that was 

modeled involved movement among the nearshore, inshore and offshore zones (Figure 4.6). 

Table 4.4 Planktonic larval duration (PLD) of dominant Maputaland benthic intertidal 
rocky-shore organisms, measured or inferred from 'Comparison spp.' 

Species PLD Comparison spp. Plankto- Harvested? Reference(s) 
tro~bic? 

Balanus amphitrite 11-15 d at 20'C 
Yes No (Ani! et al. 2001) 

(striped barnacle) 13-22 d at 30'C 

Fissurella spp. 
lld Fissurella volcano No Yes (Grantham et al. 2003) 

(keyhole limpet) 

Idanthyrsus pennatus 
49 d Sabellaria cementum Yes No (Grantham et al. 2003) 

(reef worm) 

Perna perna 
15·20 d Yes Yes 

(Hicks and Tunnell 
(brown mussel) 1995) 

Pyura sloloni/era 2-35 h No Yes 
(Griffiths 1976; Castilla 

(red bait tunicate) and Guiftez 2000) 

Scutellastra pica 
21 d Lottia spp. No Yes (Grantham et ai. 2003) (limpet) 

Stomopneustes Strongylocentrotus 
variolaris (pot-hole 35 d, 60 d droebachiensis, Yes Yes (Grantham et ai. 2003) 

urchin) Lytechinus anamesus 

Striostrea 
margaritacea & 

7d Ostrea lurid a Yes Yes (Grantham et al. 2003) Saccostrea cucullata 
(oysters) 

Tetraclita squamosa 6·8 d from 
(Barnes and Achituv rufotincta (pink naupliar stages I No No 

volcano barnacle} to IV 
1981) 
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Figure 4.6 Conceptual diagram of empirical Lagrangian advection model for a passive 
drifter. Sensitivity of the model to variations in time spent in the nearshore versus 
inshore/offshore (steps b-e) as wen as to variation in distance from release to rip 
currents, are reported in the text. PLD == planktonic larval duration. 
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The fonowing assumptions are contained in the model: 

1. The nearshore contains a series of rip currents that form 0.5-1.0 km from headlands and 

0.5-1.0 km apart; these are capable of ejecting particles from the nearshore into the inshore 

zone, although they may instead recycle into the swash zone (Largier 2002; Largier and 

George, unpub1. data). 

2. Velocity measurements taken by drogue and video represent typical days during August to 

December; velocities within zones are similar along the entire modeled stretch of coast. 

3. In each of the nearshore zones, surface and subsurface velocities were the same. 

4. Passive drifters are not subject to benthic counter-currents that oppose mid-shore current 

velocities. 

5. Despite the dominant cyclic pattern of wind events (Chapter 2) and their relationship with 

subsurface alongshore currents (this chapter), these patterns have high levels of variability 

(Chapter 2), so that the actual current direction and speed that a larva encounters in any 

given zone is selected randomly from the measurements taken in that zone. 

6. Drifters are more able to control their distance from shore as they reach the end of their 

planktonic larval duration (PLD) and capitalize on onshore transport mechanisms to return 

to the surf zone. 

7. Once returned to the surf zone, the competency window is sufficiently plastic to allow 

postponement of settlement until arrival at a rocky headland (e.g. Chicharo and Chicharo 

2000). 

8. No drifters are lost. This exercise models the hypothetical path of drifters that successfully 

return to the swash zone when they are competent to settle. 

9. No diffusion occurs - drifters move with the same velocity as the patch of water they are 

found in. 

For each model, 19180 particles were released from the rocky headland. Each modeled 

drifter traveled along the beach until encountering a rip current. The velocity of the water in the 

swash zone was selected at random from the mean three-hourly values derived empirically using the 

video measurements. The drifter was advected with the swash zone current for a randomly 

generated distance ofO.5-l.0 km until it entered a rip current. The rip current released the drifter 

into the region behind the surf zone, where it was advected for the same distance by a velocity 

selected at random from the values for this zone from the video analysis. The particle was then re­

circulated back into the surfzone 1-4 times (number randomly generated). If the particle had not 

yet reached the end of its prescribed PLD, it emerged into the inshore zone. From here, it spent one 

quarter of its remaining PLD in the inshore, one quarter in the offshore, one quarter back in the 

inshore, one eighth behind the surf zone, and one eighth in the swash zone. Five alternate scenarios 

were examined for the inshore and offshore zones: (a) the drifter always remains in the middle 
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depths of the water column, (b) the drifter always remains in the surface, (c) the drifter migrates 

between the surface and midwater, spending one-third of its time at the surface and two-thirds of its 

time in the subsurface in both zones, (d) the drifter migrates between midwater and the bottom, 

spending one-third of its time at the bottom and two-thirds of its time in the midwater in both zones, 

(e) the drifter migrates between surface, midwater and the bottom, spending one-quarter of its time 

at the surface, one-quarter of its time at the bottom and one half of its time in the midwater in both 

zones. All alongshore current velocities were randomly selected from the empirically measured 

values, using 5-10 m drogues measurements for rates at middle depths and videography for the 

surface rates. Current speeds near the bottom were estimated using a ratio obtained from the ADCP 

data: on average, currents 1 m above the bottom flowed at 68% the speed and in the same direction 

as the midwater currents. The total alongshore distance traveled for the duration of the life of the 

particle was then summed (subtracting total southward travel from total northward travel), and 

alongshore dispersal kernel distributions plotted as histograms. Finally. holding the larval life span 

constant at 13 d, the sensitivity of the model to the effects of shorter or longer nearshore 

entrapments was examined using scenario (e). 

4.3 RESULTS 

Meso-scale hydrographic patterns and their influence on recruitment 

Analysis by Empirical Orthogonal Function (EOF) revealed that there were dominant 

patterns in SST in the nearshore environment. The first factor, or eigenvector, explained 42% of the 

total variance, while the second and third factors explained 11.3% and 9.1 %, respectively. When 

the satellite images were plotted according to the flrst two factors, some divergence between those 

falling in 'summer' (spring/summer, 16 August to 15 February) and 'winter' (autumn/winter, 16 

February to 15 August) became apparent (Figure 4.7a). The dominant (Factor 1) pattern was one in 

which water masses of different temperatures were arranged linearly in a pattern that was parallel to 

the coast, with a gradient of water temperature from east to west (e.g. Figure 4.7b). Factors 2 and 3 

were less linear, with circular patterns that resembled eddies (e.g. Figures 4.7c-d). 

To determine the dominant SST patterns in summer and winter, the satellite raw data were 

split between the two seasons and detrended, and the EOF analysis re-run. Again, the dominant 

(Factor 1) patterns for both seasons were more linear, but Factor 1 explained much more of the 

variability in the summer (49.8%) than in winter (27.8%) (Figures 4.8 and 4.9). Additionally, the 

longitudinal temperature gradient spanned 7°C for summer (Figure 4.8a), but only 3.SoC in the 

winter (Figure 4.9a). In both cases, Factor 2 represented a condition with patterns that more closely 

resembled eddying at the inshore or offshore edges of the images. Importantly, satellite images 

with strongly positive factor loadings resembled these flgures, with cooler water inshore and 
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wanner water offshore, while images with strongly negative loadings resembled their inverse, with 

wanner water inshore and cooler water offshore .. 

In Chapter 2, I concluded that wind-induced onshore or offshore Ekman transport could affect 

subsurface temperatures in the nearshore environment. The structure of the SST in Factor 1 

resembled an upwelling condition with cooler water inshore (and its inverse, therefore, a 

downwelling or non-upwelling condition). The hypothesis that these patterns were related to 

nearshore wind events was tested by comparing various aspects of the continuous wind and 

temperature data sets with the Factor 1 loadings of each of the dates to detennine whether coastal 

wind primarily explained the variability in SST patterns, either by Ekman transport or wind forcing. 

However, wind was only weakly associated with SST variability. For the summer season (Table 

4.Sa, Figure 4.8c), there was a weak but significant negative correlation between the factor loadings 

and the mean alongshore velocity of the previous three days' winds. As positive (northerly) 

alongshore wind is upwelling-positive, a negative correlation indicates that it was southerly winds 

that were associated with the dominant pattern with cooler water inshore (Figure 4.7). For the 

winter, Factor I was correlated more strongly with winds (Tables 4.Sb and Figure 4.9c), negatively 

to cross-shore winds and positively to alongshore winds; Factor 1 was also negatively correlated 

with same-day subsurface temperature. 

Table 4.5 Pearson prOduct-moment lag correlations between Factor 1 Eigenvector and the 
along- and across-shore wind velocity, plus that day's subsurface water temperature taken at 
Sodwana Bay. 

Season Correlates Mean a SD rli n 2 
(a) Summer Same-day mean alongshore wind l.888 2.215 -0.241 35 ns 

Same-day mean across-shore wind 0.567 0.601 0.249 35 ns 
Three days' previous alongshore wind 0.837 1.662 -0.392 35 ... 
Three days' previous across-shore wind 0.695 0.397 0.041 35 ns 
One-week's previous alongshore wind 0.723 1.189 -0.196 35 ns 
One-week's previous across-shore wind 0.636 0.313 -0.109 35 ns 
Same-day mean subsurface temperature 24.037 l.807 0.098 21 ns 

(b) Winter Same-day mean alongshore wind 1.901 1.756 0.052 26 ns 
Same-day mean across-shore wind -0.128 0.630 -0.329 26 ns 
Three days' previous alongshore wind 0.653 1.428 0.327 26 ns 
Three days' previous across-shore wind 0.1l8 0.538 -0.461 26 '" 
One-week's previous alongshore wind 0.358 1.211 0.446 26 '" 
One-week's previous across-shore wind 0.164 0.449 -0.542 26 ** 
Same-da;t mean subsurface teml2erature 24.283 2.099 -0.624 15 .. 

• Positive alongshore wind is upwelling-positive (NNE'ly), positive across-shore wind is onshore. 
b A negative r-value implies correlation between the factor and downwelling-positive (SSW'ly) alongshore wind, 

offshore (WSW'ly) across-shore wind, or reduced temperature. 

In Chapter 3, temperature was an important correlate explaining recruitment variability of 

the four invertebrate taxa, P. perna, B. semistriatus, C. dentatus and Tetraclita spp. But can the 

larger-scale variability in sea surface temperature also help to explain the timing and density of 

recruitment events? Factor loadings were plotted against recruitment densities for the summer and 

winter (Figure 4.10). In both seasons, Factor 1 explained the highest, significant proportion of 
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mongeq corrd,,1 ion, lOr til< ,u,I'",,~ cLLrrents "en' m sholle, time inte" "Is (,"me-ilou, 10 6·IHxlT). 

wilile tile slrongest co,-re l"li(",,, Ii,,- th. ,ul"u,race ClLrrent, were at a longer (12-ilourllime il1teTvaL 

A](",g,Jw,o CU"Ollt was '" Iy a"ocimed once witiltid,,1 velocity "n,1 n.,'.T willl I i,1a] ,"l1ge. Au",,· 

,h<lre ",,,r.nlS "~r. HL!>r. strongly ond s igniticonlly correl;H.d with hoi h li,I,,1 "el"cit}' (negalive 

"s-<o(iali,,,,. ,,1T("'go,1 al.<-m depth. both insl.Gre and othhore) ",,,ltid"l '"nge (posili"o "",,,,iatiol1. 

stro l1 ges l "I 2·m ,Ieplil. olhl.",e). Deta il~d method, and re,"II, for tile,~ in "e,tig",i,,,,, arc 

pce,eI11e,1 ill Appendix 2. 
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rllIl'in~ dI'''gll'' ""rI vid,',,~'-nph) {bl" coliec,i"" I'Cl'iu,l\ ill lill2 "",I nlln. Pmi,;,,· ""'"d!io, 
in,I;""" ~ /1(JWing lide. and ,,,'gat;n HI"rilie, irlLiicale~" ehhiHg !ide. 
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Inner "helf hydmJ;rul'hy and curre/!! <'IIrillhiliry 

The (,"t three Ji",to" ell' tI", EOr """ IO',i, 0 I' ,url',,,,e ,,,,d 'uh,urb,'~ a long_,hore curren13 

(Ioscri f>cd " ~um ul"l i,-e 7H% or 11K: ,-"r i "hi lily (,' i gur~ 4_ I n n..."e plm, de,cribe the re/alive 

CllrTellt 'p"cd" or ,hcar, in cach ""c_ not !I..., actua l curren! Jiredi~n<, ror ex"mple. "current 

, lrlidurC Ih"t f"ll, 'trongl} IlO_, itivc for fador 1 could have currents allll~wing ,outhw"rd, but with 

",hc"red (low, such II"" the near.,hore currell!' are mu("h ,lower th'm the ollshel'. on. " 111 "l1lhre~ 

c",c, (fadors 1,2 and 31, the -,ub,u,foce current, were c(~Ie,e nt. flowing eilh e, "Olllhw:mls' Or 

' northwards' relative to the near,hore cun-ent,. Cun-ent me",urement' ill the ,-cry lle""horc "Imost 

"I way, opposed !he dominant ,ubwti"c. 0 i'l;;hor~ di,eclieln,_ ,or, ",'lOr J, ,cia li, c ,uh,ur["ce 

currem ,peed, were highest at IllJ("k Rock . 

Each day and time elf curre nt me""Jl-.m.nt w,,, r loll ed ".'cmdi I1g lO ii' ,'",'IOr I "nd f "ctor 

2 loading' (FigUT. 4, 13), TI", ~lltTent m.,,,,",elnell l, wer~ wmp"red 10 ""elli'e im"ge, from lllC 

Ja)' do,est 10 thm on which the curre nt' w~re ,"e""orcd_ Oflhesc [our jm,,~es, !Ioree had po,iliw 

roctor I loadings ( 19 Serte,rlI>er {)2, 14 ])~"~,"lx:r {)2 :md I December OJ)_ while the fourth (16 

Augu<t 03) h"d" 11<:g"tiw )- ""Ior I lo"dillg in the HJF for IlO lh Ihe whole Jata "" alld fur the dala 

, pli l i11l0 '"11""er "'1(1 wink' S~"S()I"_ )11 Ihe r lol , of lhc ClirTClll wloci!y tacWr-, ill f'igure -1_ 13, the 

AugusL 2{)IlJ vclcx:ity me"'uremem, were set ,ligh! ly apart from !lie other dates. 

1_",..," dl!n.<ity an" lI/ong,'lwr~ ,'lIrrent 'I'e~d.' 

\\,'t.ell lhe demitie, of mewp lankw nic lar\'ae were compa,ed with 'ilong- end ",',o5S-, I"" . 

("urrent ,,,,,ed, "n Ih. day "I' sampling (Llble 4,6). ("O'prid, eillerged '" 'I<g<ll iwly ,elmed 10 

alongshore current, (Figure 1, 1-1 a). ind icat ing that they were most den,e in faster, <C'ulhward ­

tl~wi ng ,u\1,ur/ace water, I n contrast, the tOlal wopl:",kw n 1=1 was Jellser in northward-flowing 

w"ler, altl~.lUgh Ihi s ,-' hrli"",hir wa, ne\'er ,igniti("am, There were few sign ifl("ant rel ati~"' h ip" 

f>clw.en m~",planklolli,' I"""", and "c"-'>5-,h"re current,. and the ,ign 0 i' the rel"t ion,h i p ""ried 

"mong 1""._ zOl1e_s ""d (kor lhs _ CYrrids "er~ "Iwa},' l1eg"1 iwl O' ""o<;ia'cd (q;_ Fi~llr~ 4_ 14b). 

indi~"lillg highe, del1,ities ill "'"kr 1l0wil1~ LO",:m]s ,hor~_ ("onw"ely. 'he "'.lOphmklOIl rx~)1 wa, 

del1s~r ill ol1,hore_ ~o",i"g ,urJi,~e W'l ler end 0 11'h01-.·lIo",i ng de.pcr wmer. IVJO'I i lid, w.re n"t 

'igni 1;,'""l ly ,cI"kd t" eilher "t(mpIIOTe or '1"m,,-slKl[~ ~UTTent' ( •. g. Figu'e 4.1 k.d) . 

... 
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Fignr" 4.12 Fatt"r lu",lin~' oftl", th"e,· m,,,t impurt"nt r"C"'"' rmm FOF or hund, 
llll'. , n .. "m,'nt, s howing re"'lio-~ ,he",- 0 r ,'nn"n h in ~lap'Jt. 1 ~,,,1 lIu ,-i ng 1I'-O~lIe "nil 
'i,i(-"gral'h, d.ta coll,'cll',1 in !(I(l2 and 2111H, ~]) - nO ,t.ta 
SI~tiOl' ,'od,'" CR (C",tI,' Ruck), Ill' llJu~ 1'0inl).IlI'U (I)u~ l'"inl Ua~'l . BI{~ (.Ju.t ,,,,rlh of 
Block \{Ol'k). BH (,lirt('tl, "ff,hon' Blac k Rook), BI{~ (ju" ,m,th 01 Blad; R"ck). R'J'JI 
(Rocklail B"~'). HT m"d,bil Point), I '\ (l. . b I\ek). 
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Tahle 4_(, Coccelation' hctween ]an'al den,itie, (Ch"pkr 2) "nd along- aDd .no,,-,bor~ 
current speed_' at dq>th' "nd within Lones. eMrct"!i"n, bt:h, Cen C) prid, and '" rf"ce 
<IIITents were nn! tC_<Ied (X), a, q'prid, a,'e gene"att}' n,,( h,und in _",.face water_. in 
]'.I"put.land (Cbapter 2). " .. 1'< 0.001. "* P <: 0.0], ' 1'<0.05, ," ~ n"t _,iI!.Jlificanl. 

',on"" ,,"" l:oto(,(,.k'"" _'1),;(;,1, .\U ";'"'' '' (')' 1,,;<1, 
c.",,", \1,",""'",,nl 

( nil> ",(,100 .. -' ,,,., I 00 m-" "",1<1'1", 
, 

"o,I"U,,'~ Ili"",;"" "'1". 
.-\ l0Il~,h<o rc '""hee - U~5 - 10](, - 2~!~ 

, 21> 2<1 211 , 
" '" '" m , '" ~3<1_\ U'~ 21 J I ·.]~~7 

" 
, , , , , "' "' " .• '" 

5 '" ,~n __ 1144 '.21<'1) . ~7S0 
, 27 2' 27 " , "' "' It> 

Wm "5 __ , ·_0!29 ·.4 ~ I J ·.('~6~ 

" lJ " I J " , '" "' '" " Am",_,"",,' S"'[,'" - 4 "I !I ~(, ,,\888 
, 20 ,II 20 , , '" n.' '" 1m IJ II IO~ __ , Jlfjfj -Hll 

" 
, , , , , 
'" '" '" '" 'm J~WJ - !~S' - "4J _ '4(,7 

, n " n n , " I'; " 
]I) '" 

2')()J _JiW) __ ""4 _ ~'92 

" " " " " , ", " '" I'; 

/Ji.'per.m/ mm/el.l-ji!r nw.I//y_pu_""ive drifle,.1 in :lfup"'a/"nd 

H i>lngr:!ln., of (Ix: empiTieal ,' LlTrenl ve I""ilie, in e,,,,h deplh and ;,nl1e fOT" II l11ea'llr~l11 enl 

days aro prosented ;n figuro 1, 15_ In (he swash and i,"l surf /nnes, currcnts wore gonorall,' Inw­

specd and northward_ I" all olher ,_OI1<:S and deplh,;, however. ,'LlTrell" were eill,cr c,'cn ly 

distributc d botwc en not1hwaTd and "",II",'"rd 'x were p,dnlniLLilLLlly snulbwa,,1 For the il1shore 

anJ offshoro surfaeo eurronls. 11" dislrihllli,,,,, were .,1 igllll" hi r",xla!. wilh fewer rr",,,suTemel1is 0 I' 

lo"or CUI rcnt 'pecds lhan of i "tcrmedi"le OI1<:S M axirr\ul n sreed, in,mlSed wilh dish",,'e ol-'-sl1OTe 

allli dec ,""a",d wilh deplh, 

The l11ajoTi 10' of dri nee< in til<- modc 1 tra\-,cbl ",uth atier thoir reloaso_ altllough SOrrW did 

travc l norlh ill "II r,,'e ,,"elmin, olilliocd in Ihe melhod' (fi;'u"es 4_1 G and 4, 17), TI,.,. maximllm 

maximum dislar",e, !>ceawc la,geT for parlie Ie< wil h Innger 1'1 .I), (FigLire 4, 17). and I he model 

rosuits for part iclos with 1"ngoT ~LDs W~Te llLl"" l10n"" 11" di,ITihillcd (J- igLire ~ 16)_ f'or p"Tlides 

that Temai,-.,d ill tho m;dJlc ofthe walcr cnlunlll sce"aTio (h}. ''''''In (= SJ)) disre"al ,'alue, for 

pat1ic los of 10 anJ Z2 d PLDs wc ro 36 ± 2-' ilL\d ~-' " 5~ .m In I he so111 h. Tesre~1 i vel)', whi k- "aille' 

tor pmticl~s remaining only at 'he _;urfacc. sce[liJrio("j, (raveled l'arl""T (~J ± ~II and 11(, ± '227 '11) 
10lhe ""'Ih. resped;veIO'). Th us. romaining;" middlo wator dCplh' "PP'''JL; 10 limil dispersal 

1'22 
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Table 4.7 Retention of passive particles in model. 

Depth Drifter Near- Retained Self 
Scenario life span shore in offshore 

{da~s} lool!s nearshore 
recruiting 

(a) Surface 10 1-4 4.87% 2.79% 
only 13 2.02 1.57 

16 0.70 0.88 
19 0.00 0.44 
22 0.00 0.38 

(b) 5-10 m 10 1-4 4.87 3.03 
only 13 2.02 1.67 

16 0.70 0.92 
19 0.00 0.54 
22 0.00 0.44 

(c) Vertically 10 1-4 4.87 2.71 
migrating 13 2.02 1.57 
between 16 0.70 0.88 
surface 19 0.00 0.51 

and 10m 22 0.00 0.43 

(d) Vertically 10 1-4 4.87 3.05 
migrating 13 2.02 1.73 
between 16 0.70 0.99 
5mand 19 0.00 0.65 
bottom 22 0.00 0.51 

(e) Vertically 10 1-4 4.87 2.90 
migrating 13 2.02 1.61 
through 16 0.70 0.S8 

full water 19 0.00 0.52 
column 22 0.00 0.40 

(t) Vertically 13 0-1 0.00 0.55 
migrating 13 3·4 4.07 2.63 
through 13 6·7 lS.ol 7.37 

full water 13 9-10 27.47 12.97 
column 13 12-13 36.96 19.55 
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4.4 DISCUSSION 

Meso-scale hydrographic patterns and their influence on recruitment 

There was an evident relationship between meso-scale patterns of SST variability and 

mussel and barnacle recruitment in Maputaland, the key features of which are synthesized in Table 

4.8. Varying modes of Agulhas Current formation, as well as the relative temperatures of the inner­

shelf versus oceanic water, may drive this relationship. Models of the offshore/onshore transport of 

meroplanktonic larvae have previously linked temperature-related patterns of nearshore 

hydrography to recruitment dynamics (Roughgarden et al. 1991a), and remote sensing has been 

employed to investigate temporally-variable features in the nearshore environment as they relate to 

coastal transport processes for meroplankton (Roughgarden et al. 1991 b). Other studies have 

reported relationships between nearshore-hydrography and recruitment dynamics across latitudinal 

gradients (Navarrete et al. 2005) or gradients of upwelling intensity and productivity (Menge et al. 

2003; Broitman et al. 2005). However, these studies have all taken place in strongly upwelled west­

coast systems. 

Table 4.8 Synthesis of relationships between recruitment rates and meso-scale oceanic 
factors, as measured in EOF analysis 

Species 

Recruitment Substrate 

Recruitment season (Chapter 3) 

Associated recruitment 
processes (Chapter 3 

Associated larval processes 
(Chapter 2) 

Factor I important (inshore 
water flows from Mozambique 
Channel) 

Loading on Factor 1 is positive 
(cooler coastal than oceanic 
water) 

Factor 2 important (inshore 
water from Mozambique 
Channel is blocked) 

Loading on Factor 2 is positive 
(cooler coastal than oceanic 
water) 

Perna perna 
Brachidontes Chthamalus 

Tetraclita spp. 
semistriatus dentatus 

Brushes Brushes 
Bare Rock & Bare Rock & 

Plates Plates 

Summer Summer Summer Winter 

For all species, seasonal effects were more important that temperature-related 
events on shorter time scales 

Bivalve larvae more abundant in 
warmer water poorer in phytoplankton 

Yes 

Yes 

No 

Yes (strong 
association) 

Yes 

Yes (weak 
association) 

Yes 

Cyprids more abundant in cooler 
water richer in phytoplankton 

Yes· Yes 

No No 

No No 

* No relationship when settling on plates 

125 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Both Factor 1 and Factor 2 emerged as important in the EOF analysis. Whether a satellite 

image had a strong loading for either factor was related to the water masses that converged to form 

the Agulhas Current on that date. Images with strong Factor 1 loadings appeared very linear, a 

pattern that portrays the direct nearshore input of water from the Mozambique Channel. Images 

with strong Factor 2 loadings, in contrast, showed an eddying pattern that indicated a disruption of 

flow out of the Mozambique Channel, whereby the Agulhas was formed predominantly by its other 

water sources, the East Madagascar Current and the westward limb of the Indian Ocean subtropical 

gyre (Donohue and Toole 2003). 

The predominantly southward current along this coastline indicates that the pool of larvae 

that is delivered to Maputaland must originate to the north. Of the three water masses that join to 

form the Agulhas Current, only water from the Mozambique Current or the East Madagascar 

Current could recently have been near a coastal environment. Of these, only water from the 

Mozambique Current could be carrying competent larvae of short to medium planktonic larval 

durations that might successfully recruit in Maputaland. Thus, water flowing southward from 

coastal Mozambique that is trapped along the coast and undiluted by waters from the other two 

currents (as in Factor 1) is most likely to bring high concentrations of coastal larvae southward 

without dilution of the larval pool. For all four mussel and barnacle species, recruitment rates were 

highest when the satellite image had a strong Factor 1 loading (synthesis, Table 4.8). Thus, 

elevated recruitment rates in Maputaland may be due to a successful delivery of propagules from 

the eastern Mozambique channel. 

The second pattern revealed by EOF analysis related to the temperature gradient between 

coastal and oceanic surface water (Table 4.8). If an image had a positive factor loading for either 

Factor 1 or Factor 2, coastal water was cooler than oceanic surface water (Figures 4.8 and 4.9). If 

an image had a negative factor loading for either factor, then the coastal water was warmer than the 

offshore water. The generally positive loadings of Factor 1 associated with the recruitment of the 

mussels Perna perna and Brachidontes semistriatus during the summer (the mussel recruitment 

season) suggest that recruitment was enhanced both by a reduced mixing between the Mozambique 

and East Madagascar Currents and also by relatively cooler nearshore water (Figure 4.10). The 

positive loading of B. semistriatus recruitment densities onto Factor 2 indicates that some mixing of 

waters may also have enhanced recruitment, provided that cooler water was still maintained inshore. 

The generally negative loadings on Factor 1 for recruitment for both Chthamalus dentatus (in 

summer) and Tetraclita spp. (in winter) imply that recruitments of barnacles were enhanced by 

warmer inshore water in addition to a reduced mixing of the currents. 

These results might appear to contradict those found in Chapter 2, wherein the abundance 

of cyprid larvae in the water column was negatively associated with benthic temperature, while both 

all-bivalve and mytilid larvae were positively associated with benthic temperature (see synopsis in 

Chapter 3, Table 3.9). These results are not, however, contradictory, as the temperature 
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measurement in Chapter 2 explained the seasonal component oftemperature, whereas the factor 

loadings from the satellite images explained temperature patterns that exclude seasonality and are 

related to relative spatial temperature variability. In Chapter 3, recruitment of C. dentatus, B. 

semistriatus and P. perna were aU enhanced by cooler mean temperatures and P. perna recruitment 

was also correlated with negative (cooler) temperature anomalies, which does correspond to the 

negative Factor 1 loadings for these species. 

The recruitment of Tetraclita spp. onto different substrates was inconsistently related to 

temperature in Chapter 3, with recruitment onto plates positively correlated with temperature and 

negatively with temperature anomaly, and recruitment onto bare rock negatively correlated with 

temperature and not significantly correlated with temperature anomaly (Chapter 3, Table 3.9). This 

was reflected in the factor loadings for this taxon, with a much clearer association with warmer 

inshore temperatures for recruitment onto plates than for bare rock in either zone. 

Does the Agulhas Current dominate inner-shelf hydrography in Maputaland? 

Dominant patterns of meso-scale sea-surface temperature (SST) variability were revealed in 

the EOF analysis and varied temporally (Figures 4.8 and 4.9). In strongly upwelled regions such as 

the Benguela Current system on the west coast of South Africa, wind-induced Ekman transport can 

drive meso-scale longitudinal temperature gradients with an obvious signal in remotely-sensed SST 

(e.g. Demarq et al. 2003). However, only weak onshore and offshore Ekman transport was 

evidenced in Chapter 2, and winds that might induce offshore Ekman transport were not highly 

correlated with the remotely-sensed larger-scale SST patterns in this chapter. Even in strongly 

upwelled systems, alongshore hydrography on the inner shelf is largely independent of essentially 

slow-moving across-shore transport events such as upwelling driven by offshore Ekman transport 

(Mann and Lazier 1996). This suggests that inner shelf currents in Maputaland are independent of 

meso-scale hydrography, including the formation ofthe Agulhas Current. This view is supported 

by evidence that instead links currents velocity with wind and tides as drivers, standard mechanisms 

in other inner-shelf systems. While the varying modes of Agulhas Current formation may influence 

recruitment rates via nutrient and larval supply, it is unlikely that they influence smaller-scale 

transport processes such as alongshore current direction and speed, and onshore-offshore transport 

mechanisms. 

The Agulhas Current, although very near the inner shelf in Maputaland, has a reduced effect 

on nearshore hydrography because the coastal boundary layer modifies the effects of mechanisms 

that influence current velocities. Shanks (1995) reviews several elements of the coastal 

environment that contribute to the formation of the coastal boundary layer. Firstly, cross-shore 

momentum is absorbed or diverted into alongshore components when met with the coastline 

boundary. This translation can cause eddies in the coastal currents, stretching paranel to the shore. 

In addition, friction and dissipation are stronger in shallower depths, slowing currents. Strong 
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stratification can lead the formation of features such as coastal jets. Finally, factors such as runoff 

and solar heating in the shallowest water can cause thermohaline flow. Of these, neither strong 

stratification (Chapter 2) nor runoff or riverine inputs (Sink 2001) are common in Maputaland. 

Inner-shelf hydrography and current variability 

The three most important factors in the BOF analysis of current variability involved inshore 

counter-currents or strongly sheared currents as part of their across-shore pattern, whether the 

dominant offshore current direction was southwards (Factor 1) or northwards (Factors 2 and 3). 

Both northward and southward currents were observed in the 10-15 m depth range, and varied with 

alongshore wind direction. 

These results agree with previous studies along the KwaZulu-Natal coast, all of which have 

indicated that northward dispersal is possible despite a mean southward advective flow, via either 

current reversals or nearshore counter-currents. First, Steinke and Ward (2003) released passive 

drifters resembling mangrove propagules at a river mouth near Richards Bay and demonstrated that 

18% of these traveled northwards inshore of the Agulhas Current. Second, over a 5-day study by 

Jury et al. (2001), the only evidence ofa nearshore eddy was a drogue closest to shore, which 

revered its trajectory from north to south. Third, Mitchell et al. (2005) recorded 8% southeast­

wards currents, 28% northeast, 54% northwest, and 10% southwest. In my study, alongshore 

currents in the surf and swash zone were more often southwards than in results reported by Jury et 

al. (2001) and Mitchell et al. (2005), but this could be explained by the strong northerly winds 

experienced on many of the sampling days. 

Larval density and alongshore current speeds 

Although it has long been assumed that fast-swimming meroplanktonic larvae may move 

against the dominant current (Shanks 1995; Genin et al. 2005), it is unlikely that even slow­

swimming or non-swimming larvae act as completely passive drifters (Shanks and Brink 2005). 

Recent evidence suggests that veligers of at least some bivalves can remain near the coast in the 

presence of both up- and downwelling conditions (Shanks et at 2002, 2003c; Shanks and Brink 

2005). To predict the along- and across-shore advection oflarvae by currents, we must understand 

the associations between meroplanktonic larvae and current speeds on the inner shelf. 

In the quest to identify the onshore-transport mechanisms at specific locations, most 

previous studies relating larval concentrations to current speeds focus on the associations between 

the meroplanktonic larvae of various taxonomic groups and the across-shore component of wind, 

tide, or internal wave-generated transport on the inner shelf measured in situ (e.g. Shanks 1998; 

Shanks et al. 2000; Garland et at 2002; Shanks et al. 2002; 2003b). Some studies have also 

examined the relationship between larvae and the alongshore component of in situ current velocities 

(e.g. Johnson 1995; Archambault and Bourget 1999; Garland and Zimmer 2002; Shanks et al. 2002; 

128 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Shanks et al. 2003b). In my study, cyprids had the strongest correlations with both the along- and 

across-shore components of current velocities, being associated with southward and onshore­

flowing water. In his investigation of the distribution of post-larval crabs and shrimp at Duck, 

North Carolina, USA, Shanks (1998) found relationships between larvae and cross-shore currents 

that differed among genera, time lags (days) and measurement depths. For two genera, significant 

negative relationships existed with cross-shore currents at 4-m depth (more individuals in onshore 

flows); for one genus, a significant positive relationship was detected with cross-shore currents at 

18-m depth (more individuals in offshore flows); for another genus, a significant positive 

relationship existed with alongshore currents (more individuals in northward flows); for a final 

genus, no relationships were evident with any current measurements. 

Two subsequent studies at Duck have investigated the relationship between current 

velocities and the densities of various invertebrate taxa during downwelling and upwelling events. 

In an analysis ofa downwelling event in August 1994, Shanks et al. (2002) studied several bivalve 

species and found varying relationships with along- and across-shore flows. The veligers of the 

mussel Mytilus edulis, for example, were significantly positively correlated with cross-shore flow 

(more larvae in offshore-flowing water) and with depth, and significantly negatively correlated with 

depth and with temperature, but had no significant relationship with alongshore flow. Larvae from 

M edulis were found both above and below the pycnocline, and were hypothesized to act as 

passively drifting particles. In an upwelling event during the same period, Shanks et al. (2003b) 

found M edulis to be uncorrelated with across-shore flow, depth and temperature, but positively 

correlated with alongshore flow (more larvae in northward-flowing water). In both studies, the 

densities of M edulis larvae differed from those of other bivalve species (mostly clams) in terms of 

their correlations with physical environmental variables, and their correlations with both along- and 

across-shore flows were different during upwelling and downwelling events. Thus, the 

relationships of individual taxa with their physical environment can differ according to the larger­

scale hydrographic climate (e.g. upwelling vs. downwelling). A spatially-explicit understanding of 

these relationships is essential to interpret advective and diffusive mechanisms, and further study 

will be required before these data can be incorporated into a more comprehensive model of larval 

dispersal. 

Dispersal mlJdels for mostly-passive drifters in Maputa/and 

The real advection of larvae is weaker than anticipated and diffusion is stronger than 

predicted in many models of larval dispersal (Largier 2003). Largier (2003) adds that two­

dimensional (alongshore) models oflarval transport often ignore the cross-shore component, an 

essential aspect of dispersal. Coupling alongshore and cross-shore dispersal therefore results in a 

more realistic (and nonlinear) relationship between alongshore dispersal distance and larval 

planktonic duration. Advective models (e.g. Roberts 1997) and stochastic Lagrangian descriptions 
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(e.g. Siegel et al. 2003) oflarval dispersal have been previously employed to gain understanding of 

the potential connectivity of coastal environments, and are valuable for the ease with which they 

may be compared with field-based observations (Siegel et al. 2003). Although my model does not 

incorporate specific cross-shore transport mechanisms, it does incorporate the coupling between 

across- and alongshore dispersal in sheared nearshore flows, as well as the retentive nature of 

slowed currents within the bays along the nearshore region of the coastal boundary layer (Largier 

2004). However, my model probably overestimates alongshore larval displacement, as it neglects 

the effects of vertically sheared flow within 1 m of the bottom, diffusion and the role of larval 

behavior in controlling along- or across-shore travel by modifying the time a larva will spend at any 

depth (Largier 2003,2004). Nevertheless, the increase in downstream alongshore dispersal that I 

detected with increased planktonic larval duration (PLD) agrees with most (but not all) previous 

analyses (Largier 2003; Shanks et al. 2003a; Siegel et al. 2003). In their more complex stochastic 

Lagrangian model, Siegel et al. (2003) predicted a Gaussian distribution for the dispersal 

trajectories for pre-competent planktonic larval durations of 5 and 42 d. The estimates of dispersal 

in my model for particles of shorter planktonic duration more closely resembled a Poisson 

distribution due to the extra nearshore retention built into my model, but my model became more 

Gaussian with longer larval durations. The flow field in the analysis by Siegel et al. (2003) 

comprised a current of 0.05 m.s·! with stochastic fluctuations of± 0.15 m.s· l
, and their mean 

dispersal values for larvae of short and long duration were 8 km and 208 km downstream, 

respectively. My study site meets their assumption of a straight coastline and my current 

measurements and model outputs fall within their ranges of values. 

My model assumes that alongshore currents switch in a nature that is stochastic from the 

perspective of the larva, so there is an equally probable chance of encountering any current velocity 

and direction in any zone, regardless of what the current was in the previous zone. However, 

analyses in Chapter 2 revealed that alongshore winds (which are strongly linked to alongshore 

currents and changes in subsurface temperature) do reverse at regular intervals (4-5 days) during the 

spring and summer (Chapter 2, Table 2.7). Because current measurements were always restricted to 

four consecutive days, these measurements cannot reveal the extent to which the system is event­

dominated (i.e. its stationarity). For this, more detailed analysis of continuous current 

measurements, such as the ADCP data, would be required. If there was a high level of stationarity 

in this system, the model might be modified to predict the probability with which a drifter would 

encounter currents of the same direction and similar speed as it moved into each subsequent zone. 

My model also assumes that larvae are retained in the nearshore for some of their duration 

in the plankton, but not all of it. This assumption is currently being examined in Oregon, but there 

are no results to date (A.L. Shanks, pers. com.). Some researchers believe that the surf zone is a 

dangerous and stressful place for early-stage larvae, who can be damaged by the turbulence and the 

presence of air bubbles in the water, driving larvae to eject themselves as quickly as possible 
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through the surf zone and into the relatively calmer water offshore (A.L. Shanks, pers. com.). 

However, experiments measuring dye or pollution released from shore have shown that the surf 

zone effectively entraps particles in the very nearshore (Grant et al. 2005), and so other researchers 

believe that the surf zone could be an important mechanism for retaining early larvae in the very 

nearshore (J.L. Largier, pers. com.). 

Further investigation involving experimentation and more complex mathematical modeling 

would be required to verify whether my empirically-derived semi-stochastic Lagrangian model will 

accurately predict the advective component of larval dispersal. Nevertheless, it is reasonable to 

assume that the net transport of the majority ofmeroplanktonic larvae, if they do leave the 

nearshore zone, will travel southward a distance less than the mean value predicted by the advective 

models. In the case ofa larva with a 16-day PLD, the mean dispersal distance would be less than 

63 km south, with limited dispersal to the north (Figure 4.17), well within the boundaries of the 

Greater St. Lucia Wetland Park, but beyond the study area. It is possible, then, that this net 

southward displacement of the passive drifters, with limited northward travel, may explain the 

higher bivalve larval densities and bivalve recruitment at Lala Nek and Rocktail Point recorded in 

Chapters 2 and 3, respectively, as these regions lie south of the largest population of potential 

spawners at Black Rock. 

In my dispersal model I assumed that no successful drifters would enter the Agulhas 

Current, although it is likely that some larvae will do so, whether by advection or diffusion. As 

noted above, Steinke and Ward (2003) dropped drift cards into an estuarine river mouth in 

Maputaland. Their results both corroborated the output from my model and explained the fate of 

larvae not considered in my model: those that disperse too far offshore and into the Agulhas 

Current. While the cards used by Steinke and Ward (2003) were substantially larger than the larvae 

considered in my study, they were passive drifters of neutral buoyancy. As they were released on 

an outgoing tide, it is likely that many were ejected in a jet through the surf zone and into the 

inshore currents, and their trajectory can be compared to my passive drifters after their release from 

circulation in the nearshore environment. Of the cards recovered, 18% traveled north (perhaps 

having remained in the nearshore zone, or in northward currents in the inshore), 12% were 

recovered within 2-3 km of the river mouth (perhaps never having drifted out of the nearshore and 

being quickly deposited back onto the beach), and the remaining 70% traveled south. Although 

32% of the southward-traveling drift cards remained within KwaZulu-Natal, others traveled very 

quickly south, presumably having entered and been carried in the swift Agulhas Current. Four 

cards came ashore 700 km to the south after 14-15 days, i.e. within the expected lifespan of a 

mussel larva, providing evidence of a potential (if rare) long-distance connection between 

Maputaland mussels and those on rocky shores far to the south. This potential long-distance 

dispersal ofmeroplanktonic larvae in South Africa is supported by the lack of coast-wide genetic 

heterogeneity of P. perna (Grant et al. 1992). 
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Implications for size and spacing of no-take areas in Maputaland 

The entirety of the South African section of the Delagoa marine bioregion, extending from 

Cape Vidal to the Mozambique border, falls under protection as the Maputaland Marine Reserve 

under both the Greater St. Lucia Wetland Park World Heritage Site Authority and the conservation 

organization Ezemvelo KwaZulu-Natal Wildlife. The zonation of the MMR is currently under 

revision, and includes recreational-use and sanctuary areas. Nevertheless, there are, to date, no 

legislated no-take areas between Mabibi and the Mozambique border, as even 'sanctuary' areas are 

open to monitored, but unregulated subsistence-level harvesting. This is in conflict with the current 

best-practice advocated by conservation professionals in South Africa who emphasize ecosystem­

based conservation via systematic protection of habitats and biotypes in every bioregion (e.g. 

Lombard et al. 2004; Pierce et al. 2005). There have been several reports detailing the type of 

impact subsistence harvesting currently has on rocky shores in Maputaland, with varying 

conclusions. Kyle et al. (l997a) argued that harvesting levels were sustainable, as the catch per unit 

effort of key organisms such as Perna perna, as well as oysters Striostrea margaritacea and 

Saccostrea cucullata and the tunicate Pyura slolonifera did not change over seven years of 

observation. However, Sink et al. (2005) noted that the harvesting offtake in Maputaland was 18 

times higher than in the Natal bioregion to the south, and invoked harvesting as a covariant in the 

biogeographic separation of communities north and south of Cape Vidal. In my study at Black 

Rock (Chapter 3), adult mussel densities were much higher in the unharvested area than in the 

harvested section < 100 m away. Harvesting at current rates has altered adult mussel densities, with 

important implications for both rocky-shore communities (Lasiak 1999) and the supply of mussel 

larvae to the region (Chapter 2). Clearing experiments have shown that recovery of P. perna beds 

can take up to ten years (Dye 1992b, 1998; Dye et al. 1997), and often wholesale clearing of 

previously dense mussel beds (> 65% cover) results in the establishment of stable alternate 

communities comprising elements such as barnacles, macroalgae and bare rock (Lasiak and Dye 

1989). 

It is therefore possible that the stable state observed by Kyle et al. (l997a), which led them 

to declare offtake levels as sustainable, was one that had already been altered by years of 

harvesting, and low densities were being maintained by continued high harvesting levels, lending to 

a stable but suboptimal offtake. Also, the relatively high recruitment of Brachidontes semistriatus 

compared to Perna perna reported in Chapter 3 indicates high levels of disturbance in this area, as 

Lasiak (1999) demonstrated enhanced recruitment of B. semistriatus following removal of P. perna 

from the South Coast. Fisheries resources must be managed not for constancy of harvest, but for 

optimal sustainability. The harvesting of intertidal resources in South Africa is an ancient tradition, 

and the food gathered is nutritionally important for coastal communities, and optimization of the 

offtake should be an implicit goal of management (Siegfried et al. 1985; Hockey et al. 1988; Hauck 
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and Sowman 2003; Griffiths et al. 2004). Many efforts are currently underway to regulate these 

fisheries in a way that is equitable and culturally appropriate (e.g. Branch et al. 2002a, b; Clark et al. 

2002; Harris et al. 2002b; Hauck et al. 2002; Branch and Clark 2006). While formalization of the 

fishery is an important first step, the establishment of no-take areas in the Oelagoa bioregion (i.e. 

north of Sod wan a Bay) is essential to conserve representative ecosystems and to foster adult stocks 

that can provide propagules to harvested areas. Additionally, no-take areas provide benchmarks 

against which the effects of harvesting can be judged. One final added benefit of no-take areas is 

that they may encourage local community participation in conservation through education, as has 

been demonstrated in other areas within KwaZulu-Natal (Harris et al. 2003). 

There is a wide range of issues that affect which management options are desirable for any 

protected coastal area, and my study offers some comment on the rocky-shore component of the 

coastline. My data provide some options for the size and spacing of no-take areas within the 

Maputaland Marine Reserve, based on projected dispersal distances for important harvested or 

habitat-forming rocky-shore organisms. Compiling meta-data on the life-spans and dispersal 

distances of 25 marine taxa, Shanks et al. (2003a) found a bi-modal distribution of dispersal 

distances, with a gap between 1 and 20 km. For propagules with planktonic durations of < 4.5 d, 

dispersal distances were < 1 km, whereas those that were planktonic for> 12.5 days generally 

dispersed> 20 km. In my study, passive drifters with planktonic larval durations of 10-22 days 

were modeled, representing the expected range of planktonic duration for mussels and barnacles in 

the region. Although mean dispersal distance for the propagules in every scenario in was greater 

than 20 km, even the modeled propagules with the longest life-spans had a few individuals (albeit 

< 1 %) that remained within 1 km of the release point. With decreasing PLO, an increasingly large 

number of drifters were both retained in the nearshore and self-recruited (Table 4.7), and one might 

imagine that a large proportion of drifters with very short PLOs (i.e. < 4 d) would never emerge 

from nearshore circulation into the inshore or offshore regions, reflecting the data for reduced 

dispersal reported by Shanks et al. (2003a). Largier (2003) supports this argument, adding that the 

diffusion component of larval transport can further mitigate advective transport to prevent 'wash­

out' of even those species with intermediate PLOs such as those examined here. 

Some particles traveled northward in all five of the scenarios I explored, despite a dominant 

southward alongshore current. The largest proportion of these occurred in the case ofparticIes that 

remained only on the surface (Figure 4.17a). Byers and Pringle (2006) assert that 'upstream' travel 

by dispersing larvae is possible in advective environments via stochastic current reversals. In order 

to take advantage of this stochasticity, larvae must meet three observable criteria: (1) spawning 

over several seasons or years, (2) short pelagic period and (3) 'prodigious' larval production. My 

model agrees with their prediction that stochastic current reversals provide a mechanism for passive 

upstream drift, which could indeed be enhanced by larval behavior that increases associations with 

upstream currents. Additionally, my model confirms their second criterion for upstream travel, as 
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particles with longer planktonic larval durations had proportionally fewer particles that were 

transported upstream (Figures 4.17 bee). 

Shanks et al. (2003a) used meta-data on larval dispersal distance and planktonic duration to 

recommend a framework for the spacing of sanctuaries along a coast. They suggest that reserves be 

of sufficient size that larvae with short planktonic durations may self-recruit, and that the reserves 

be spaced sufficiently closely along a coast to allow larvae with longer durations to disperse and 

settle into one or many downstream protected areas. They propose that reserves be at least 4-6 krn 

in diameter and spaced::; -20 km apart, resulting in a conservation target of25% coverage of the 

coast. In the case of harvested species in the Maputaland Marine Reserve (MMR), such as that of 

the mussel P. perna, the desire is that both sanctuary and non-sanctuary areas must be replenished 

with propagules, to optimize fishing in the non-sanctuary areas. P. perna has an estimated 

planktonic larval duration (PLO) of 15-20 d (Table 4.4), and mussel larvae were found to be present 

at all depths (Chapter 2). In Maputaland, the modeled 13- and 16-day pre-competent passive 

drifters at all depths (Figures 4.16e and 4.17e) had mean (± SO) dispersal distances of 64 (± 63) and 

83 (± 80) km, respectively. Barnacle cyprids, in contrast, were found mostly in the middle and 

bottom layers and have a likely PLO of 12-18 d at 25° C (Table 4.4). My model predicts that 13-

and 16-day pre-competent passive drifters remaining at middle and bottom depths (Figures 4.16c 

and 4.l7c) will have mean (± SO) dispersal distances of 43 (± 28) and 56 (± 35) km, respectively. 

If diffusion and larval behavior reduced the model's predicted distances by 50%, these estimates 

would fall between 32 (± 31.5) and 41.5 (± 40) km for mussels and 21.5 (± 14) and 28 (± 17.5) km 

for barnacles. Thus, 95% of the mussel propagules would travel 2-73 km south of the source, and 

95% of the cypdds would travel 9-41 km south. The dispersal distance estimated for P. perna here 

is substantially less than the 235 km reported by Hicks and Tunnell (1995). However, their method 

consisted of tracking the invasion of P. perna in the Gulf of Mexico, recording the furthest 

distances individuals successfully dispersed. Their estimation does fall within the maximum 

downstream dispersal estimated by my model for mussel propagules (450 km). 

In Maputaland, hard substrate is limited, with rocky headlands of < 1 km length regularly 

spaced 4-7 km apart. Although the Maputaland Marine Reserve (MMR) is currently protected from 

recreational and commercial harvest of all coastal species, subsistence harvesting still occurs at 

varying levels along its entire length, with important community effects (Kyle et al. 1997a, Chapter 

3). Results from my model can be used to imagine various scenarios for the spacing of no-take 

areas within the reserve that would allow self-recruitment and connectivity from protected to 

unprotected areas. For example, if the recommendations of Shanks et al. (2003a) were to be used 

without modification, this would entail closing approximately every fourth headland to aU 

harvesting. In my model, barnacle propagules were estimated to disperse, on average, 5 km farther 

than the minimum 20 km established by Shanks et al. (2003a), and mussels 10 km farther than that. 

Additionally, rocky substrate is limited: within any 4-6 km of contiguous coastline available for 
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SYNTHESIS 

In this thesis, I address mussel and barnacle recruitment in southern Africa at multiple 

spatial and temporal scales, relating them to both bottom-up and top-down processes including 

larval and adult abundance and local hydrography and productivity. Recruitment can have 

important effects in both the short and long-term structure of rocky shore communities (Berry 1978; 

Connell 1985; Menge 1991; Caley et al. 1996; Forde and Raimondi 2004; Schiel 2004). Both adult 

populations and recruitment are influenced by bottom-up factors such as local and meso-scale 

hydrography and top-down processes such as predation and competition (Menge 1995; Menge et al. 

1997b, 1999,2003; Connolly and Roughgarden 1999b; Menge 2000b; Wieters 2005; O'Connor et 

al. 2006). Their relative strength will differ among sites, populations and regions, as will their 

influence on species and on species assemblages (Botsford et al. 1994; Botsford 2001; Connolly et 

al. 2001; Menge et al. 2002; Navarrete et al. 2005; Wieters 2006). They will also vary temporally, 

from scales of days to decades (Connolly and Roughgarden 1999a; Wing et al. 2003; Tapia et a1. 

2004; Vargas et al. 2004; Ladah et al. 2005; Alfaro 2006b). Understanding recruitment dynamics 

and the ways that they vary in specific regions, and then scaling-up our understanding using both 

inference and large-scale comparative experimentation allows us to create and test theories about 

the generality of these processes, the scales at which they operate, and the ways in which they shape 

our natural world (Harris et al. 1998; Hughes et al. 2002; Menge et al. 2002; Rivadeneira et al. 

2002; Wieters 2006). Ultimately, there are two types of benefits from these investigations. The 

first is theoretical, as each experiment allows us to further understand or challenge existing 

paradigms. The second is applied, as the increasingly general theories and resultant predictive 

ecological models assist us to become more strategic in the conservation, protection and 

management of species, communities and habitats sensitive to the ever-mounting threats of human 

population density and climate change. 

The southern African coastline, with its gradients of physical and biological features, has 

proved ideal for geographic comparative studies spanning multiple bioregions (e.g. Bustamante 

1994; Bustamante et al. 1995a, 1997; Bustamante and Branch 1996; Hammond and Griffiths 2005; 

Lawrence 2005; Sink et a1. 2005; Wieters 2006). In Chapter 1, I examined mussel recruitment 

patterns at a biogeographic scale spanning southern Africa. A synergistic combination of meso­

scale hydrographic features and nearshore productivity explained 62% of the variation in mussel 

recruitment into mussel bed. As the mussel species assemblages differed among locations, the 

biology of the individual species was also important in explaining recruitment variability. In 

particular, mussel bed complexity. fecundity and adult competitiveness in the mussel bed all have 

the potential to influence recruitment. The roles of the invasive species Mytilus galloprovincialis 

and Semimytilus algosus on the West Coast emerged as important in these dynamics, as they appear 
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to out-recruit and/or out-compete native mussel species Choromytilus meridionalis and Aulacomya 

ater, as well as the intertidal limpet Scutellastra argenvillei which was previously dominant on west 

coast shores (Steff ani and Branch 2003, 2004; Robinson 2005). 

Investigation of the stock-recruit relationship at various spatial scales allowed some 

inferences about dispersal and recruitment at each of the locations. At the largest scale (100s of 

km), adult stocks were correlated with recruitment, implying that populations are reproductively 

isolated at this scale. At the smallest scale (meters), a significant relationship between mussel stock 

density and recruitment, evident at some locations, was caused by the suitability of adult mussel 

clumps as a recruitment substrate. Reducing mussel bed complexity will reduce mussel 

recruitment, and mussels do not normally recruit directly onto bare rock. If mussel beds are 

removed by harvesting, recruitment is severely retarded, with obvious implications for 

management. 

Temporal and spatial patterns vary among locations in their relative importance in 

explaining large-scale recruitment patterns (e.g. Connolly and Roughgarden 1999a; Navarrete et al. 

2002). The large spatial scale of the biogeographic recruitment study facilitated the comparison of 

patterns at large and medium temporal scales. An inter-annual pattern of periodically reduced 

mussel recruitment was evident on the West Coast and appeared to be linked to Benguela Nifio or 

Nifio-like anomalous warming events in the Benguela Current region. Such events have previously 

been shown to affect pelagic fisheries and the offshore environment (Shannon et al. 1986; 

Florenchie et al. 2003), but mine is the first study that proposes that these events may also have 

bottom-up impacts on west-coast community processes. This has important implications for models 

that predict the influences of large-scale temporal events and climate change on rocky-shore 

community structure in southern Africa. Mussel recruitment appeared to be much more strongly 

seasonal on the South and East Coasts than on the West Coast. Again, this temporal pattern appears 

linked to temperature-related physical factors. On the West Coast, the greatest source of nearshore 

temperature variability is wind-induced upwelling operating in cycles of about seven days, with 

seasonality playing a secondary role. Here, spawning and recruitment are periodic, but do not show 

a strong seasonal trend among or within species. On the South and East Coasts, coastal subsurface 

temperature is strongly seasonal, differing 6-8DC between summer and winter, and any effects of 

upwelling or other local-scale temperature-related events are secondary to the annual cycle. Both 

spawning and recruitment events are also markedly seasonal on these coasts, although the peak 

spawning and recruitment seasons differ among regions. 

In this study, recruitment was measured not just into mussel bed, but also in to brushes and, 

at four east coast locations, into turf algae found within the mussel bed. While brushes were found 

to work well as a standardized treatment for the measurement of recruitment at most locations, 

algae was not. Although sample sizes at three of the four locations were low, the recruitment of P. 

perna into algae and into mussel bed appeared to be asynchronous. At Zululand, where recruitment 
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into both algae and mussel bed were measured monthly, a migration of mussels that recruited into 

turf algae from the algae to the mussel bed was apparent. This movement is, however, secondary to 

the strongly seasonal spring recruitment into mussel bed evidenced at this location. 

Finally, comparisons among replicate sites within locations led to an appreciation of 

smaller-scale spatial patterns of mussel recruitment. On the West Coast, where multiple species 

were recruiting at each site and the coastline is heterogeneous at small spatial scales, proximate sites 

(even those < 1 km apart) were often not synchronous. At the same time, there was temporal and 

spatial synchrony among the species at each site. On the South and East Coasts, where the coastline 

is more homogenous, sites tended to be more strongly temporally synchronized. This led to the 

hypothesis that increased spatial heterogeneity on the West Coast causes differences among sites in 

the process that delivers propagules from the larval pool, whereas these processes are more uniform 

in regions that are spatially homogenous. 

The Oelagoa bioregion (Lombard et al. 2004) was the only one of the six southern African 

bioregions not included in the mussel recruitment study in Chapter 1. In Chapters 2-4, I examined 

the recruitment patterns and processes in this bioregion, specifically in the Maputaland Marine 

Reserve, and was able to test various hypotheses generated in Chapter 1 about the nature of 

recruitment there. This is an area that lacks large or medium-sized embayments, has a narrow 

continental shelf, and is known to be extremely nutrient-poor (Schumann 1987, 1988; Carter and 

Schleyer 1988; Martin and Flemming 1988). The coastline is relatively homogenous and straight. 

Sub-surface (15 m benthic) temperatures were strongly seasonal, as were local winds, with warmer 

water and windier conditions in the spring and summer (Chapter 2). Two mussel species recruit to 

the intertidal here: Perna perna and Brachidontes semistriatus, the former being a large and 

heavily harvested species and the latter a small mussel with a known affinity for highly disturbed 

rocky shores (Lasiak 1999). I also included two barnacle taxa, Chthamalus dentatus and Tetraclita 

spp. for comparison. The basic hypotheses about this system, generated from the findings of 

Chapter 1, were that mussel recruitment rates would be low and strongly seasonal, with a high level 

of synchrony among both species (B. semistriatus and P. perna) and sites. Limited retention would 

result in low-levels of self-recruitment on individual headlands, and thus intra-headland 

connectivity among mussel populations was expected to be high. 

Indeed, the results of Chapters 2 and 3 confirmed these hypotheses about recruitment 

pattern and process. Recruitment of both P. perna and B. semistriatus was synchronous within and 

among sites, but very low compared to other bioregions. Barnacle recruitment was also strongly 

seasonal but peak recruitment seasons, spatial heterogeneity, and the role of substrates varied more 

strongly among barnacle than among mussel species. Recruitment of an species was coupled to 

nearshore larval densities which, although low, varied spatially and temporally with temperature 

and the concentration of phytoplankton, indicating that bottom-up processes are important in 

controlling recruitment in Maputaland. 
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Various onshore-transport mechanisms have been previously described for meroplankton in 

other coastal areas, and include upwelling or downwelling, onshore wind, internal waves and 

internal tidal bores (Shanks 1983; Pineda 1994; Shanks et al. 2000; Almeida and Queiroga 2003; 

Tapia et at. 2004; Vargas et at. 2004; Shanks and Brink 2005). In Chapter 2, two onshore~transport 

mechanisms were identified in Maputaland: upwelling and internal waves. Ofthese, the more 

important was coastal upwelling, and its role as a bottom-up process enhancing recruitment was 

confirmed in Chapter 3. Wind-induced upwelling in Maputaland has not been previously reported, 

and although it is not strong, it does appear to be important for the onshore-transport of benthic 

cooler water from further offshore, and may carry benthic propagules with it. Barnacle cyprids 

were found in the middle and bottom layers of the water column, and barnacle recruitment was 

enhanced by both northerly (upwelling-positive) winds and a reduction in onshore winds, both of 

which might facilitate the approach of cyprids towards the coast. In contrast, mytilid larvae were 

found in all layers of the water column, and southerly or downwelling-positive wind was found to 

enhance recruitment for both mussel species. B. semistriatus recruited in greater numbers than P. 

perna throughout the study. 

The results of Chapter 4 confirmed the connectivity of both adjacent and distant rocky 

shores in Maputaland for benthic organisms with a planktonic phase in their life cycles. Using a 

Lagrangian model to predict dispersal kernels for drifters with varying strategies of vertical 

migration and planktonic larval durations, estimates for drifters fell within those hypothesized for 

low-retention areas by Harris et aL (1998), with mean ranges of 30-45 km south for mussels and 20-

30 km south for barnacles. In Chapter 2, I reported that the southern half of Black Rock, the 

headland in the center of the study area, contained an un-harvested population of P. perna that was 

significantly more dense than any other in the study area. There was a significant latitudinal 

gradient ofmytilid larval densities (Chapter 2) and mussel recruitment (Chapter 3), with higher 

levels south of Black Rock. This evidence supports the dispersal kernels predicted by the model. 

Although the majority of passive drifters traveled southwards in every model, there were some that 

remained within 1 km of the release site and some that traveled northwards, confirming the results 

of other nearshore models in the literature that provide a mechanism for passive upstream dispersal 

in advective environments, by way of stochastic current reversals (e.g. Byers and Pringle 2006). 

Larval behavior that enhances retention or upstream travel will further increase the probability of 

localized recruitment. 

implications/or the conservation and management o/mussel stocks in southern A/rica 

The South African Marine Living Resources Act of 1998 mandates the protection and 

management of the country's natural marine resources. McQuaid and Payne (1998), in reference to 

the publication of the first 15 months of the data set used in Chapter 1 (Harris et al. 1998), 

emphasize that the coastal areas in different regions of South Africa are diverse, and that to fulfill 
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this mandate effectively, regions should have different management strategies. In Chapter I, I 

confirm that populations appear relatively reproductively isolated at the biogeographic scale. 

Mussel recruitment patterns and processes differed in important ways among regions, coasts and 

species, and were influenced by location- and even site-specific processes. As our understanding of 

the patterns and processes ofthe variability of mussel recruitment among regions increases, so must 

practices be modified to conserve and manage stocks, tailoring them to the specific needs within 

each bioregion to ensure continued persistence and optimal utilization of intertidal stocks such as 

mussels around the entire coast of southern Africa. 

Of an the locations I investigated, Dwesa on the South Coast (Chapter 1) and Maputaland 

on the East Coast (Chapter 3) had the lowest recruitment levels. These two areas are similar in 

many ways: they are regions with a narrow continental shelf with limited upwelling, low levels of 

nearshore nutrients and phytoplankton. Additionally, these two areas are the most socio­

economically depressed, with coastal communities that depend on intertidal resources and harvest 

them under limited control by conservation authorities. Dwesa is a sman marine reserve surrounded 

by shores that are heavily harvested, and this intense harvesting may have important effects on both 

maintenance of populations inside the reserve and their recovery after disturbance (Dye et al. 1997). 

In Maputaland, it is clear that mussel harvesting is having an important and deleterious 

effect on both adult mussel bed density and local recruitment rates. Kyle et al. (1997a) reported that 

harvesting levels were stable over seven years of observation, i.e. there was no observed change in 

catch per unit effort. From this they concluded that harvesting was sustainable. However, although 

current harvesting levels may be sustaining the population at a fixed (if low) density, there are 

strong indications that harvesting levels are above those that would optimize offtake (Sink 2001). 

This is substantiated by many lines of evidence that emerged in Chapters 2-4. In Chapter 2, I 

reported no significant difference in mussel density among harvested areas, all of which had 

significantly lower densities than mussel beds in the southern half of Black Rock, an area that is not 

harvested due to a local taboo. There was a decoupling of stock and recruitment rates among sites, 

which can indicate the presence of some density-independent factor. Human harvesting of mussels, 

when not economically driven, is density-independent (Clark 1985), and so harvesting pressure may 

have erased any significant stock-recruit relationship. In Chapter 3, I recorded recruitment densities 

for P. perna that are lower than any other population examined thus far in southern Africa, implying 

that adult P. perna stocks are recruit-limited like Dwesa (Chapter 1). Furthermore, P. perna was 

consistently out-recruited by the small 'weedy' mussel B. semistriatus in Maputaland. On the South 

Coast, B. semistriatus has been found to be an indicator of high-disturbance due to P. perna 

harvesting (Lasiak 1999), and its dominance also suggests high harvesting pressure here. Finally, in 

Chapter 4, I provided evidence for the potential for upstream and downstream connectivity of rocky 

shores in Maputaland between both proximate « 5 km) and distant (20-45 km) headlands with a 

predominantly southward flow. In Chapters 2 and 3, I demonstrated high densities ofmytilid larvae 
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and recruitment south of Black Rock, suggesting that its small protected adult population may be 

providing propagules to headlands < 15 km south. That these high densities were detectable 

through time in a recruit-limited environment further supports the argument that the spawner stock 

at Black Rock is providing propagules to downstream sites, and this source requires continued local 

and increased governmental protection. 

My findings indicate that there could be several benefits to establishing a number of 

strategically placed no-take areas within the Maputaland Marine Reserve, including increases in 

spawner biomass, and the provision of baseline areas against which harvesting effects may properly 

be judged. Shanks et al. (2003a) recommend that such fully protected areas should be spaced to 

benefit organisms that are both long-dispersing (such as P. perna) and short-dispersing (such as the 

tunicate Pyura stolonifera). Using current velocity information and modeled dispersal kernels 

presented in Chapter 4, I provided examples of how this model might be interpreted to guide 

decision-making about the spacing of no-take areas within the Maputaland Marine Reserve. Based 

on the findings in Chapter 1, it is possible that areas of the South Coast, specifically those near 

Dewsa, might also benefit from such a protection scheme. Of course, it is important to remember 

that because P. perna larvae do not settle on bare rock, the closure of areas to harvesting may not 

have an immediate effect. In the absence of sweepstakes recruitment events, which appear to occur 

on the scale of 10-20 years on the East Coast (Chapter 1), P. perna beds could take up to 10 years to 

recover (Dye et al. 1997). 

The coastal benthic communities of southern Africa, including mussel stocks, are important 

ecologically, economically and culturally in aU bioregions around the coast. Their effective 

management relies upon an understanding of population and community dynamics, including 

recruitment processes. Human populations from the interior of South Africa are shifting to the 

coast and continue to increase in size, placing intertidal stocks under increasing pressure. 

Additionally, climate is changing at an unprecedented rate. The results recorded in this thesis are 

thus not just of intrinsic interest in advancing knowledge about recruitment patterns and their 

underlying causes, but contribute to the pool of information needed for the conservation and 

management of resources demanded by the country's Marine Living Resources Act and its 

commitment to international protocols that call for protection and sustainable use of the coast. 
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APPENDICES 

APPENDIX 1 Keogram analysis methodology 

Current measurements using video time-stacks (keograms) 

The keogram is a time-stack of visual data, taken with a video camera, which allows the 

measurement of nearshore surface current speeds within a field of view. The use of video to study 

hydrodynamics at small and medium scales is a relatively new trend in nearshore oceanography, 

with a wide range of applications (Foote et al. 2002; Govender et al. 2002; Chickadel et al. 2003). 

The technique I used is similar to that described by Chickadel et al. (2003) and the descriptions in 

this appendix highlight departures from their methods. 

My study extends the method from Chickadel et al. (2003) to involve multiple cameras 

filming simultaneously from fixed locations, giving an array of current speeds. Six analog cameras 

(Sony Handycam CCD-TR648E PAL) and one digital camera (Sony Digital Handycam DCR· 

TRV340E PAL) were fitted with Prinz 37mm UV filters. Hi-8 tapes were selected for their 

versatility, availability and visual integrity; tripods were chosen to be light and portable. All 

footage was taken with the camera completely zoomed out (maximizing the scene in the view). 

A pilot study ofthe videographic method was undertaken prior to the data collection 

presented here. From 12 May to 12 June 2002, videos ofthe surface currents and wind data were 

collected every second day at Lala Nek (den Oudendammer 2002). 

Video footage processing 

The video data were accessed via an Ellips Rio capture card and Coastal Dynamics software 

(G. Hough, Envirovision Solutions, 2002). The software displays the video footage in a video 

window for the creation of time stacks. Two to three sampling lines, each I-pixel wide and of 

varying length, were then positioned in the sampling window (Figure A l.la) according to certain 

rules: (1) The vertical sampling line was placed first, in the middle third of the image to minimize 

error due to lens distortion. Its length was adjusted, if necessary, so that it crossed both the horizon 

and a calibration point centrally located in the image. (2) If any obvious features could be seen in 

the top third of the water in the image, a horizontal sampling line was placed through this region. 

(3) If no features in the top third stood out, both sampling lines were placed in the bottom two-thirds 

of the image. (4) If features such as a foam line were present, these were targeted for analysis. (5) 

In the absence of any features that would clearly produce a signature, the sampling lines were 

placed just beyond and just inside the backHne of the breaking surf. These locations were selected 

because they most consistently produced detectable bubble-raft signatures when the vertical and 

horizontal keograms were run. 
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When creating a keogram, all sampling rates have the potential to give signatures. Not all 

the signatures represent surface currents, however, as some could be shadows from clouds moving 

overhead, or the paths of white horses or sea foam pushed by the wind. Using drogue and ADCP 

results, as well as surface current calculations from other sources, the likely range of current speeds 

that was expected to be seen on the surface of the water was estimated. The sampling rate was then 

adjusted within the Coastal Dynamics software so that the slowest signatures in the horizontal 

keogram (the alongshore currents) would generally appear at an angle of at least 25° from the 

horizontal (time) axis, and the fastest currents would appear at an angle of not more than 70°. This 

range of angles made the signatures easier to both identify and measure in the keogram. The ideal 

sampling rate was calculated to be 600-750 ms·frame- I for current speeds ranging 0.05-1.5 km·h- I
• 

Keograms whose timing fell below 450 or above 850 ms·frame- I were re-set and re-run. Examples 

of two time-stack keograms and marked 'signatures' are presented in Figures Al.lb-e. 

The alongshore and on/offshore components of the velocity ofthree replicate signatures of 

the selected feature were calculated using a series of variables and constants (Tables A 1.1 and A 1.2) 

that were compiled into a software algorithm called the Keolmporter (vl.O, O. Fouche, K. Reaugh 

and O. Hough, Envirovision Solutions, 2005) following the mathematical sequence below. The 

resultant velocity measurements were then plotted and used to measure surface current speeds in the 

nearest 1000 m from shore. 

References 

References are found in the main reference list for the thesis. 

Table A1.1 Variables used in keogram analysis 

Variable 

t..R 

Definition 
- d, - dfi' change in distance of signature (this is the distance traveled by a signature on vertical keoline), 
negative value indicates movement southwards, iftop ofkeoline is to the north 

change in range of signature (this is the distance traveled by a signature on vertical keoline), negative value 
indicates movement away from camera 
Ir Is 

slue angle of one pixel on horizontal sampling line 

angular dip· the angle that subtends one pixel in a vertical keoline 

column number i in keogram (one pixel wide) 

column of end of signature 

column of start of signature 

distance along horizontal keoline from centre to feature (m) 
distance to end of signature 

distance to any pixel i from the centre pixel of the horizontal keoline 
distance to start of signature 

height from Mean Low Water Springs, in meters 
calibration point height 

video camera height 
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Variable 
L. 
L. 
n 

ny 

Pc 
Pi 
Px 

Py 

R 
r 

ri 

r, 

Definition 
latitudinal distance between camera and feature, in meters 

longitudinal distance between camera and feature, in meters 

number of pixels in the whole original picture 
number of horizontal pixels 

number of vertical pixels) 

centre row of the horizontal keoline 

number of pixels from centre of horizontal keoline to feature 

width of picture on the screen 

height of picture on the screen in mm 

range (horizontal distance from camera to another point), in meters 

pixel row in keoline (denotes an individual pixel; the top pixel in the keogram is always 1) 
range to cal point 

row of cal point 

range to end of signature 

row of end of signature 

range to horizon 

row ofkeoline that crosses horizon 

any row in the keoline 

range to keoline 

range to a pixel in question on the horizontal sampling line 

range to the pixel at the end of the signature in horizontal keogram 

range to the pixel at the start of the signature in horizontal keogram 

range to start of signature 

row of start of signature 

central r of the signature 

sampling rate in ms/frame 

time in decimal hours 

Ii time at column number i 

If time at last column of signature 

Is time at first column of signature 

Vv velocity of the signature as measured in the vertical keoline (radial component) 

V" velocity of the signature as measured in the horizontal keoline (azimuthal component) 

V'ig velocity of the signature using combined radial and azimuthal components 

)Iv camera angle, in degrees ( = angle measured by videographer in field plus/minus declination) 

)I; actual direction in degrees to feature 

)lsig bearing of the signature with relation to true north 

o slue angle, angle from center of horizontal sampling line (which lies on the vertical sampling line) to feature, in 
degrees 

of slue angle to end of signature 

Os slue angle to start of signature 

Osig angle that subtends the signature in the horizontal sampling line 

8 dip angle from horizontal line from camera to another point on the ground, in degrees 

Be dip angle to cal point 
8f dip angle to end pixel (row) in the signature 

0" dip angle to horizon 
Bile difference in angle from horizon to cal point 

OJ dip angle to some pixel (row) in the signature 

Ok dip angle to keoline 

Bke difference in angle from keoline to cal point 

Os dip angle to the start pixel (row) in the signature 

BSf central ® of the signature (= ®(s) - ®(f) 
that subtends the sillnature 
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Table A1.2 Constants used in calculations 

Constant Definition 
a equatorial radius of the earth = 6378140 meters 

27° S subtends 98794 meters 
32° E subtends 111096 meters 

Coastallmaging Geometry: 

Use the camera height to calculate the horizon dip angle (preferred method) 

Bh can be determined trigonometrically (Figure Al.2): 

1. 
a 

cosBh = ---
a+Hv 

Use the camera height to calculate the horizon dip angle (alternate method) 

Assume L = Rh (Figure A1.3). 

2. 

3. 

Calculate Be, the dip angle from the horizontal to the calibration position. Lat" and Long" are the 
latitude and longitude of a point in space in decimal degrees. Mat is a change in latitude measured 
in degrees, and .1y is a change in latitude measured in meters; Mong and !lx are similarly 
equivalent. At this particular location, the 27th degree latitude South subtends 98784 m, while the 
32nd degree longitude East subtends 111096 m (Figure Al.4) 

4. .1Latva = Late - Lat. 

5. .1Yvc = Matvc . (98784m) 

6. 6.Longvc = Longe - Long. 
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Figure A1.2 Camera height is used to calculate the horizon dip angle trigonometrically 
(preferred method). V == position of video camera 

visible horizon 

Figure A1.3 Camera height is used to calculate the horizon dip angle using Pythagorean 
method, assuming L == Rb (alternate method) 
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19. 

Here, a negative value for AR indicates a movement east, or away from the camera. 

Calculate the velocity vector for the signature from the vertical keogram: 

20. 
M 

V,=-
v 111 

Calculate the latitude and longitude of the centre of the signature measured. Find the average 
distance from the camera to the signature in meters: 

21. 

Calculate the difference in latitude and longitude in decimal degrees between the signature and the 
camera 

22. 
R· cos(l80 - y) 

Matsig = , negative result is movement north 
98784m 

23. 
R· sin(180 - y) . . 

Mongsig = , negatIve result IS movement east 
111096m 

Calculate the latitude and longitude of the signature 

24. 

25. Longslg = Long. + Mongslg 

Use the horizontal keogram to get the azimuthal component of the velocity vector. Assume that 
pixels are square, and therefore let !1() = Au. Calculate the bearing, relative to true north, from the 
camera to the start and the end of the signature (Figure A 1.5). 

26. 

27. 

Calculate Ad, the distance in meters that this change in bearing for the distance traveled by the 
signature subtends: 

28. 

29. 

30. 

31. 

177 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Calculate At for the signature following formulae 13 and 14. 

Calculate the azimuthal velocity component for the signature: 

32. 

Calculate the latitude and longitude of the signature. 

33. 

34. d; = Ric . tan 0"; 

35. 

36. ~ 2 -2 Rsig = Ric +d 

Calculate the difference in latitude and longitude in decimal degrees between the signature and the 
camera 

37. 
RSI 'cos(180-rv) . . 

Mafs;g = g , negative result IS movement north 
98784m 

38. 
RSi . sin(180 - rJ . . 

Mongslg = g , negatlve result IS movement east 
111096m 

Calculate the latitude and longitude of the signature as per equations 24 and 25. 

Find the velocity vector of the signature using V. and Vh. 

If the signature is a round object, such as a bubble raft, this equation should be used: 

39. 

If the signature is a streak that lies approximately parallel to a sampling line (an angular difference 
of <15°, such as a shore-parallel slick or the wake ofa boat, then this alternate formula should be 
used: 

40. 

Calculate the bearing of the signature with relation to true north 

41. 
Vh 

Y · = 90-tan­
Slg V 

v 
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APPENDIX 2 Validation of current velocity measurements and determination of 
processes driving currents 

Methods 

Validation of current measurements 

Current data from the drogues and videography were compared using Pearson product­

moment correlation analysis for validation and corroboration of the along- and across-shore current 

measurements. Where multiple correlations were employed, a sequential Bonferroni adjustment 

(Holm 1979) following the recommendations of Quinn and Keough (2002). These data were also 

compared with the ADCP measurements for further corroborative evidence. Finally, surface and 

sub-surface current speeds were compared with wind and tidal velocity measurements to describe 

the variability in the current speed and direction that is related to these two factors. All statistics 

were calculated with Statistica 7.0 (© 1984-2004, StatSofi, Inc.). 

Processes driving currents 

Wind data from Black Rock and Mbazwana airfield were compared to determine the 

validity of applying remote data recorded at Mbazwana to the study area. Hourly alongshore wind 

data collected at Mbazwana Airfield were significantly and positively strongly correlated with data 

taken at Black Rock during the videography (r = 0.741, n == 103, P < 0.0001). The across-shore 

component was positive and significant, but very weak (r == 0.283, n == 103, P < 0.01, UMB = 0.789 + 

0.189'" UBR). Across-shore winds were generally stronger at Black Rock than at Mbazwana, 

probably due to the inland and protected position of the Airfield and the headland position on Black 

Rock. As the Black Rock wind data were not complete, the Mbazwana wind data were used for 

analyses requiring continuous wind measurements, and were compared to the mean hourly along­

and across-shore current velocities by zone and depth. 

The along and across-shore current velocities were filled in following the procedures above 

and data from all stations were pooled into hourly time bins and compared with the along- and 

across-shore wind components and with tidal range and velocity measurements by using Pearson 

product-moment correlation analyses (Zar 1999). Wherever multiple tests were used, Holm's 

(1979) sequential Bonferroni adjustment was used to accept or reject the value for p following 

Quinn and Keough (2002). 

Tidal velocities were calculated as in Chapter 4. 

Results 

Validation of current measurements 

Alongshore surface current data derived from videos were compared with simultaneous 

subsurface alongshore current measurements obtained from drogues (Figure A2.1). Surface current 

speeds determined by video generally fell within the range of those of the drogues, although they 
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were much more variable. Inshore video measurements of surface currents were significantly and 

positively correlated with the behind-surf and offshore surface video measurements, as well as with 

velocities of the 2-m drogues (Table A2.1). In contrast, the offshore surface video measurements 

were not correlated with the behind-surf measurements. Insufficient offshore video data prevented 

correlation analysis with the offshore drogue measurements. Drogue measurements in both zones 

and at all depths were strongly significantly positively correlated with each other, indicating 

coherence of velocity direction with depth on all days. 

Table Al.l Correlations between drogue (subsurface) and video (surface) alongshore current 
measurements at the same station and within the same hour. n = number of replicate 
measurements, r = Pearsou product-moment correlation coefficient. The value for p was 
accepted or rejected using a sequential Bonferroni procedure for multiple testing (a = 0.05, c 
= 6). * test was significant at the adjusted level, ns = test was not significant. 

Data type Video Video Video Drogue Drogue Drogue Drogue Drogue 
Depth Surface Surface Surface 2m 3m 2m 3m 10m 

Zone 
Behind 

Inshore Offshore Inshore Inshore Offshore Offshore Offshore 
surf 

Video Surface Behind r .4333 .1862 
surf n X 41 22 2 2 2 

P ... ns 

Video Surface Inshore r .4333 .4349 .9973 .6102 .9981 .4081 .2900 
n 41 X 124 3 4 3 6 6 
P ... ... ns ns us ns ns 

Video Surface Offshore r .1862 .4349 
n 22 124 X 0 0 0 
p ns .. 

Drogue 2m Inshore r .9973 .9908 .9912 .9834 .9585 
n 3 0 X 8 5 5 5 
P ns ... ... ... .. 

Drogue 3m Inshore r .6102 .9908 .9926 .9789 .9622 
n 2 4 0 8 X 5 14 15 
P ns .. >I< .. .. 

Drogue 2m Offshore r .9981 .9912 .9926 X .9942 .9752 
n 3 0 5 5 5 5 
P ns ... ... ... 

Drogue 3m Offshore r .4081 .9834 .9789 .9942 .9651 
n 2 6 5 14 5 X 28 
p ns .. ... ... .. 

Drogue 10m Offshore r .2900 .9585 .9622 .9752 .9651 
n 2 6 5 15 5 28 X 
P ns ,.. ... .. .. 
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Mean (standard deviation) alongshore current velocities varied from approximately +0.025 

(0.26) m.s·1 at 1-5 m depth to -0.015 (0.18) m.s· l nearest the bottom (Table A2.2); positive 

velocities are northward. Results of the ADCP analysis indicated that both the M2 (12.42 h) and 

M4 (6.21 h) tidal ellipses had a predominant effect on the alongshore flow, most pronounced in 

shallower water (depths to 10 m). While alongshore wind and alongshore current direction and 

speed appeared to be correlated through the water column, there were some periods when across­

shore water velocities corresponded to alongshore wind velocity, indicating possible offshore 

Ekman transport. Spectral coherence analyses of the ADPC data revealed a significant coherence 

between cycles of alongshore wind and both along- and across-shore velocity at low frequencies 

(i.e. 2-4 d time scales) (Reynolds-Fleming and Reaugh, unpublished data). 

Table Al.2 Velocity summary from ADCP deployment from 26 Nov 2003 to 18 Mar 2004, 
rotated 20° clockwise into along- and across-shore components. Height is meters above the 
bottom, in half-meter depth bins. Velocities are m.s· l

• Positive across-shore velocity is 
eastwards (offshore), positive alongshore current velocity is northwards. 

Across-shore velocity Alongshore velocity 
Height (m) Mean Std Dev Mean Std Dev 

13.76 -0.033 0.076 -0.019 0.274 
13.26 -0.007 0.055 -0.025 0.267 
12.76 0.003 0.043 -0.026 0.265 
12.26 0.004 0.040 -0.025 0.262 
11.76 0.004 0.038 -0.023 0.260 
11.26 0.003 0.036 -0.021 0.258 
10.76 0.003 0.035 -0.019 0.256 
10.26 0.002 0.034 -0.017 0.254 
9.76 0.002 0.033 -0.Ql5 0.251 
9.26 0.002 0.032 -0.013 0.249 
8.76 0.001 0.032 -0.010 0.246 
8.26 0.001 0.032 -0.008 0.243 
7.76 0.001 0.032 -0.006 0.240 
7.26 0.001 0.032 -0.003 0.237 
6.76 0.001 0.032 -0.001 0.233 
6.26 0.002 0.033 0.001 0.230 
5.76 0.002 0.034 0.004 0.226 
5.26 0.003 0.035 0.006 0.222 
4.76 0.004 0.036 0.009 0.217 
4.26 0.005 0.037 O.Qll 0.212 
3.76 0.006 0.039 0.013 0.206 
3.26 0.007 0.041 0.015 0.200 
2.76 0.009 0.042 0.016 0.193 
2.26 0.010 0.043 0.017 0.185 
1.76 0.012 0.044 0.016 0.175 
1.26 0.013 0.043 0.014 0.160 

Along- and across-shore velocities measured by ADCP during the period of video and 

drogue data collection (7:00 to 17:00,26 November 03) were compared with drogue and 

videography measurements from Rocktail Bay, Black Rock, and Dog Bay (Table A2.3). 

Additionally, wind along- and across-shore components taken at Black Rock were compared to 

wind data taken at the Mbazwana Airfield. Surface currents were nearly always faster than the I-m 
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measurements from the ADCP. Generally, alongshore surface currents were directionally 

associated with wind, while across-shore surface currents were directionally associated with the 

subsurface current measurements. Current measurements taken by the drogues and ADCP were 

similar in direction and speed. Winds measured at Mbazwana, as compared to those measured on 

the headland at Black Rock, were often higher in the alongshore component and lower in the across-

shore component, but also generally fell within the same direction and order of magnitude of 

measurement. 

Table Al.3 Simultaneous drogue, video and ADCP along- and across-shore current velocity 
measurements, plus wind (m.s·1

). Drogue measurements from the offshore sets were used for 
comparison; video measurements from both inshore and offshore zones were used. For comparison, 
positive across-shore velocity is east-wards (offshore), positive alongshore current velocity is north-
wards for both wind and current measurements. Blank cells indicate that no data were available. 

:5 :5 :5 e :5 :5 :5 e e 
Il!i! e e 

Direction Instrument Station" Depth ci:i ,.;;: e - .:.i ~ .;; on ~ ... - - - - - ... 
Along- Wind watch BR Wind -2.13 -2.98 -2.96 -2.65 -2.48 -2.78 -5.64 
shore Anomometer Mbaz Wind -1.60 -2.40 -3.90 -4.92 -4.69 -4.94 

Video DPB Surface 0.07 -0.21 0.10 
(mid+offshore) BR Surface -0.11 

RTB Surface -0.31 -0.27 -0.13 -0.17 
ADCP BR 1m 0.2 0.2 0.2 0.3 OJ 0.1 0.1 0.1 

(offshore) 2m 0.2 0.2 0.2 0.3 0.3 0.2 0.1 0.1 
Sm 0.2 0.2 0.2 0.3 0.3 0.2 0.1 0.1 
7m 0.2 0.2 0.3 0.3 0.3 0.2 0.1 0.1 
10m 0.1 0.1 0.2 0.2 0.2 0.2 0.1 0.1 
13m 0 0.1 0.2 0.2 0.2 0.2 0.1 0.1 

Drogue DPB 2m -0.065 -0.017 
(offshore) Sm -0.006 0.025 

10m 0.Ql8 0.074 
BR 2m 0.127 

5m 0.145 
10m 0.148 

Across- Wind watch BR Wind -4.01 -5.23 -5.55 -4.98 -4.66 -5.23 0.30 
shore Anomometer Mbaz Wind 0.58 0 0 0.87 -1.71 -2.85 

Video DPB Surface 0.47 0.45 0.69 
(mid+offshore) BR Surface 0 

RTB Surface 0.22 0.22 0 0.25 
ADCP BR 1m -0.1 -0.1 -0.1 0.03 0.03 0.03 0.03 0.03 

(offshore) 2m 0.1 0.Q3 0.03 0.1 0.1 0.1 0.1 0.1 
Sm 0.1 0.03 0.03 0.03 0.03 0.03 0.1 0.1 
7m 0.1 0.03 0.03 0.03 0.03 0.03 0.Q3 0.03 
10m 0.1 0.03 0.Q3 0.03 0.03 0,03 0.03 -0.1 
13m 0.1 0.03 0.03 0.03 0.03 0.03 0.Q3 -0.1 

Drogue DPB 2m -0.046 0.023 
(offshore) Sm -0.024 0.089 

10m 0.012 0.082 
BR 2m 0.081 

Sm 0.139 
10m 0.179 

·Station codes: BR - Black Rock, Mbaz - Mbazwana Airfield, DPB - Dog Bay, RTB - Rocktail Bay 

182 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Processes driving currents 

The relative influences of tidal velocity and Mbazwana wind speed on current speeds and 

directions were investigated using Pearson product-moment correlation analyses. Several scales 

were considered for both parameters. For wind, the directionless velocity was considered, as wen 

as the along- and across-shore components, and values for the same hour, as wen as the mean 

values for the 2, 4, 6, 12 and 24 hours previous to the measurement of the current velocity. 

Table Al.4a Correlations between alongshore wind records from Mbazwana Airfield and the 
alongshore current measurements derived from drogue and video per station and per hour. 
Positive winds are from the north, positive currents are northwards. The significance of the 
value for p was accepted or rejected using a sequential Bonferroni procedure for multiple 
testing (a. == 0.05, c == 6). '" test was significant at the adjusted level, ns :::::: test was not 
significant. 

Wind measurement 
Current Data Depth Zone Same Prev2 Prev 4 Prev6 Prev 11 Prev 24 
direction !Il!e hour hours hours hours hours h01i1'S 

Alongshore Video Surfaee Behind r -.3636 -.3749 -.3806 -.3762 -.3742 -.2502 
sun n 124 124 126 126 126 126 

(points) 
p '" '" '" '" '" ... 

Video Surfaee Behind r -.3599 -.3844 -.4374 -.4700 -.4957 -.4301 
surf (bays) n 44 44 45 45 45 45 

P ns ns '" '" .. 
'" 

Video Slirfaee Inshore r -.4579 -.4521 -.4482 -.4410 -.4028 -.2111 

n 256 256 261 261 261 261 

p 
,.. 

'" '" 
... '" '" 

Drogue 2m Inshore r -.4214 -.4093 -.4256 -.4498 -.4761 -.3561 
n 29 29 29 29 29 29 

p '" ns '" .. '" ns 
Drogue !lim Inshore r -.6427 -.7045 -.7610 -.7828 -.8022 -.5786 

n 85 85 85 85 85 85 

p '" .. 
'" * .. ,.. 

Video SlInaee Offshore r -.3640 -.3822 -.4016 -.4142 -.3951 -.1802 
n 128 128 132 132 132 132 

p '" '" '" '" 
,.. ns 

Drogue 2m Offshore r -.5769 -.6998 -.7689 -.7740 -.8327 -.8122 

n 14 14 14 14 14 14 

p ns '" 
.. 

'" '" 
... 

Drogue 5m Offshore r -.5510 -.6121 -.6927 -.7250 -.7973 -.6242 

n 102 102 102 102 102 102 

p '" '" '" '" 
,. .. 

Drogue 10m Offshore r -.6296 -.6757 -.6970 -.7049 -.8040 -.6780 

n 112 112 112 H2 112 112 

Q 
... .. '" '" '" 

.. 
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Alongshore current velocities were nearly all negatively and significantly correlated with 

the alongshore wind component (Table A2.4a), indicating that the wind and water were flowing in 

the same direction. Across-shore sub-surface currents were also generally significantly negatively 

correlated with alongshore winds (Table A2.4b) but were much less frequently significant, implying 

an onshore flow with northerly (upwelling-positive) winds in some zones. Across-shore surface 

currents in the inshore zone were positively associated with winds, indicating an offshore flow in 

northerly winds. For both along- and across-shore currents, the strongest correlations for the 

surface currents were at shorter time intervals (same-hour to 6-hour), while the strongest 

correlations for the subsurface currents were at a longer (l2-hour) time interval. 

Table Al.4b Correlations between alongshore wind records from Mbazwana Airfield and the 
across-shore current measurements derived from drogue and video per station and per hour. 
Positive winds are from the north, positive currents are northwards. The significance of the 
value for p was accepted or rejected using a sequential Bonferroni procedure for multiple 
testing (a. = 0.05, c = 6). * test was significant at the adjusted level, ns = test was not 
significant. 

Wind measurement 

Current Data Depth Zone Same Prev 2 Prev4 Prev6 Prev 12 Prev 24 
direction tl':~e hour hours hours hours hours hours 
Across- Drogue 2m Inshore r -.5843 -.7051 -.7626 -.8037 -.8840 -.8548 

shore n 29 29 29 29 29 29 

P • * • * 
Drogue Sm Inshore r -.5483 -.5986 -.6604 -.7097 -.7998 -.7532 

n 99 99 99 99 99 99 

P * • * • 
Drogue 2m Offshore r -.4261 -.5974 -.7047 -.7448 -.8575 -.8915 

n 14 14 14 14 14 14 

P * * • ns 
Drogue Sm Offshore r -.3800 -.4413 -.5285 -.5596 -.7047 -.6613 

n 115 115 115 115 ll5 115 

P • • • 
Drogue 10m Offshore r -.4555 -.5113 -.5641 -.5778 -.7162 -.6517 

n 121 121 121 121 121 121 

P * • • • 

Across-shore winds were also compared to both along- and across-shore current velocities 

(Table A2.S). Several parameters were not significantly correlated and therefore not presented. For 

the alongshore currents, relationships were generally stronger at longer time scales (more than 6 

hours), and strongest for the 2-m drogues. For the across-shore currents, correlations were again 

strongest for the 2-m drogues, and weaker or non-significant for the deeper drogues and the surface 

currents. 
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Table Al.S Correlations between across-shore wind records from Mbazwana Airfield and the 
(a) alongshore and (b) across-shore drogue (subsurface) and video (surface) current 
measurements per station and per hour. Positive across-shore wind is easterly, positive 
alongshore currents are north-wards and positive across-shore currents are west-wards). The 
significance ofthe value for p was accepted or rejected using a sequential Bonferroni 
procedure for multiple testing (<< == O.OS, c == 6) ... test was significant at the adjusted level, ns 
= test was not significant 

Wind measurement 

Current Data Depth Zone Same Prev2 Prev4 Prev6 Prey 12 Prey 24 
direction !I2e hour hours hours hours hours hours 

<a) Video Surface Behind r .2318 .2686 .2594 .2756 .2437 .0532 

Alongshore surf n 124 124 126 126 126 126 

p ... ... * '" ns 
Drogue 5m Inshore r .0508 .1332 .2029 .2437 .4207 -.0657 

n 85 85 85 85 85 85 

p ns ns ns ns '" ns 
Drogue 2m Offshore r .6805 .5794 .7581 .7693 .7452 -.7196 

n 14 14 14 14 14 14 

p '" '" 
... .. '" ... 

Drogue 5m Offshore r .1350 .0681 .0612 .1347 .2817 .2032 

n 102 102 102 102 102 102 

P ns ns ns ns .. ns 
Drogue 10m Offshore r .0426 .0626 .1104 .1676 .3222 .0580 

n 112 112 112 112 112 112 

p ns ns ns ns ns 
(b) Drogue 2m Inshore r .8366 .8348 .8558 .8820 .8496 .2755 

Across-shore n 29 29 29 29 29 29 

p '" '" ... ,. ... fiS 

Drogue 2m Offshore r .6977 .6800 .8149 .8261 .7605 -.7183 

n 14 14 14 14 14 14 

P .. '" .. * '" '" 
Drogue 5m Offshore r .0057 -.0390 -.0519 .0243 .2648 .2277 

n 115 115 115 115 115 115 

p ns ns ns ns '" ns 
Drogue 10m Offshore r -.0398 -.0354 -.0135 .0568 .2872 .1394 

n 121 121 121 121 121 121 

p ns ns fiS ns .. ns 

Tides in Maputaland are diurnal and approximately symmetrical. Along- and across-shore 

current velocities were compared to the tidal velocity at three time scales and the absolute value of 

current velocity was compared to the tidal range (Table A2.6). Alongshore current was only 

associated once with tidal velocity and never with tidal range. Across-shore currents were more 

strongly and significantly correlated with both tidal velocity (negative association, strongest at 5 m 

depth, both inshore and offshore) and tidal range (positive association, strongest at 2 m depth, 

offshore). 
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Table Al.6 Correlations between along- and across-shore drogue (subsurface) current 
measurements per station per hour and vertical tidal velocities (in the z-direction). Positive 
alongshore current is northwards, positive across-shore current is eastwards, positive tidal 
velocity is ebbing, measured in mm.h-I

• Tidal range is a measure of variability, larger 
numbers indicate larger (spring) tides, and was correlated with directionless current speed. 
*""" p < 0.001, """ P < 0.01, * P < 0.05, ns == not significant. 

Tidal Velocity Tidal Range (mm) 
Current Measllrement Zone Samehollr Prev2 h Prev4 h Prev 12 h 
direction depth mean mean 

(a) Surface Behind r .1347 .1838 .2299 -.1724 
Alongshore SlIrf n 14 14 14 126 

P ns ns ns ns 
2m Inshore r .1623 .1665 .1208 .6844 

n 8 8 8 8 

P ns ns ns ns 
Sm Inshore r -.3817 -.4070 -.3856 -.2409 

n 25 25 25 30 

P us ... ns us 
2m Offshore r -.0629 -.0949 .0333 .6844 

u 5 5 5 8 
p ns ns ns ns 

5m Offshore r -.2571 -.2815 -.2786 -.2409 
u 30 30 30 30 
p ns ns ns ns 

10m Offshore r -.2556 -.2666 -.2426 -.2115 
n 30 30 30 30 
p ns ns ns ns 

(b) 2m Inshore r -.2407 -.3074 -.2957 .5734 
Across- shore n 8 8 8 8 

p ns ns ns ns 
Sm Inshore r -.5437 -.5650 -.5067 -.2539 

n 25 25 25 25 

P •• •• • ns 
2m Offshore r .0458 .0040 -.0347 .9303 

n 5 5 5 5 

P ns ns ns ... 

5m Offshore r -.4293 -.4749 -.4788 -.3568 
n 30 30 30 30 
p .. *. ** ns 

10m Offshore r -.3612 -.3904 -.3806 -.2932 
n 30 30 30 30 
p >I< >I< ... ns 

Discussion 

Validation of current measurements 

Drogue measurements on each day were highly correlated among zones and depths, and 

some non-significant results were probably due to low sample sizes rather than lack of correlation 

(Table A2.1). The surface (video) and drogue measurements of alongshore currents were also 

positively correlated, though not as strongly. This could have been predicted, as surface currents 
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are much more subject to the changing orientation and speed of wind and offshore swells. When 

the simultaneous sub-surface drogue measurements were compared with the ADCP measurements 

at Black Rock and Dog Point Bay, the recorded current direction was the same, and the 

measurements fell within those taken by the ADCP (Table A2.3). It is likely that drogue 

measurements of both the across- and alongshore velocity components were biased due to the stress 

of surface winds, currents and occasional breaking waves and varying surface velocity on the 

drouges' lines and floats, but these biases are not quantified here. 

Currents at Black Rock were faster than those taken in Dog Point Bay, 2.5 km north and in 

the same water depth. These differences are due to the shape of the coastline: Black Rock is a 

relatively large headland, forcing winds and currents to accelerate as they move around it, while the 

bays provide wider channels for the same volume of air and water and are therefore likely 

dissipative, allowing both alongshore wind and currents to slow (Mann and Lazier 1996). 

The Agulhas Current is one of the fastest boundary currents in the world; its core generally 

lies just offshore of the shelfbreak and attains speeds of 0.6 m.s·! 35 km from shore in the study 

area, increasing by 0.06 m.s·1 every 100 km as it travels southward (Schumann 1988; 1998). In 

their shipboard ADCP measurements nearest the Maputaland coastline, Donohue and Toole (2003) 

recorded speeds of approx. 0.2 m.s·! at a water depth of 100-300 m over seafloor depths of 1000-

2000 m. To the north, current speeds in the Mozambique Channel have been recorded in excess of 

2 m.s'! (Saetre and da Silva 1984). Alongshore subsurface coastal (in- and offshore) currents in my 

study were generally one to two orders of magnitude slower than in the Agulhas, due to the shear 

forces at the coastal boundary layer - as is typical of nearshore environments (Mann and Lazier 

1996). 

Steinke and Ward (2003) released plastic drift cards of the same buoyancy as mangrove 

propagules from the mouths of three rivers, including the Mhlathuze River (28.500 S) near Richards 

Bay, south of the study area (see Chapter 4, Figure 4.3). The maximum travel rates from release to 

recovery on the beach for cards released from the Mhlathuze River were 0.004 m.s·1 to the north 

and 0.020 m.s' l to the south. The most rapidly traveling card in the study (> 0.036 m.s· l
) was 

released from a second river near Durban, south of the Mhlathuze, and recovered from Ponta 

Dobela in Mozambique (26.52°S), north of my study area. It is unknown whether these cards were 

restricted to the nearshore longshore drift or were transported alongshore further offshore before 

they returned to the beaches and were recovered, but velocity measurements in both the nearshore 

and offshore environments fall within the estimates from my survey. In an investigation of the role 

of embayments in relation to meroplanktonic larvae and benthic community dynamiCS in the St. 

Lawrence Estuary, Archambault and Bourget (1999) found median surface current speeds of 

< 0.05 m.s·1 at 3 m depth within bays and 0.1 to 0.5 m.s·1 outside bays and along straight stretches 

of coast. The range of current speeds measured in my study by the 2-m drogues fell within these 

two sets of measurements. Other current measurements on the inner shelf include alongshore 
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speeds of 0.02 m.s·! (mean) and 0.06 to 0.1 m.s·! (max) at Duck, NC, USA (Garland and Zimmer 

2002), and alongshore current speeds of 0.02-0.08 m.s· l and cross-shore current speeds of 0-0.02 

m.s· l at the same location (Shanks et al. 2002). These measurements match those of my study for 

the alongshore component of the velocity, but are slower in the across-shore component. 

In a study of wind-forced surface currents and the dispersal of crab larvae in Chesapeake 

Bay, Johnson (1995) measured surface currents of 0-0.25 m.s·1 in both the across- and alongshore 

components, somewhat slower than I recorded. However, the wind stress measured in his study 

ranged 0-1.5 dyn.cm,2, from which I calculated wind velocities of 0-8 m.s· l
, using equations 

provided by Mann and Lazier (1996). Therefore, both wind speed and surface currents at 

Chesapeake Bay were slower than those measured using the video method in my study. 

In the nearshore environment (between the surf zone and the shore), alongshore currents 

matched previous velocity measurements in the area. In a previous drogue survey over five days 

(27 Nov to 2 Dec 2000) in a small bay just north of Mabibi Point (see Figure 1.1 for location), Jury 

et al. (2001) found current speeds that were similar in range to the nearshore surface currents 

measured using video (Table A2.7). Integrated results over several years confirmed nearshore 

speeds of 0.01 to 1.0 m.s·!, with a mode of 0.3 m.s'! (Mitchell et al. 2005). In calibrated optical 

measurements of the nearshore and surfzone environment, Chickadel et al. (2003) recorded 

nearshore speeds of 0.35 to I m.s·! and swash and surf-zone alongshore speeds of 0.1 to 0.8 m.s·1 

(Table A2.7). 

Table A2.7 Nearshore current speeds measured in situ in other studies 

Data source Instrument Location Distance Zone Direction Speed 
from shore {m.s·'} 

Ju!)' et al. Drogue Mabibi, KZN, IO-20m Nearshore North, then 0.19 
(2001) South Africa reverses to south 

60-S0m Nearshore North 0.20 
70-S0 m Nearshore North 0.33 

ISO-lSOm Behind surf? North 0.42 
Chickadel et aI. Optical Duck, NC, USA 120m Nearshore South 0.1 

(2003) 140m Nearshore South 0.3 
160m Nearshore South O.S 
180m Surf zone South 0.7 
200m Behind surf South 0.6 
220m Behind surf South 0.4 

Processes driving currents 

Along- and across-shore velocity, measured using all available methods, showed coherence 

with wind speed and direction, indicating wind forcing as a major determinant of current velocities. 

In some periods during the ADCP deployment, wind-induced Ekman transport was observed, but 

these events were uncommon, and Ekman transport was secondary to wind stress in determining 

directional flow ofthe subsurface waters. The wind stress required to set up Ekman transport is 

about 0.26 dyn.cm'2 (caused by wind speeds of -3 m.s· l
) (Shanks 1995). While the effects of 
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Ekman transport can be visible in coastal waters < 100 m depth, Shanks (1995) notes limitations to 

Ekman theory, notably that if water depth is shallower than the depth of the wind's direct influence, 

or if the presence ofland retards the flow of water at the coastal boundary, then the entire water 

column will tend to move roughly downwind rather than in the net left-perpendicular direction 

predicted by the Ekman spiral in the southern hemisphere. This has important implications for 

recruitment studies. 

Schumann (1998) reports few estimates of tidal currents on the shelf of southern Africa. In 

analyses of current-meter records in 29 m water off Port Edward (31 oS, just south ofKZN), 

Schumann and Perrins (1982) reported tidal fluctuations were less important than the influence of 

the Agulhas Current, although Welsh (1964, reviewed in Schumann 1998) found evidence of 

inertial currents even further south on the Agulhas Bank. My study site was much further north of 

the Port Edwards measurements, however, where the power and velocity of the Agulhas Current are 

reduced (Donohue and Toole 2003). In my offshore ADCP study (17 m depth), as on the Agulhas 

Bank, current measurements showed a tidal influence on both along- and across-shore current 

velocities. I found no correlations between nearshore current speeds and tidal velocity in the drogue 

or video measurements, however. This corresponds to the situation described by Mitchell et al. 

(2005), who observed that the very nearshore current at Mabibi was persistently northward and was 

coupled neither to tidal events nor to wind events except during strong north-northeasterly winds. 

Instead, very nearshore currents were most likely driven by the dominant swell direction on that day 

relative to the position of the measurements along the coastline (whether on the exposed or lee side 

of the headland) and the tidal height (Mann and Lazier 1996). 

Conclusion 

Current measurements taken by each of the techniques were similar in direction and 

velocity to each other and to previous measurements taken in the Maputaland area, and are driven 

by nearshore coastal processes such as winds (very nearshore) and winds and tides (further 

offshore). Therefore, these measurements were accepted as valid and used without correction in the 

empirical advection model presented in Chapter 4. 
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