The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Recruitment patterns and processes and the connectivity of rocky

shores in southemn Africa

Vhwsed Marveszery at Dogr Poing,
Mupttaiormadl Kuwodwle- N

Kathleen E. Reaugzh

Thesis Presented for the Degree of
Dauetor of Philusophy
in the Department of Zoology
University of Cape Town

August 2006



DECLARATION

I hereby declare that all of the work presented in this thesis is my own, except where
otherwise stated in the text. This thesis has not been submitted in whole or in part for a degree

at any other university.

| Signed by candidate |

Kathleen E. Reaugh

18 /\Io‘l ob

Date




DEDICATION

This dissertation is dedicated (in no particular order):

to my Great Uncle Cliff, who took me clamming and crabbing for the first time in Oysterville,

Washington, when I was seven,

to Dad, who let me play with the worms rather than put them on hooks when we were fishing,

and took me to the zoo or the Exploratorium almost every time I asked

and to Mom, who let me keep pet snails and slugs, even when they made my room slimy, and

who believes in the value of smart, uppity women.



TABLE OF CONTENTS

Acknowledgements
Abstract
General Introduction

Chapter 1: Mussel recruitment around the coast of southern Africa at multiple scales and
relationships with adult mussel stocks

1.1. Introduction
1.2. Methods
1.3. Results

1.4. Discussion
1.5. Conclusions

Chapter 2: A dip into the larval pool: spatial and temporal patterns of bivalve and barnacle
meroplankton in the Maputaland Marine Reserve

2.1, Introduction
2.2. Methods
2.3. Results

2.4, Discussion
2.5. Conclusions

Chapter 3: Recruitment patterns of mussels and barnacles and benthic-pelagic coupling in
Maputaland

3.1. Introduction
3.2. Methods
3.3. Results

3.4. Discussion
3.5. Conclusions

Chapter 4;: Hydrography of the inner shelf and the connectivity of rocky shores in
Maputaland

4.1. Introduction

4.2. Methods

4.3. Results

4.4. Discussion

4.5. Conclusions
Synthesis
References

Appendices

iii

10
10
15
23
35
46

48
48
50
60
66
72

74
74
78
85
94
106

107
107
110
118
125
136
137
143
172






ACKNOWLEDGEMENTS

When any dissertation is lifted up and shaken gently, lots of names should fall out with loud
and celebratory crashes: the acknowledgements of collaboration and assistance by colleagues and
students, thanks for guidance to advisors and friends and references to previous researchers should
clatter together to the floor in joyful cacophony. The SANCOR data presented in Chapter 1 isa
remarkable testament to the collaborative efforts of the marine science community, involving seven
institutions in Namibia and South Africa over the six years of data collection and processing. One of
the most extraordinary aspects of my own field work (Chapters 2-4) was the number of people, both
students and professionals, who I found ready and willing donate their time: approximately eighty
people traveled all the way to Manzengwenya specifically to help with some aspect of my study!
Additional equipment, support and consultation during data collection, sample processing, analyses
and interpretation were provided by individuals at several universities and institutions, detailed below.
I tried to note everyone’s name carefully, and apologize for any omissions or misspellings. It’s a lot
of names. I therefore strongly advise against shaking this dissertation in the library. Librarians abhor
a cacophony, joyful though it may be!

I cannot overstate how privileged I feel to have worked with my supervisors, Jean Harris,
George Branch and Gavin Hough. Each in their way taught me important lessons (multiple times,
when required) about academics, science, conservation and professionalism. Profound thanks go to
my parents and my brothers, whose support and love I have never once in my whole life doubted.
Also to Todd Flower, who talked me through more challenging moments then I choose to count, and
has shown infinite patience through these final stretches. The liters of tea and coffee that I dedicated
to this project I have rarely drunk alone. The tradition of shop-talk-and-tea started with Roni Jackson
(then Brereton-Stiles) on the steps of the Manzengwenya house, and was carried cheerfully forward by
Luisa Riato, Cloverley Lawrence, Kerry Sink, Gugu Zama, Stix Ngubane, Maya Pfaff, Marta
Machado de Ponte, Evie Wieters, Vuyi Radebe, Baja Ngcobo, Minna Balbas, Desiree Marimuthoo,
Tamsyn Livingstone, Judy Ratner, Ronel Nel and Ruth Branch. These special times have sustained
me through the challenging ones. Finally, to all these friends and more that I have made over these
five years in South Africa, thank you, dankie, ngiyabonga kakulu. I believe that your love for this
country is now rivaled by my own, and I learned everything about it from you.

The collection and maintenance of data for Chapter 1 were largely funded by the South
African National Research Foundation, the Department of Environmental Affairs and Tourism and the
South African Network of Coastal and Oceanic Research (SANCOR) Sea and Coast Programme. A
Pew Marine Conservation Fellowship held by Jean Harris (2000-2003) funded the data collection
presented in Chapters 2-4, and additional project moneys came from a South African National

Research Foundation grant held by her. Support for the creation of the keogram analysis software

iii



used in Chapter 4 was provided by Gavin Hough of Envirovision Solutions, Inc. I was financially
supported throughout my PhD by the Pew Fellowship held by Jean Harris and the Andrew Mellon
Foundation, through a grant held by Prof. George Branch. I also received financial support from
University of Cape Town (UCT) Marine Biology Research Institute bursaries and a UCT merit
bursary.

For Chapter 1, Prof. George Branch was the project leader, field work was coordinated by
Jean Harris and the project was administrated by Bridget Elliott of EKZNW. In Namibia, Bronwen
Currie of Namibian Sea Fisheries was assisted by Gwen Currie and Margit Wilthelm. Data collection
at Groen and the Cape Peninsula was administrated by George Branch of UCT and performed by
Claudio Velasquez and Nina Steffani. At Port Elizabeth, data were collected by Bruce Robertson of
the University of Port Elizabeth (now the Nelson Mandela Metropolitan University) and of the SAB
Institute for Coastal Research, and by Ralton Maree of Rhodes University. At Port Alfred,
Christopher McQuaid and Sven Kaehler of Rhodes University were assisted by Tracy and Justin
Lindsay. At Dwesa, Arthur Dye of the University of Transkei (now the Walter Sisulu University for
Science and Technology) was assisted by Gugu Calvo-Ugarteburu and others. In KZN, Bruce
Tomalin, formerly of the Oceanographic Research Institute was assisted by Bridget Elliot, and Jean
Harris was assisted by Bridget Elliot and Kerry Sink.

For Chapters 2-4, Ezemvelo KwaZulu-Natal Wildlife (EKZNW) provided significant
logistical and material support at the Coastal Forest Reserve management station (Manzengwenya),
and special thanks go to Terry Ferguson, Hayden Ferguson, July Ntuli, Baba Ngubane, and Sandy
Ferguson. EKZNW also provided office space, internet access, laboratory equipment and logistical
support at their Durban office within the Eco-Advice Coast section. I analyzed chlorophyll @ samples
in Prof. Renzo Perissinotto’s estuarine ecology laboratory at the University of KwaZulu-Natal, Durban
campus. The current meter was gratefully borrowed from the University of Zululand. The ADCP
mounting bracket used in Chapter 4 was designed by Neil Scott-Williams, built at reduced cost by
Subtech of Durban, and perfected for efficient use by Andrea Plos and Deborah Robertson-Andersson
of UCT. Surveying equipment and instruction for its use were provided by Jonathan Jackson of the
University of KwaZulu-Natal, Durban campus. Additional 4x4 vehicles were loaned by Ronwyn
Jackson and Gugu Zama of the WWF-Green Trust mussel project. The ADCP was loaned by the
Oceanography Department at UCT, and essential ADCP and CTD operational instruction were
provided by Todd Switzer and Howard Waldron of UCT.

The data collection in Maputaland could not have been undertaken without the support of the
local communities, and very special thanks go to the mussel committees, fishers and monitors of
Malangeni, NoVunya, KwaMgobela and KwaMpukane who kept my treatments safe from theft and
disturbance. Many very special and occasionally very brave volunteers and EKZNW staff members
were of essential assistance during the collection, identification, processing and storage of the samples

and data used in Chapters 2-4. These include: Francisco Aguilar, Minna Balbas, Karien

iv



Bezuidenhout, Jared Blakeman, Warren Burton, Tamsen Byfield, Chris Coates, Lisa Cuastella, Shaun
Dickson, Rory Edmunds, Graham Ellis, Deborah Ench, Flo Fiener, Franz Fink, Todd Flower, Tessa
Gough, Kevin Green, Warren Hale, Adiela Hendricks, Claas Hiebenthal, $'bonelo Hlongwane,
Ronwyn Jackson, Rebecca Joubert, Rebecca Kay, Israel Kiberge, Lawrence Kruger, Cloverley
Lawrence, Craig Lawrence, Tamsyn Livingstone, Marta Machado de Ponte, Desiree Marimuthoo,
Michael McCarthy, Tyler McLuckie, Luke Miller, Derek Minshew, Ronel Nel, Bajabouille Ngcobo,
Stix Ngubane, Gijimani Nyende, Maya Pfaff, Phikelela Mbonambi, Sikhumbuzo Mkhwanazi,
Siyabonga Mnuomezulu, Steve Mostardt, Joy Msomi, Sibusiso Jetros Mthiyane, Thandeka Mthalane,
Roslyn Naidoo, Kerissa Naidu, Ronel Nel, Bajabouille Ngcobo, Stix Ngubane, Maya Pfaff, Devendri
Pillay, Natasha Pillay, Andrea Plos, Sean Porter, Riona Ramjith, Anneita Ramkisson, Judy Ratner,
L.uisa Riato, Deborah Robertson-Andersson, Suresh Sethi, Britta Schinske, Kerry Sink, Sle'e, Daryl
Smith, Nina Steffani, Heidi Stimpson, Catherine Stow, Allan van Lelyveld, Lionel van Schoor and
Gugu Zama

Throughout the oceanographic data collection field trips, Peter Timm of Triton Dive Charters,
assisted by the tireless Bheki Nhlenyama and also Mark Labushagne, generously provided essential
technical expertise, support and insufferable good humor, fixing hulls, boat engines, vehicle engines,
depth sounders, drogues, buoys and other pieces of equipment into the wee hours, far above and
beyond the call of duty. When and where required, videographers were accompanied by field rangers
of the Maputaland Coastal Forest Reserve, and their provision by Terry Ferguson of EKZNW is
greatly appreciated. These field trips were big, busy, complicated and (with up to 23 participants at a
time) sometimes even a little nuts. The volunteers, contracted workers and EKZNW staff managed to
respond to crises in a professional and responsible manner, even when I perhaps did not. Some of the
best leadership skills I acquired during this project I learned from them, and for this I will always be
grateful.

Statistical help in Chapter 1 was graciously, timeously and generously provided by Sergio
Navarrete and Bob Clarke. Marcel van der Berg of MCM assisted with CTD data processing and
Ruth Branch of UCT is thanked profusely for her technical help with some tricky analyses in Chapter
2. Dai Herbert helped with identification of specimens for analyses in Chapter 3. The ADCP data
were kindly, expertly and efficiently analyzed by Janelle Reynolds-Fleming (NIWA, New Zealand).
Finally, the analyses presented in Chapter 4 have benefited from discussions and some data-crunching
sessions with Ruth Branch, John Largier (University of California Davis, USA) and Janelle Reynolds-

Fleming.






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 of four mussel species (Aulacomya ater, Mytilus
galloprovincialis, Perna perna and Semimytilus algosus) 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 of km),
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 of mytilid, 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. Thereisa
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.



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 Tefraclita 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 S8T 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



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.






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 corhmunity 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 shelifish stocks has been an integral part of the

coastal social and economic environment for at least 120,000 y, and continues to be important



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 al. 2002; Branch and Odendaal 2003) and have
come to the fore of management concerns in the last fifteen years (Lasiak 1991b, 1993; Dye et al.
1997; Griffiths and Branch 1997; Tomalin and Kyle 1998; Cockcroft et al. 2002; Harris et al.
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. 1997a; 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 al. 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
Steffani 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; Ridderinkhof et 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



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. 2008; 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 (Narvéez et al. 2004; Lagos et al. 2005; Navarrete et al. 2005; Wieters 2003), 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 Boxshall 1999), 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 of the 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).



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, | examined how well coastal productivity and retention at biogeographic scales were able
to explain recruitment rates. [ then investigated the relationship between recruitment and densities
of adult stocks at multiple scales, and compared theories of recruitment limitation in low-, 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 sitw phytoplankton concentration, temperature
and salinity, as well as to the density of adult stocks on the shore. Then, using satellite imagery, 1
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, |
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



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 of 20 m using three types of oceanographic technology: drogues, an
acoustic Doppler current profiler (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,



CHAPTER 1

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 locally 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; Broitman et al. 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 El 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 Llideritz,
Namibia and Inhaca Island, Mozambique, spanning ~3700 km 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 Semimytilus 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. 20054, 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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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 al.
2001).

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

Planktonic Feed- Max dis Average
Species larval ine? dist 1p ) disp. Data from... Reference(s)
duration & -y dist. y*
Aulacomya ater 14-28 d Yes e <10 km Chile, South  (Harris et al. 1998; Castilla and
Africa (SA)  Guifiez 2000)
Mpytilus 30-324* Yes 42 km east, S5km South Coast, SA  (McQuaid and Phillips 2000;
galloprovincialis 19 km west Grantham et al. 2003; Branch
and Steffani 2004)
115km - West Coast, SA (Hockey and van Erkom
north, 25 Schurink 1992; Branch and
km south Steffani 2004)
56 km east, Swakopmund, (Robinson 2005)
46 km north; Namibia to Kidds
Beach, SA
- <10 km South Africa  (Harris et al. 1998)
Perna perna 15-20d Yes 235 km - Gulf of Mexico  (Hicks and Tunnell 1995)
south, 36
km north
95 km Gulf of Mexico  (Branch and Steffani 2004)

= <10 km 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 al. 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 subtidally 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 well 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). 4. ater is an
important prey item of the rock lobster Jasus lalandii (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 Myrtilus 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 1991b, 1991a; 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 of the six bioregions in
southern Africa: Namagua (Steffani and Branch 2004; Robinson 2005), Aguthas (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 of km, 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 al. (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 1-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 (i.e. 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. algosus (secondary cover) at Namibia.

Recruitment was measured in dense mussel clumps (100% cover) by removing three
replicate 10 x 10 cm® samples at each site from randomly selected positions (1-20 m apart) within
1 m of the horizontal transect. The samples were sorted and all 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 (Jun/Jul), spring (Sep/Oct), summer
(Dec/Jan) and autumn (Mar/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
. . Mussel Longitude Latitude to Period
Location Site spp.* (€) () next oc?anog.
loc. climate Start End
Namibia Badewanne S,M,P 14°31°31.2" 22° 42 2.0 951  Persistent year- Jun95 Dec 99
(NAM) Langstrand North 14°32'58.9"  22°48'70.6"  km round
Langstrand South 14°32'58.9"  22°48 70.6" upwelling cell®
Mile Four 14°31°28.2"  22°37'36.1"
Groen- Esterhuizen M,A 17° 37 51.48"  30° 56' 32.94" 375 Seasonal Jul 95 Sep 99
rivier Gert Joseph 17°31'48.47"  30°45' 11.77" upwelling
(GRN) Island Point 17° 36' 12.08"  30° 54' 54.95" downstream
Island Wreck 17° 36' 09.60"  30° 55' 00.66" sie
Cape Pen- Blouberg MA  18°25'25.15" 34° 19'39.73" 795  Active seasonal Jul95  Oct 99
insula Kommetjie 18° 19 13.22"  34° 08 27.12" upwelling cell*
(CAP) Scarborough North 18222 11.89"  34° 12 26.99"
Scarborough South 18°22'26.50"  34° 13' 08.89"
Pt Eli- Hougham North P 25° 45" 54.01"  33°45 26.02" 101  Within Algoa Oct96 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 dlve{ge’;}
Summerstrand 259 41'23.32"  34° 00’ 23.35" upwelling
Pt Alfred Kenton East P 26° 41' 56.68"  33°40'47.32" 278 Divergent ul9s  Jul 99
(PAF) Kenton West 26°41°12.53"  33°40' 58.68" topoyaghigal
Kowie 26° §2' 41.39"  33°31'29.17" upwelling
Old Woman’s River 27° 06' 51.09"  33° 37 14.42"
Dwesa Dwesa North P 28° 52'06.86"  32°1723.070 371 Straight coast, Jun95 Mar 00
(DWS) Dwesa South 1 28° 49'30.27"  32° 18 58.34" narrow shelf,
Dwesa South 2 28° 49' 01.80"  32° 19' 31.19" no upwelling®
Durban Mdloti South P 31°07 47.6"  29°38'52.8" 183 Centerof Natal Jun95  Jul 00
(DBN) Newsell North 31°07 120" 29° 40" 12.0" Bight trapped |
Newsell South 31°07 12.0" 29° 40' 12.0" clockwise gyre
Peace Cottage South 31° 05" 48.0" 29° 42' 30.0"
Zululand Crayfish P 32°25'36.,7"  28°25' 11.5" - Divergent Mar95 Sep 99
(ZUL) Railway® 32°24'59.0"  28°28'06.9" topographical ~ Aug 94  Sep 99
Sandy 32°24'252%  28° 30' 20.0" upwelling" Feb95  Feb 00
Zavini 32°25 102"  28°26' 54.4" Jun95  Sep99

* Dominant mussel species present: M (Mytilus galloprovincialis), S (Semimytilus algosus), P (Perna perna), A (dulacomya ater),
® Sampled monthly, ¢ (Shillington et al. 1990; Demarq et al. 2003), ¢ (Shannon 1985), * (Lutjeharms et al. 2000a), {(Lutjeharms et al.
2000b), # (Roberts 2005), * (McLachlan et al. 1981)

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

Max Recruit Sub- Adult length (mm)
Method Data Species length Jeneth adult Small L
(mm) gt length ma arge
50 x 50 cm” % cover All species pooled 2-10 mm 10-35 35-70 >70
quadrat mm
10 x 10 em? counts A. ater 70° 0.5-5 5-10 10-15 >15
quadrat S. algosus 50° 0.5-5 5-10 10-15 >15
M. galloprovincialis 8s* 0.5-5 5-35 35-70 >70
P, perna 90° 0.5-5 5-35 35-70 >70

*(van Erkom Schurink and Griffiths 1990), °(Branch et al. 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 cm? 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 all

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 1.4a), and were tested using a general linear model, and accepted
or rejected at p < 0.05 (Table 1.4b). The mathematical model was:

Xgp=pu+Y,+Li+8L) sy + L*Yy+ Y*S(L)ugy + eym

where i refers to the year, j to the location, & to the site within each location and / to replicate, X is
the observed magnitude of the response variable (number of recruits per 0.01m?), g is the overall
mean of the response variable, and ¢ is the unexplained variance, or residual (Quinn and Keough
2002).
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Table 1.4 (a) Null hypotheses and (b) calculations for the general linear models used for
ANOVAS for the whole-coast comparison of annual recruitment peaks.

{a) Factor Hy:
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 guadrat
was the same in all the years

Year*Site(Loe)  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 dft F-value®
Intercept MSga
Location A Fixed p“l MSA/MS B(A)
Site(Location) B(A) Random p(g-1) MSg(ayMSgaxc
Year C Fixed r-1 MSo/MSgax
Loc*Year AxC Fixed (p-1)(r-1) MSac/MSpar:
Year*Site(Loc) B(A)xC Random pla-D(-1) MSp(aye/MSgegia.
Residual par{n-1)

Tp = 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 MSg.q 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 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, 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, a = 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 MSyneracion 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 of 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 ANOVA (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.
Null hypotheses associated with each factor were tested as above. The mathematical model used
was:

Xp=u+Y,+ L, +L¥; +epu
where 1 refers to the year, j to the location and k to replicate. X is the observed magnitude of the
response variable (recruits.day™), 4 and € 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, o = 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 MSg.4.a value
(Quinn and Keough 2002).

Productivity and nearshore circulation features 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 ANOVA 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 1-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 0.01m* 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*® width® embayment © Sum s‘:’:‘s ranks ? Total
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 1 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, ® 1 is the narrowest shelf, 8 is the widest, © 1 is the least embayed, 8 is the most, ¢ 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:

(1) The ratio of recruits (< 5 mm) to adults (> § 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
0.01m* (DBN, DWS), > § individuals (PAF, PLZ, ZUL), > 10 individuals (CAP, NAM, GRN).
Each 0.01m* 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. N, is the number of adults in a 1-m strip of the mussel bed perpendicular to shore
at f and s, and was calculated with the following formula:

Ny=As*100*C * W,
A, is the mean number of individuals > 5 mm counted in the three 0.01m* quadrat squares of mussel
bed taken simultaneously to the large quadrat sampling (at time ¢ and site s), multiplied by 100 to
extrapolate to 1 m”. C,,, is the mean percentage cover of adults at each sampling time (f) and site
(s), determined from the large quadrat sampling. A4, was then multiplied by C,;, expressed as a
decimal, to give an approximate number of individuals in the mussel bed at the given cover. This
figure was then multiplied by W,,, 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 of large 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 0.01m? 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 ANOVA (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*8n 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:

Xyw=p+ Y+ 8+ St + Y*Sny + Y*Sty + Sn*Sty + Y*Sn*Sty+ eyu

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

of the response variable (number of recruits per 0.01m?) and u and € were as above.
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Table 1.6 Calculations for ANOV As within locations and species.

Factor Effect df F-value
Site A Random p-l MSA/MSAB+MSAC'MSABC
Season B Fixed g-1 MSp/ MS,p
Year C Fixed r-1 MSe/ MSac
Site*Season AxB Random (p-1)*(q-1) MSap/ MSapc
Site*Year AxC Random -1)y*(r-1) MSaco/ MSape
Season*Year BxC Fixed (g-1)*(r-1) MSpc/ MSape
Site*Season*Year AxBxC Random (p1)* (g-1)*(r-1) MSapc/ MSgesia
Residual par(n-1)

* 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 MSge;q 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. 1f linear
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 (8[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 (@ = 0.05). This

revealed that each of the west-coast locations was significantly different from all the others (Figure
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(a) Recruitment into mussel bed, 1995-1989
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Figure 1.2 (a) Mean (+SE) number of recruits per 0.01m? of mussel bed during peak
recruitment events at each location over all § years. Letters are significant groups (p < 0.05,
Tukey 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.



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, 2. perna and M. galloprovincialis,

resembled those of 4. 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 < 0.0, **p < 0.01,
*kip < 0.001, ns = not significant.

Factor df MS F B
L 7 558.90 22.41 bldd
S(L) 24 24.96 8.15 khk
Y 4 7.25 2.37 ns
L*Y 28 17.60 5.74 Q>
S(LY*Y 96 3.07 1.45 *
Error 317 2.12

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 of the 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 ANOVA of annual recruitment peaks into brushes; L = location,
Y = year (1996-1998); ***p < 0.001.

Factor df MS F P
L 5 5.20 22.54 *ohk
Y 2 323 14.02 b
L*Y 10 6.09 26.41 ok
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
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Figure 1.4 Ranking of recruitment plotted against the productivity plus circulation ranks for
each of the locations. The trend is indicated by the least-squares fitted value (r = 0.787, p < 0.05).
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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 = §, 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 a2 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 aduits (r = 0.427,
n =99, p <0.001), and number of adults per 1-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
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each of the locations in the study,
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galloprovincialis (Namibia and Groenrivier) and a significant correlation for S. algosus 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 % Cover® % Cover # per 1m*® # per 1m
Location Lag 0 -3 mo. 0 -3 mo.
NAM® r 0.015 0.024 0.442 0.364
P ns ns o ok
n 90 93 90 93
GRN® r 0.080 0.026 0.207 0.272
p ns ns * e
n 149 117 149 117
CapP* T 0.245 0.249 0.052 -0.152
p b * 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 * * ns ns
n 37 27 37 27
DWS® T 0.689 0.432 0.174 -0.332
p ns ns ns ns
n 7 8 7 8
DBN® r -0.029 0.353 0.473 0.792
P ns ns LT s
n 44 16 44 16
ZUL® r -0.040 0.130 -0.086 0.237
p ns ns ns *
n 157 108 157 108
sbSRecruitment event defined as (%) > 9, (°) > 4, or () > 2 recruits (< 5 mm) into 0.01 m* of mussel
bed.

YMean percentage cover of mussels > 5 mm in mussel bed.
“Number of mussels > 5 mm in an average 1-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 m?
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 0.01m? patch exceeded one-fifth of

the maximum recruitment event recorded for that site.



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 ANOVAs. 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
1.10. 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 of larvae 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 8. 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 fell into Case 4,

with neither synchrony nor consistent rankings among sites.
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Figure 1.8 — Overleaf
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Table 1.16 Within-location and within-species ANOV As (west coast locations); Y = year,
Sn = Season, St = Site; *p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant.

Location Species Factor df MS F p___ Sn-St case*
Namibia M. galloprovincialis Site 3 4.5 6.73 ns 2
Season 3 4.9 8.97 ok
Year 4 11.2 9.51 wx

Site*Sn 9 0.5 0.52 ns
Site*Yr 12 1.2 1.11 ns
Sn*Yr 12 4.2 3.95 i
St*Sn*Yr 36 1.1 2.91 b
Error 159 0.4

S. algosus Site 3 4842 1227 b 1
Season 3 3781 17.95 e+
Year 4 131.9 3.38 *

Site*Sn g 21.1 1.02 ns
Site*Yr 12 39.0 1.89 ns
Sn*Yr 12 479 2.33 *
St*Sn*Yr 36 20.6 2.30 g

Error 160 9.0

P. perna Site 3 21.8 3.70 4 1
Season 3 8.1 4.15 *
Year 4 324 7.27 *a

Site*Sn 9 2.0 3.83 *
Site*Yr 12 45 8.75 i
Sn*Yr 12 38 7.49 ok
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 23 0.41 ns
Site*Yr 9 115 2.05 ns
Sn*Yr 9 18.9 3.36 *
St*Sn*Yr 27 5.6 4.09 bk
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 7.5 244 *
St*Sn*Yr 27 3.1 6.34 hkk
Error 128 0.5
Cape Penin. A. ater Site 3 0.7 0.71 ns 2
Season 3 1.7 4.49 ¥
Year 2 23.0 19.73 b
Site*Sn 9 0.4 0.63 ns
Site*Yr 6 1.2 1.97 ns
Sn*Yr 6 4.2 7.14 Al
St*Sn*Yr 18 0.6 2.51 *¥
Error 99 0.2
M. galloprovincialis Site 3 1.2 0.41 ns 4
Season 3 2.6 2.27 ns
Year 2 44.3 17.15 b
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 continued (south and east coast locations)

Location Species Factor dfr MS F D Sn-St case*
Pt Elizabeth P. perna Site 3 3.6 82 ns 2
Season 3 11.6 20.9 R
Year 2 0.2 0.3 ns
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
Pt Alfred P. perna Site 3 10.9 6.83 * 3
Season 3 0.7 0.43 ns
Year 3 04 0.89 ns
Site*Sn 9 1.6 3.41 %
Site*Yr 9 0.4 0.93 ns
Sn*Yr 9 1.6 340 b
St*Sn*Yr 27 0.5 1.81 %
Error 128 0.3
Dwesa P. perna Site 2 0.1 0.45 ns 2
Season 3 1.6 16.35 %
Year 4 1.8 10.76 *
Site*Sn 6 0.1 0.75 ns
Site*Yr & 0.2 1.22 ns
Sn*Yr 12 2.9 2133 #ke
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 3 513 114.00  »*»
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. perna Site 3 13.7 4.46 ns 2
Season 3 69.9 51.37 b
Year 4 252 6.46 **

Site*Sn 9 1.4 0.62 ns
Site*Yr 12 39 1.79 ns
Sn*Yr 12 14.9 6.82 wrn
St*Sn*Yr 36 2.2 4.46 ok
Error 632 0.5

*Refers to Figure 1.10

The season effect contained the Site*Season but not the Site*Year interaction terms 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 §.
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 ¢ being lowest in each case,

Season

Location Species Spring  Summer Autumn  Winter
Namibia M. gallopravincialis be b a c
S. algosus b a b ¢
Port Elizabeth P. perna [ c a b
Dwesa P. perna b b a a
Durban P. perna a b d [
Zululand P._perna a c 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 0.01m” mussel bed per site.

Rank 1 2 3 4
Location  Species Site R Site R Site R  Site R
. Langstrand Langstrand Bade-
NAM P. perna Mile 4 25.04 North 10.61 South 242 wanne 0.57
Langstrand Langstrand
NAM S. algosus South 1345438 North 447285 Badewanne 624.58
Mile 4 539.78
PAF  Ppema O WOMAS 303 KowiePoint 087  KentonEast 0.001
Kenton
West 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 all cases, a is the group with the highest mean value and c is the lowest.

Year
Location Species 95.96 96-97 97-98 98-99  99-00
NAM M. galloprovincialis c a b be be
CAP M. galloprevincialis b a a - -
A. ater b a a - -
DBN P. perna ab ab a b ¢
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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 of the study, as recorded in the permanent 0.25 m* 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 1.8¢). 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 infensity

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 of the 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 t-test for independent samples, data fourth-root transformed, X qa=576, X Mytilus
= 131.3, t» = -1.3, not significant). The recruitment of 4. 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 4. 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, Y-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, Y-interactions are weak or

strong.




independent variables, data fourth-root transformed, X Aula = 991.0, X Mytitus= 117.6, t1g = 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 followed by
secondary settlement into the mussel beds, I explored time-lagged correlations between densities of
recruits into algae and densities of small 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 recrnitment into turf algae and

recruitment into mussel bed at lag 0. A =Turf Algae, M = Mussels (P. perna). R = the mean
number of mussel recruits <5 mm found in 10 x 10 cm® quadrats of mussel bed or algae.
Significant correlations were both positive, *** p < 0.001, ns = not significant.

Locaton ~ AM R sp 1 p Sampling
frequency
Port Elizabeth A 7.42 9.82 0.009 ns 36 Three-
M 9.21 12.60 monthly
Port Alfred A 8.33 2222 0471 ik 43 Three-
M 4.30 9.48 monthly
Dwesa A 2.24 7.04 0.861 i 46 Three-
M 241 7.08 monthly
Zululend A 28.75 43.04  0.009 ns 78 Monthly
M 37.68 77.28
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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 (months)" R® A r P n
-5 26.57 11.27 0.0002 ns 37
-4 2542 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 2377 12.20 0.0036 ns 43
+1 23.96 12.68 0.0922 ns 38
+2 24.72 13.45 0.1347 * 37
+3 2521 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 0.01m? turf algae

i Z = mean number of sub-adults (10-35 mm) per 0.01m® 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 (I = 0.523, n = 69, p < 0.001), resulting in the regression
model:

Rpea = 1.64 + 4.02*Ryyan

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 this chapter. ND = no data, n/a = not applicable.

Location: NAM GRN CAP PLZ PAF DWS DBN ZUL
Recruitment A B c DF | EF | E D | DF
ranking
Productivity” t 0 1 <« > 4 4 {
Circulation® 1 FES e 4 i $ T 4
P-C rank® T T 0 1 I 4 «» “
Rec v, adult o o
densities (lag -3)° # # % none Y% oone # #
Bed width' o $ > VRN © $ © t
Mean % cover® 60 70 65 42 31 12 35 32
% cover status" © “ o P 4 o $ 4
Site effect vs‘ries y a n o/a wa wa wa wa
amg. Spp
Species’ Pp Mg Sa Mg Aa Mg Aa Pp Pp Pp Pp Pp
Ad:ree y/s* 031 010 0.01) 007 <0.01] 005 -0.02 ] 071 ] -0.08 | -0.11 0.69 | 0.01
Ad:ree r-value' 0.38% 0.17 046* | 0.38* 0.05 | 0.13 -0.09 | 0.59* | -0.03 | -0.11 0.50* | 0.02
Site/season case
(Fig 1.10)" 1 2 1 4 4 4 2 2 3 2 2 2
aut.-
Peak rec season(s) | none aut. sum. | none none | none none aut. none win spr Spr.
Year effect” n y n n n y y n n n y n
Synch. with other
spp. at site® n n n y y y y n/a n/a n/a n/a n/a
Rec.synchimto | 0 s s | na nwa | na wa | n y y | ND |
algae
Rec limited® n n ND n n n n y n ¥ n n

* Recruitment rankings are result of large-scale ANOVA post-hoc (Figure 1.2a), A is highest mean value;

bed productivity, Circulation and Productivity-Circulation (P-C) ranks: T (high) = rank 7-8, > (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);

fBed width: T = increased over time, «» = did not change, ¥ = decreased (Figures 1.8c);

¥ Mean percentage cover of the mussel bed (Figures 1. 8b);

f’ Percentage cover status: <> = % cover did not change over time, ¥ = % cover decreased (Figures 1. 8b);

! Site effect, significant in ANOVA, varies among the different species at that location (Table 1.10);

Y Species: Pp = P. perna, Mg = M. galloprovincialis, Sa = S. algosus, Aa = A. ater,

* Adult:recruit ratio as indicated by y/x (Figure 1.6);

! revalue of adult:recruit ratio (Figure 1.6), * significant r-value indicates recruitment is density-dependent for this
species/location;

™ Site/season cases are illustrated in Figure 1.10 and defined by within-location ANOVAs (Table 1.10);

® Year effect is significant in within-location and species ANOVAs (Table 1.10);

° Recruitment events at each location are generally synchronized among species;

P Recruitment into mussel bed and algae is synchronous;

% Species or pair of species is recruitment-limited at this location.
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1.4 DISCUSSION
Large-scale (among location) variability of recruitment inte 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 al. (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 (100s to 1000s of km),
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 5° 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 al. (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 of magnitude 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 all 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 al. 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 column
(Olson and McPherson 1987; Young and Gotelli 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 of larvae 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 1.8a 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 al. 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.0.01m™ of mussel bed, which falls within the densities measured
in this study. McQuaid and Lawrie (2005) recorded recruitment densities of 10-50
individuals.0.01m™ 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.0.01m™ 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 of the years. In July
1976, however, which was the following month, Berry recorded an extraordinary 1700
individuals.0.01m™ 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 4. ater at Groenrivier during my
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study. Finally, the recruitment rates I recorded for M. galloprovincialis 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 of long-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 of three
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
of meroplanktonic 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?

B perna
YES

A, afer NO

8. slgosus
YES

A. ater NO

M. gallo, YES

N,
\sTRONG

STRONG

STRONG

\‘__._.__-// ® Sampling Location (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 coenclusions are less clear, as other density-
independent factors may be invelved that mask the nature of the relationship. At the smallest
scale (¢), a significant stock-recruit relationship explains the strength of gregarious recruitment
to adults, In this case, the non-significant relationship for 4. 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 Elizabeth), PAF (Port Alfred), DWS (Dwesa), DBN (Durban), ZUL (Zululand).



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 4. arer 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 4. afer 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 of it 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 4. afer (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.



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 asa
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 ANOVA
(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 play a role increasing the heterogeneity of recruitment for these
species. Secondly, the ratio of 4. 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 subsirates and primary versus secondary settlement/vecruiiment

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 twrf 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.

41



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. galloprovincialis 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 §. 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. algosus 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 turn 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 of its 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
of the purple sea urchin, Strongylocentrotus purpuratus, to infer recruitment patterns in northern
California and southern Orégbn, 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 al. (2001) found that meso-scale oceanographic features, which are in part driven by

shoreline heterogeneity, were more important in explaining recruitment variability than latitude.

42



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. algosus) or Groenrivier (M.
galloprovincialis and 4. 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.). 8. 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. perng 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
1.8a). 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 km
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 for management of 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 all 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). Inan
analysis of contemporary coastal shell middens from 1987-89 in areas near Dwesa, Lasiak (1991b)
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 of large 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 (Steffani 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 1.8¢). 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

45



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 well, 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 20035; 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 Maputaland 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 of the 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; Narvdez et al.
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
(Narvéez 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. 19953, 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 al.
2002; McCulloch and Shanks 2003; Shanks et al. 2003¢).

The Maputaland Marine Reserve lies within the Greater St. Lucia Wetland Park and World
Heritage Site in KwaZulu-Natal, and comprises the entire South African portion of the Delagoa
inshore marine bioregion (Lombard et al. 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 al. 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 al. 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 well 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 (chl @)
concentrations measured in the field, and surface temperature and surface phytoplankton measured
with 1-km resolution satellite imagery of sea surface temperature (SST) and chl 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).

Black 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, all 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 of zooplankton

Horizontal plankton distribution is often assessed using vertical plankton hauls with circular
conical nets (Wing et al. 1995a, b; McQuaid and Phillips 2000; Porri 2003), horizontal plankton net
tows at various depths (Leis 1986; Le Fevre and Bourget 1991; Natunewicz and Epifanio 2001) or
12V 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 m®) with a porous
collar, 200-250 um mesh, and an 1 1-cm diameter cod-end. Early-stage mussel larvae can be as
small as 150 um 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 of the target organism
can significantly reduce a net’s sampling efficiency for that size organism (Evans and Sell 1985).
The results presented here therefore probably underestimate the true density of plankton < 300 pm,

and should therefore be interpreted with caution. The net was fitted with a calibrated mechanical

51



flow meter (General Oceanics Model 2030R 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 cm, 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 of temporal and spatial distribution of zooplankton samples, showing the
pumber of replicate obligue hauls (3-5 min long) taken at each station.

b= 8 8 2
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2 24 80 28 80 s

Site Latitude Longitude & 28 4 5 0 J 8 3 = =2 o
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° 49.24¢6' 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 i 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° 50715 10 1 2 2 2 2
Dog Point Point Offshore 27° 06.633' 32° 51111 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 haunl summary

Water Sampling Depth Tow vzlhel:l‘e
Date Location depth depth o duration
(m) (m) Category (min) filtered
(m’)
19 Sep 02 Black Rock Point 12 10 Bottom 3 3 105.2
12 5 Mid 4 3 125.7
12 1 Surface 4 3 179.3
19 Sep 02 Rocktail Bay 10 8 Bottom 3 3 1117
10 1 Surface 3 3 194.7
26 Nov 03 Black Rock Point 15 13 Bottom 1 5 143.6
15 8 Mid 2 5 154.3
15 1 Surface 5 166.4

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 of the 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 hauls in 15-20 m water depth; 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 2154
18 Sep 02 Rocktail Bay Out 15-20 5 3 155.1
In 15-20 7 3 170.4

Spatial and temporal patchiness of subsurface phytoplankiton

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 of the water, a temperature-salinity-depth profile (a ‘dip’) of the
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 (27°
31.231'S, 32°41.203' E, November 2002 to July 2005, 38 km from the study area) and at Leadsman
Shoal (27°52.419' S, 32°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' §, 32° 34.983' E, 61 m altitude),
which lies 8 km west of the coast, 9 km NE of Sodwana Bay and 35 km SW of the study area
(Figure 2.1).

Mussel aduit 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 musse! zone. Using quadrats of 100 x 50
cm, 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 GF/F 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 10-AU
fluorometer (narrowband, non-acidification method) following Welschmeyer (1994). The chla
content concentration was calculated using the formula:

Chla= L‘— *R
L4

where Vi is the volume of water filtered in ml, V4 is the volume of acetone used in the extraction
and R is the reading of the sample (converted to mg chl g with a calibration factor within the
instrument). The concentration of chl a (g.m™) 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-pm mesh and resuspended in 4% formalin
buffered with 1% sodium acetate (NaC,H30;) in de-ionized water, pH 7.0-7.5. The resuspended
samples were then placed in a 100-m! 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 bilocularis, Arcuatula capensis and Modiolus auriculatus (Branch et al. 1994; Sink 2001).
For the barnacles, descriptions of the naupliar stages of Tefraclita serrata (uncommon in
Maputaland) and Tesraclita squamosa rufotincta (common) were made by Griffiths and King
(1979) and Barnes and Achituv (1981) respectively, but cyprid illustrations were available for 7"
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 bamacles 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. © 1984-2004).

Patterns of zooplankton biomass and density: horizontal and temporal

A Kruskal-Wallis test 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 ANOVA
of these 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 (o = 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 logjo(x+1)-
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, all 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 (log;e(x-+1) 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 log;e¢(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)
1-km resolution satellite sea-surface temperature (8ST) and surface chlorophyll a (chl 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 chl a
measured in the field, surface chl g 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 km?) lying over each of the loggers was selected. Surface chl 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 (15 m) temperature data, and
were on average ~1°C warmer (r = 0.944, n= 15, p < 0.0001, benthic temp = 3.806 + 0.816 * SST).
Surface chl a was significantly negatively correlated with both temperature measurements (88T: r=
-0.706, n= 15, p <0.01; benthic: r=-0.616, n= 15, 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 chl a and temperature. No correlations were significant except for that
at lag +1, comparing chl a to the temperature anomaly from the day before, indicating an increase in
the chl a4 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 of four adjacent pixels 5 and 10 km directly offshore from these,
plus two cells of four adjacent pixels 17 km offshore (Figure 2.3). The simultaneous relationship
between SST and surface chl 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 = | hour). High r-values between upwelling-positive winds and a subsequent
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Figure 2.2 (a) Surface and subsurface temperature and surface phytoplankton, measured
using chl a, at the site of the Sodwana Bay underwater temperature logger (UTR). Black line
is monthly subsurface temperature + SD from UTR at 15 m depth. Black circles are the mean
SST + SD taken from the nine nearest 1 x 1 km? resolution pixels from bi-weekly satellite
images (creating a 3 x 3 km? cell). White squares are the mean density of surface chl a + SD
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 chl 2 one day after
subsurface temperature, indicating an upwelling response. (c) Pearson product-moment
correlation of detrended daily temperature with phytoplankton at lag +1.



reduction in benthic temperatures (residual temperature after removal of the 30-day running mean)
12-36 hours following the wind was identified g 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 (© 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 of the 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):
s=2*(—”—J—1
nfft

The degrees of freedom (df) were then calculated:

36s°
195 -1

Finally, the level above which the squared coherence was significant was calculated using the

df=

desired significance level (a):

1— 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 m? 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 ANOVA with Type 1L
(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<0.05, ***p < 0.001, ns = not significant, n = number of
replicates taken in a given month or site, ZR-n" is the mean rank for each cell, MC = result of
the multiple comparisons post-hoc tests (a = 0.05).

(a) Zooplankton® Cyprids® Bivalves® Mytilids®
Transformation None Logye Loge Loggo
H (df, n) 38.4 (5,176) 35.0 (5,176) 72.4 (8,176) 47.4 (5,176)
p E1 2 1324 kded 223

Month n IRa! MC ZRa' MC IRa! MC ZRn?' MC
Aug 02 29 82.3 b 85.7 ab 46.0 ¢ 502 €
Sep 02 37 52.9 b 90.9 ab 80.2 be 64.0 be
Dec 02 23 79.3 b 123.7 a 1353 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 1115 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 Logie Logg Logse
H (df, n) 16.4 (7477) 8.2 (7,17 13.6 (7,177) 18.5 (7,177
D *® ns ns *

Sites® n TRe! MC  EIRa? MC  IRe' MC IRa! MC
CRP 15 59.1 b 96.5 . 983 - 79.0 ab
CRB 13 66.2 ab 81.7 - 492 . 445 b
DPP 21 86.3 ab 99.2 . 97.6 - 81.1 ab
DPB 22 93.6 ab 101.5 . 83.5 . 7.3 ab
BRP 30 86.5 ab 733 - 81.3 . 103.3 a
RTB 38 86.1 ab 793 - 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 s settled wet volume (ml), ® Measured as individuals per 100m’,  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 matched pairs for inshore-offshore pattern
of zooplankton distribution. All data were fourth-root transformed for analyses, but mean
values are presented untransformed. Tr. = transformation of raw data, X = mean value of

the response variable (in = inshore, off = offshore), t = Student’s t-test for matched pairs
statistic, **p < 0.01, *p < 0.05, ns = not significant.

Taxon n Xy X t df P
Mytilids * 35 287.2 1813 3.11 34 *

Al bivalves * 35 63.2 30.1 3.07 34 b
Allcyprids® 35 453 284 230 34  *
Zooplankton ® 35 2021 2241 -(.85 34 ns

®Measured as individuals 100m™, ® 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 chl g, as the depth strata
were not significantly different (One-way ANOVA, F, 537 = 1.64, not significant). Chl ¢ varied
significantly among dates (One-way ANOVA, Fyp 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 chl a also differed significantly among sites (One-way
ANOVA, Fss01 =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 cotresponds 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 all 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 cyprids.
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 logio(x+1) transformed, ***p < 0.001,
**p < (.01, ns = not significant. Note that the model for zooplankton is marginally non-
significant.

Independent variables Const Zoopl Cyp Myt Biv  Phyto T(t:gp :;g;
B -32.742 X «0.039 X 0.033  0.065 0.019 -1.236
Zooplankton Bse 12.468 0.066 0.056 0.134 0.017 0.458
-0.073 0.075  0.062 0.132 -0.289
Adusted R? = 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. *k ns ns ns ns i
B 4.184 -0.155 X 0.470 X 0.939 -0.121 0.046
Cyprids Bsg 20.843 0.175 0.086 0.189 0.026 0.768
B -0.081 0.518 0.465 -0.439 0.006
Adusted R? = 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
Slg. ns fis L2 L2 2] L2 2 ) 1s.
B -10.903  0.216 0.555 X X -0.951 0.142 «0.292
Mytilids Bse 22.629 0.190 0.102 0.210 0.027 0.834
B 0.102 0.504 -0.427 0.469 -0.032
Adusted R* = 0.358 Tol. 0.893 0.843 0.810 0.878 0.848
p<0.001 t -0.482 1134 5446 -4.530  5.180 -0.350
Sig ns ns EX L LE 1] R ns
B 7.491 0.128 0.551 X X -1.091 0.129 0.344
Bivalves Bse 25.415 0.213 0.115 0.236 0.031 0.936
] 0.057 0.468 -0.459 0.397 0.036
Adusted R* = 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 * ok £RE k% ns

B = estimate of the raw coefficient, Bgg = standard error of this estimate, P = standardized coefficient and Tol =
tolerance value (Tol. < 0.1 indicates strong co-linearity with another variable). t= tests the H, that § = 0 for
that predictor variable. Sig. = significance level of this test. Const = model constant (intercept), Zoopl = settled
biomass of zooplankton, Cyp = cyprids.100m™, Myt = mytilids.100m™>, Biv = bivalves.100m>, Phyto = [chl 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 r-values
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 half-hourly subsurface (15 m) temperatures over 2.5 years, (b) Power
spectral density of the hourly 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
the influence of wind-driven effects such as upwelling, The peak at 1.0 days indicates diurnal
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(a) Upwelling State

" i _E
J =

Th e an0t
Dame fay '.«'f'up.nul )

Wen HCTana Tobseratio g
il nrﬁu-’i"uu: i

Wi wielaty
Ims’]

. 25

= e

S - et

) A2 e e AT h"‘“n. .

5 Nl FRARR T g S pme e

[ L P -

U

o

E s —

= = = = = = = 3 = = 5 =
= 5 5 S S = S = S 3. S
2 2N E E @ b s

19 ae |

i) Mon-upwelling State
[composite)

Fx

3-8 August 2003
E: o

eE HuEfaes Coigi:idlDEd
Ty ol nvans

1 - a . &
Fooo )
- e e, B il B -

Job Buyanl n00 ¥
Thran duy ampoul b

.
'e
a
4
-4
1
N
,I"‘."J\- Jf l.-\“
W
L e s e gtz e
el 5 il b
Wl Ay
W
=33 333 EFT T
- n 1 £ v
9 OR = & & mo- o - £ u

Figure 2,100 Subsurface temperature fme scries, and owo examples of near-shoere relationships
between the Apulhas Current, alongshore winds. and benthic femperature. Sarellite 85T
images are AYHRE, 1 and 3-day eomposites al -k resedotion. Wind was recorded ai
Mbaswana (marked with a white star). and positive values are for NNE winds, which are
upwelling-positive. Benthic temperatore was megsored at Sodwana Bay, on a 15-m deep recf,
In {a), very ocar-shore surfdee watees within the stody area (marked by hox) appear to he
conler rhan offshore waters during periods of sustained north-noriheasterly winds, indicating
that these winds are inducing offshore Fkman transport and therefore upwelling.
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Figure 2,11 Recorded manthly benthie temperature and swinds over the perial of ohservation
(heavy black lines, Z02-2003) superinposed an o d-vear climatalogy for benthic temperature
(2002-2003) and a b=year climatalogy for wind (2000-2005) fram Mbazwana airlicld. mean + |
SI, Paositive alongshare weod is NNE v positiy e across-store wind is FSE Ly, Shaded areas
highlipht the recruitment season for mussels sl the barnacle € dewtarus (Chapter 3).



maximum trequencies al this relalionship were ot stable smong seasons. The strongest period for

the cobierence of across-share winds with benthic temperature was nearly always one day.

suggesting that the daily sea-breeze effect may influence divmal warming at ull thnes of the year.

The period with the maximum coherence was more variable among dala sets For the ulongshare

wind. but was aften of a similar period 10 1he across-shore wind (less thas two days). Hlowever,

there were significant coherences al longer periods also, suggestimg that the periodic reversals 1n

alengshare winds influence temperalure by inducing on- or ollshore Ckinan transpart, again

indicating that upwelling or downowelling is impertant in Lhis system {Figure 2,12 shows one

example).

Table 2.7 The toor highest signilicant values from cokerence analyvsis relating sea
temperature to winds: period is measured in days.
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FZooplankien - in and oud of a topograpitically-induced foam linge

Ieither the averall zooplankion biomass nor the density of mytilid bivalves were
signiticamly different in ar aut of the fhwm line or amang sites {Figune 2,05, Table 2.8, and he
interaction term was also not significant for these variables, Only the interaction term
(Treatment*%ite) was significunt in the cuse of cyprids: althoush eyprids appeared to be denser
within the foum lines. there was a sipnificant interaction with the site of the sampling because only
Rocktail Bay had a signifTeant difference in eyprid density. Only bivalves showed sienilicant
dilferences both balween treatments and among sites, with the nghest densitics beneath the foam

lings an every sumpling occasion,

Tahle 2.8 Summuary reselis of Site* Treatment two-way factorial ANOVA of meraplankton in
and vut of the shore-parallel foam line,  Site was a random factor and treatment was fixed.
Data were Log o x+1) or Tewrth-root transformed, *#2p <ALOGL, *p<ih05, ns = nol significant.

Taxon Factor df M5 F o
Trealnaeni L I.146 164 s
Foplankion Site Z MRTHY| i ns
Treatmoent* Sile 2 {kAHHE 0.26 it
Lreoe L6 EAEI o
l'eealone ol L (L3t 1.2t L&
Cuprids Siig s 1h 34 s ns
Treatment*Sile 2 1552 s ]
SO ., 0 0,043 : -
Treaimen! L 0156 37 1%
Wlvtelicls Sile 2 LRLES 057 (3
Iriaument* Sitc 2 IRTE I a7 ne
Lrrur Ih Bk
Trediment ] {h337 AR 04 e
Bivahes Sile 2 LLELE L] 14 54 *
Urearmcn ™St = 1hiHE (RANRY ns
Frror L {LAHIR

Luoplinrktos - verfical serafificefinn

boruskal-Wallis tests Mailed o deteet any significant differences inthe abundances of
soaplankion, mytilids or bivalves at different depths. indicating that these were not stratificd when
the sanples were collected, Owvpnids, however, were significantly stratified (Kroskal-Wallis test,
oy = 708 p= 0030, Higher densities were found at the middle and bottom, which were nod
sipnificantly different, and fewer cyvprids were found at the top (muttiple comparisons tests. Figuree
2.14).

Patterny of adult mussel stariding stock: 2003-2(104

Two-way ANOVA revealed no significant differences between siles or years in the adub
stock of M perag at cach of the rocky poings (Y ear: MS — 00413 8 2 — G032 nat signilicant; Sie;
MG = 00223 4% 47 — 0542, nod significant; Year=Siw; MS =041, £ — 4437, p = 00531 This

analysis necessarity cacluded the Black Rock South site as it was sampled only in 2003, Years

=
o
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Fisere 2,13 Abundayce of zooplankton and meroplankten in aml out of shore-paraliel foam
line. Locations are Isdand Roek Bay (TRB), Rocktail Bay (RTE) and Recktail Point {RT),
Tredtments sre within the foam line (black) and = 40 m away from the foam line {grev)y,
Neither site nor treatment was sipnificant lor zooplankton bismass or for mytilids. For
hivalves, both Tuctors were significant, while for cyprids ondy the interaction ferm was
sipniltcant, Data were transformed for analyvses but are presented here uptransformail.
Values are means + 5.
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were then combaned for a one-way ANOVA with site a5 a random factor, mcludmg the data ftom
Black Rock South. There was then a sigmficant ditference between sites (M5 — 0861, Fyy =
B.630, p < 0.001), with the unhanvested Black 1Rock southermn sile kaving stgnilicamly higher
densities of adult mussels than any of the other sites except Rocktail Point (Figune 2,135, There
were also significant ditferences in the alomeshore densities of mytilid larvae {Table 2.4k}, which
achreved greater densities at Black Rock Poimt (where the density of adult mussels was highest) and

at Lala Mek Point (where the density of zooplanklon was highest.

2.4 DISCLUSSION
Fhe fancul paed
femporad variahifity

Densities of znoplankton and larval taxa all varied significantly ameng moenths {Table
24a). The densitics of orvtilid and bivalve larvae did oot however, correspond w high recrumment
pericds tor Peria peric or Broackidoires senristeiats (Chapter 4. this study), This situation
carresponds with that reported by MeQuaid and Lawrie (2005) who found three periods of
significantly higher than normal mytilid larval densities. but no correlation with spawning times or
settlement peaks at sites thev examined on the south coast of South Atrica. Multiple regression
analyvses in my study did show that mvtilids and bivalves were significantly and positively
correlated with warmer water that was lower in phytoplankton, while exprids were correlated Lo
coaler water that was higher in phytoplankton, and vartability in these factors associated with wind
events (and therefore the presence or absence of upwelling) might explain the higher or lower

densities of these taxa durtng different months of the vear (Table 2.6,

Patterny of abmsdance

The densities of cvprids, mytilids, bivalves and zooplankion were all very low comparzd Lo
those recorded in other repions of South Alriea, 1 found iwean and maximumy valoes of
approximately 0.04 (33, 0.2 (15 and 0.1 (5w for mytilids. bivalves, and ¢vprids, respectively. 1n
1990-91, MaeOard and Phallips (20007 mvestigated the spatial distribution of P persa larvae in
walers < 40 m ITom shore near Portl Alfred on the south coast of South Africa and found depsities
of larval P perao varying between O and 1440 i, Inthe same area, Porri (20033 found mean (max)
densittes of =240 {3007 1™ R 2 pesma in 2000, 1wo orders of magnitude greater than the mytilid
densptics | regorded in Mapotaland, These densities were highly pulsed. as Porre found no larvas off
mist sanplity ecasions. MeQuatd and Lawrte (2005 ), working inoa similar area to Porrd, found

cquivalent mean {max) densities of ~10 (4001 m . but, as in my study, Tarvae were present at least
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in low numbers on B of their sampling dates from February 1998 w Apol 1999 On the west
coast of South Africa, inthe cooler Benguels Current where wind-driven upwelling is prevalent,
larval bivalve densities of 23000200000 m™ were recorded nearshare in 81 Helena Buy, an
additicnal step up of (hrey orders of magnitude from the Seuth Coas) (Gibbons ef sl 19997,

The maximum values foupd in Maputaland were also Jower Than tose found inswdies m
ather parts of the warkd. [nthe Cuter Banks of Notth Careling, USAL anather olizelrophic western
boundary current system indluenced by wind-induced upwelling, the densities of inshaore larvae
spanned 5-746 m” for bamucle cypridy and 0-516 m~ for hivalves, with both taxa peaking in
denzity nesr-simuliancously (Garland and Zimmer 2002, The authors concluded that in this
shallon deplh Uhe 1w taxa were mowing in s single larval patch. 1noa 3-howrly study at a similar
lpcation but ab deeper depihs (3. 9 and 12 m i 2{-m water) the tollowing year. bivalve larvae
densities spanned 100-10000 m” (Sarland et al. 20023, In another part of the same study, 1he
veligers of the bivalve M wrenarie were found in densities to 300 m ' in depths up to 14 m
{Shanks et al. 2000), On the west const of Norlh Americas, in Qregon, USA, a study ol mussel
larvae and barnacle cyprids reported densitics of musse| larvae renging across =817 m>. with lesy
than 30 m™ an most sampling cecasions, and densitics of eyprids averaging 30-70 m™ wwith
meximn densities of 140-4000 ™ OdeCulloch and Shanks 20033, Finally, in southern California,
USA, cyprid demsitics were Gound Lo span (.3-22 m™, at a distance of 300 m from the shore {Tapia
2005, considerably fewer then in the studies 1n Mortk Caroling, and more congislenl with (ke resulls
| recorded,

U larva] densitics are as eemporgl |y polsed gs some stodies mdicate (e Porr 2003 ), the
lovw witluees 0oy study conld simply be due to low sampling frequency, This isanlikely, however,

i sumpling was repeated on six cecesions over 12 duys during peak spawning periods.

FPatterns of spatial variabilin

Crespite the bew valoes for the density of all the planktonic zroups [ cansidered, thers were
nevertheless signilfieant spatial patlerns that indicate patchiness on scales smaller than that of the
stugy area ( Tables 2.4 and 2.5, Ficure 2.1). The overalt biomass of zoopltankton was net carrelated
with the densities ol any ol The variables examined, as the muoltiple-regressian madet describing
therr elleets wass nobsignificsnl (Table 2600 There was, however, g significant increase lrom narlh
Loy =oouth, with groater concenlrations arsund Lala Nek, the southemmeost site Table 2 4b0
Adthough the densitivs of the Tarva Lass were nof correlated with eaeh other in the multiple
regression sndlysis, the three contributed significantly e the variability of cach other when
temperaure and phytopbankion were added w0 1he model (Table 2.6% Al three showed signifeant
spatial patlerns in the study arca. although these diflered winong (he taxa. All these were
concentrated mere inshore than ofTshore, snd ad partioular sites shomng (he const (Figure 2.4, Tuable

24 Do contrast, MeCuaid and Lawrie (20050 did nol find any sianificant differenees in P parna
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larval densilics among ranseets (ondolfshore or aloneshore )y on any oceasion, The Tuek ol
alengshore pattern i their study could be due te the much smaller scule o their sampling, with
replicatian within a study area af only 00 = 600 1", McCullach and Shanks {2003, in contrast.
sampled at 0.2, 0.6 and |5 ko from shore and Founed both imussel and barmaele [arvae to exhibit
spatial structure, heing consistently least abundant at the mest inshore sampling station, and ey

attributed this to the presence of a topographucallv-renerated front at the moyth af the by

The plrysical environment and pliytoplunkton concentrution
Large-seale anshtore rransport mechianisng

In winter, norheasterly {upwelling-positive) and southwesterly (upwelling-neeatives winds
are penerdlly equally frequent in KZN, but in the sumaner the nartheasterly winds dominate (tHunter
[9X8Y Southwasterly wind speeds are slightly greater than northessterly. but mean wind speeds
hutve previcusly heen recorded as being 7-8 m.s™ in both directions (Tlunter [988). and were slightly
lewer during the cowrse of my study (monthly means spammed |,5-4.0 .57 ), This could be due ta
the paaition of the anememeter 1 used, which was approximately 2 km inland and behind the coastal
dunas. Alongshore winds, offshare Ekman transport and upaelling have inportant influences on
Hhe provizion ol nuiriens aod the banspert oe retention of mereplanktonic larvae in olher western-
boundary current systems in the world (Shanks et al, 20005 Garlund o1 al, 2002; Shanks e al, 20030;
Shanks amd Beink 20053 This led W the generation of the hypothesis tht the strong alongshare
winds in Maputaland stimulate upwelling inshore o the Agullus Cureent. Just to the soutl of
Maputaland e increasad widih of the Natal Bight truins the Agulhas Current awie Tromm the coust,
tapographically inducing o cemer where cooler upwellad water is then entrained and eddivd as Gar
south as Dhurban (Lutjeharms etal, 2000u0; Mever et o], 20020 as evident in the swtellite images in
Figure 2,10, Nearhy, in southeast Madagascar, another upwelling cell has been wdentified inshere of
the southern wm ol 1he East Madagascar cument (Logeharms and Macho 20000, However, | have
found no previous mention of wind-induced offshore Ekman transport in the literature tor the
Maputiland rewien. o my study, upwelling-positive winds and reductions in benthic temperature al
Sodwant were masl positively and significantly correlated after lags of 12-36 hours. that is, benthic
temperatures decreused 24 hours aller 1he anset elupwelling-pesitive wind events, Thisisa
strang indiculion that upwelling dees occur along this ceastline, This was confirmed with
observilicns of satellile images o conjunction with temperature and wind records (e.q, Figure
2,100, as well s the signilican cohercrce berween temperature und alongshore wind wt periods
hetween 2-8 days (lable 2.7)

There ate twao other potential deliverers of pulsed upwelled water 10 the nearshore
eovironment. Uhe first s internal tidal bores, ar breuking inwerpal tides associated with spring tides
which could push up benthic water from further olTshore (Pincda (9943, These wauld be signitled

by a regular tortnightly occurrence of covler water (Pineda 1993). A 14 or 28-day {tidal) cyvele of

]



warmiree and ceoling wits not eviderd in the temperalure power spectrum, indicating that Hdal hores
ate probably nol o dominant feature in this area (Viguee 2.9 The other is internal waves that can
penerale the chserved foam lines or slicks, and are o potentisd onshore-transporl mechanism lor beth
pasitively and negatively buoyvant meroplanktoniv larvag (Shanks 983 Waldron 1288, Kingsford
1990} Allhough inlemal waves could be present in Mapulaland, they were net evident. as T newver
ohserved their charucterislic series o share-purallel slicks moving shoreward.

The nal leeal oeearographic fealune thil coold canse berhic coal water intrusion ingo the
nearshore is a4 pulse, a solilury peean-wards rncander ol are olherwise stable current such as the
Agrulhas, similar o the Natal Pulae that originates ie the Natal Bight eddy (Lutj=harms and Reberts
1988 Lutjcharns and Coneeell T9989: 1utehanms et al. 20000 Tutjeharms et al. 2008, but
orignaling lurther north, pechaps from the Delagoa Biaht eddy {Lutjeharms and Da Silva 1358 )
Matal Pulses may enhance upwelling at the inshore edge of the main stream of the Apulhas Current;
if pulses were to form as far north as Maputalund, originating with the Delagea Brzht eddy, they
could cause beth upwelling and inshare counter-currents us they lruvel by (M, Roberls, pers. corn, .
M information is curceeelly aviilable on the inekdenee of eddy-irduced pulses certh of Cape ¥idal.
but a reeerd gl these pulses, taken Tom satellite S5 jmagery o allimetry, aralvecd together with
the bBentlic wmperalure data presented i tis ehaprer, mighl reveal the influence of Meeambigue

Chaneel o Delagoa Bight eddies on inshere dynamics in Muapoaland CF Dainmont, pers. eomm ).

Ploveplankion concentration

Wory few studies describe the characterisiics of phvtoplankton conceatration in Maputaland
witlers, but the values that have been recarded are almast alwavs very hvw (reviewed in Couter and
Sehleyer 1988} Crenerally, researchers corstder plarekice dynamies inthe cegon gE e Agulhas
Carrent to be phivsically mediated, and Meyer ot al (20027 deseribe nuteient levels In the Apalhas
Currenl region a3 relatively low, peaking tn the northern part of the Watal Bight, 3. C. Pfaff
(umpubl, diuta) recorded chl o cancentrations of 0.08-1.87 mg.m™ proximate to racky shores within
my study area hetween August 20035 and August 2004; this is slightly lower than the oftshore
rmcasurements repotted in oy sludy, Although phyvtoplankion concentrations continually remained
lonw commpared to olher regions in southern Alrica, they did respend pesitively 1o decreases
temperature in the previvas day (Figue 2220eh This indicates thal the upwelled waler may nut
andy be conler, but also may fransport motrieees into this stherwise nuitign-poor enyirceanent,  The
sigen [eant sicnultancows correbalive belween inereased surface phytoplankien and reduced surlace
temperature derived from the saellite daa 2t Sodwana and Mapualard confirms this relationship.
In their investigation of the parch sizes of fr aire phywoplankion along coasial Chile, Wieters e al
(2003 tound persistent differences betwesn sites 105 of ki apary, and attribured 1hat 1o loealized
upwelling cells. The pateh size of phvooplankten was larger in my study, being 273 km (Figure

2.7 The Maputaland ceastline is much less spatially hetersgenceus than that of central Chile, so
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upwelling is not expected 1o be ay losaliaed. However, it localieed upwelling does not drive the
putctuness of phytoplankton in Mapotaland, heterogencous physical deivers (hottom-up effects) or
variation in consumption (top-down effects) may nevertheless @xist along the length of the coaslline
that will alter the density of plivtoplankton at meso-scales such as thess,

The low levels af notrients and phytoplanktan in the nearshore warers of Maputaland could
huve imporiant elTects on sooplankton growth and survivorship, Most mussel and barnacle larvae,
including mest of those in this study, are planktotraphic, although larvae of the barnacle Tetroaclity
sgugmosa rufidinere are thoushe oot to be so (Barnes and Achituy %81} For planktotrophic
organisms. food limitation ducing the larval stage can be the most important source of larval
mortality where primary procduction is low (Olson and Oson 1989; Shanks 1925; Anijl et al, 2000
Desai and Al 20027, and the timing and abundance ol {ood can allect both the development and
competency of pelagic luvae (Rodripuez 21 al, 19930, A graving ¢flect could therelore cxpluin the
negative partial correlation found between both mylilids and bivalves and phyaoplankion in the
multiple regression analvsis, Intereslingly, 1he general hiomass ol vooplankion wus nol correlaed
wilh phytoplankion, either positively or negatively, The species somposition of 1he sooplankion
poal was highly variable ameong Lhe samples taken inthis study (pers. obs. ), und ranged from
herhivore-dorminated (mostly copepods) to predatos-dominated assemblages (chetognaths and

athersy, and this coold explain the lack of correlation.

Smallcr-seale onsliore fransport mechanivms

The Tarval pool was sampled fior verlical sinuilicaion st three depths olfshore and oo
deplhs inshove onome day, and then st one edfshore site at three depths ona sceond day in the
fallowing yeur, always ducing the recrainnent peciod Goc 2 perra. Cyprids were the only taxa that
showed a signitivan vertieal pattern, witl higher densities o the middle and bottom stratu (Figure
2,141 These results apree with previvus studics clsewhere, [ntheir study of I perna on the souh
coast, MeQuaid and Phillips (20003 found oo vertical stratification oo % ol 11 sampiing occasions,
and eoncluded thal £ persrr does nut undergo diel vertical migration, [noa study of chthamaloid
barnuele lapvae in southern Culifvrnia, Tupia (2005) found that although the naupliar phases were
mare abundant newr the surface, eyprids agpresancd neacer the battam.

Shore-parallel or curvilinear siicks o foam tines in the nearshore, although alt similar in
appearance, may be causcd by u suite of different mechanisms, aill of which could be important for
the physical hvdropraphy that inluences meraplankton dynamies (Kingslord (9200, The Grsi
mechanisin is wind-driven Langruir circulation cells that aceumulate buoyant particles and
upveard-swimming organisms as they subduct (Langmuir |938: Kingstond 1994y, The seoond is
tepoaraphicall v-generated fronts thal foem us (wo water masscs meve vertically against each other
iMeCultoch and Shanks 2003 ; Shanks el al. 2003¢), ulso cavsing the accumulation of buoyanl

particles and upward-swimming organizms at the loterface, although these can be wider than those
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ohserved in my shody (Kingslord 1990, Fimally, sets of sBcks or fowm Bnes may e created, und
then pushed shoreward, by internal waves passing undeeneath (Bwing 1950; Waldron 1988). These
slicks have been found 1o push the Tinvie of Bshes and invertebrates shoreward in odher parts of the
world ¢ Shunks 1983, 1988). (Mher oeeanographic mechanisims have also been hypothesized o
trarspor larvae in the pearshere cnvitonmenl. such as upwelling, the relaxation of upwelling and
active downwelling (Farrel o al 1991 Boughgarden clal. 199 1a: Shanks ot al. 2000; bt see
Shanks and Brink 2005 ) and breaking intermal tdal waves, or Udal bores (Pineda 19494, 19495,
Woarpas ol al 2004 Ludah et al 2005 but neither of these glome cause share-paralle] foam liges or
slicks.

All af the three occanoaraphic processes that cavse shore-parallel foam lines will
accumulate buoyant particles at the surface, but only internal waves or topographicallv-generared
frants could potentially also accumulare detser particles below the slicks through turbulent eddying
at the pyenacline boundary, 1 could find no differetces in zooplankton hiomass o mytilid densitics
irn and out of the shore-paralle] slicks. but the densities of all hivalves (which were generally
verlically imstratificd ) were significantly higher inside all the foam lines sampled and cyprids
fwhich were Tonnd oy secumulale oear the battom) were signileantly higher in some ol them CTable
2.8, Figure 2.13%. This suggests that some, but noc all, of the share-parallel slicks sampled m this
study were accumulating denser particles such as larvae. and therefore might be caused by fronts ar
intzrnal waves rather than wind-deiven Langmuir circulation cells. For internal wasves oy be present,
a pvenocline is requirad in the water column (ann and Lasier 1996, Lnfriugately, no saliniiy-
or lemperalure-with-deprh measurements were taken an the days that the sheks were sampled to
indigate whether ar not a pyenocline was present, but all days with measurements shovwed oo
pyenogline in this depih ol water, In additon, sets of shore-parallel slicks. indicative of interal
waves, woere never abserved, so it is likely that this is a topographicalby-gencrated front. Ruther
thun driving cross-share transport, this tront would act as a barrier to advetion for meroplankionic
larvae (MeCulloch and Shanks 2003 Shanks et al, 2003c), These patterns require further
abservanen theoug b carelul larval sampling and oceanographic measurements before drawing any
comelusions abeot the process that Tormed them and their rele in the cnshore-transport of

meroplankonic larvac,

The rede of farval behavior in transport processes

In their study of the meroplanktonic larvae of Conchrlepar conchatepay in Chile. Poulin et
al. (20021 ¢ongluded that the distribution of competent larvae was determined hoth by physical
trumsnatt meghanisms (in this case. dovwnwelling caused by alomgshore winds s and by larval
behavior, which maintained competent larvae near settling arcas despite the presence of
imechanising that might have transported them away, oy study, all taxa were found 10 be mare

dense inshore than offshore, perhaps due to the presence of a topographical lv-generaled fron 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 15 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 50 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 of nauplii, 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.

2.5 CONCLUSION: a conceptual model of the 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 of larval 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. 2008), 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 al. 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 of the 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 al. (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% of KZN 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 ¢t 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

75



MOZAMBIQUE

raputaland SCUTH AFRICA © |
Study Area _ ! Sl
) 4
Mba zwana-;;::; ?eiig g Kosi
Sodwana Bay=; [/ 090 Bay
Crape Vidah = S/OMEFI00 :
A ll,l @
GEL=as. | 4 5
N - Castle Rock, i;‘.? CJatkm
KwaZulu-Natal ¢ 7 Natal : i
: inshore Deg Point. ri?
Airegion - Black Rock, =
CurEan. ar
¥ - L 20
Rocklail Point) g
)
Lala Mek é@
Manzengwoenya ; 1
A Graaler i g fhi _'é;-t= / A
Y 5t Lucia '
2 Wetland Park : !
fGSLWHY bake. : 0
; Lo Sibiya

Ficure 3.1 Map showing the biogeographic divide between the Natal aml Delapgoa biorepioos
at Cape Vidal wndd the pasition of the stody area adjacent to the Greater 53 Locia Wetland
Park World Heritape Site {left) and an enlarpement of the study ares with sites (righth, each of
which has bwo Incalities, porth and south, Shading indicates the Mapuotalaad Marine Heserye,
which extends 3 nautical miles oflshore, Cther locations mentioned in this clapter are

indieated in Figure 2.1,



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 of the settlement and
recruitment of brachyuran crabs (Paula et al. 2001, 2003) and their larval distribution (Paula et al.
2004) have been undertaken at Inhaca Island, in southern Mozambique (26°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 Warén 1999). While Herbert and Warén (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, | 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. Ina
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 (Nakhié et al.
2006), little else is known about the ecology of the 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 Magalhdes 2002), B. exustus and B. recurvus in Texas (Hoese 1960) and
Florida, USA (Lee and Foighil 2004), 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 Tefraclita 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 7. 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; Broitinan et al. 2005), Japan (Apolinério
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
10° N.m 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 10° N.m™ 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 Steffani 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 t0 15.0 x 10° N.m?,
respectively), and fall within the measurements on the north-west coast of South Africa (2.5 to 18.0
x 10° N.m2), 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 Main platform North South
length (m) Latitude Longitude Latitude Longitude
Castle Rock 400 27°04.700' S 32° 50967 E 27°04.725' 8 32° 50977 E
Dog Point 1100 27°06.372 32° 50.598' 27° 06.395' 32° 50.608'
Black Rock 800 27° 08.025° 32°49.868' 27° 08.045' 32° 49.88¢
Rocktail 400 27° 11.1458° 32° 48.520 27° 11,193 32° 48.532
Lala Nek 600 27° 13.538 32°47.732 27° 13.553' 32°47.71%

The five ledges have similar shapes and geological substrata (acoleonite 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 of the 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 § 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 Addis®, 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 % 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 cm? 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 um sitting on plates or scraped rock patches were identified, counted, and
assigned to 1-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 cm?, and they occupied about 48 cm® 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 ina
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 um 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 1-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 1-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. © 1984-2004).

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. demtatus 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 ANOVA (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 [L.oc(St)] 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 (Neey = 3, Ngeason = 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 ANOVAs, (b) four-way partly-nested mizxed-model ANOVAs and (c) two-way

mixed-model factorial ANOVAs

{a) Factor Effect df Fovalue*
Intercept Fixed MS,4
Site A Random p- 1 MS A/MSB(A)+MS AC'MSB(A)C
Locality(Site) B(A) Random p"’ (q- 1 ) SB(A SB(A)C
Season C Fixed r-1 MSc/MS ¢
Season*Site AxC Random {(p-1)*(r-1) MSac/MSpc
Locality(Site)*Season BA)xC Random p*(g-1)*(r-1) MSs(4)c/MSgesia.
Residual par(n-1)
_{b) Factor Effect df F-yalue*
Intercept Fixed MS,
. _ MA/MSAB+MSC(A)'MSBC(A)+MSD(A)-
Site A Random p-1 MScogy*MSscog
Season B Fixed g-1 MSp/MS 5
Site*Season AxB Random (p-l)*(q‘l) MSAB)/MSBC(A)"'MSBD(A)'MSBCD(A)
ZOI‘IC(S ite) C(A) Random p* (l‘- l) MSC( A)/MSBC( A)+MSCD( A)-M SBCD( A)
Season*Zn(Site) B x C(A) Random p*(g-1)*(r-1) MSacayMSacnia)
Locality(Site) D(A) Random p*(S'l) MSD(A/MSBD(A)+MSCD(A)'MSBCD(A)
Season*Loc(Site) B x D(A) Random p*(g-1)*(s-1) MSgpayMSacnay
Zone (Site)*Loc(Site) C(A) x D(A) Random p*(r-1)*(s-1) MScpayMSaepay
Ssn* Zn (Site)*Loc(Site) C(AYxD(A)XB  Random  p*(g-1)*(r-1)*(s-1) MSacniayMSresid
Residual pqrs*(n-1)
{c) Factor Effect df F-value*
Intercept Fixed MS,
Site A Fixed p-1 MS,/MS 45
Season B Random g-1 MSp/MS 5
Site*Season AXxB Random (p-1)*(g-1) MSAp/MSgesia
Residual _pg*(n-1)

*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 MSg.qq 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 MSperacion 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[St]), 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[St)), | 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" §, 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 (20° clockwise from north) for the alongshore
component and an east-southeasterly wind (110°) 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 of 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™ 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 recruitinent 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 Resuits of the (a) partly-nested three-way, (b) two-way mixed-model factorial and
{c) partly nested four-way mixed-model ANOV As, Significance: *p < 0.08, **p < 0.0], ***p <
0.001, n.s. = not significant.

(a) Species Substrate Factor* df MS F p
Site 4 1.2469 10.0321 *
Locality(Site) 5 0.1089 1.6141 ns
Brachidontes Brush Season 3 1.6248 19.6173 b
semistriatus Season*Site 12 0.0832 1.2298 ns
Loc(Site)*Season 15 0.0677 1.8899 *
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 b
Season* Site 12 0.1075 2.3922 ns
Loc(Site)*Season 15 0.0450 1.0080 ns
Error 282 0.0446
Site 4 1.5921 2.8512 ns
Locality(Site) 5 0.5786 7.0860 4
Chthamalus Plate Season 3 0.3676 5.9849 b
dentatus Season*Site 12 0.0614 0.7522 ns
Loc(Site)*Season 15 0.0817 1.0156 ns
Error 321 0.0804
Site 4 3.3134 7.7232 *
Locality(Site) 5 0.3805 346384 *
Tetraclita spp. Plate Season 3 5.6542 35.7398 bl
Season*Site 12 0.1582 1.4420 ns
Loc(Site)*Season 15 0.1097 1.0566 ns
Error 321 0.1038
(b) Species Factor* dr MS F P
Site 4 2.2232 19.0556 *E
Brachidontes Season 5 3.2149 27.4328 Hhh
semistriatus Site*Season 20 0.1176 2.5890 HhE
Error 418 0.0454
Site 4 0.1128 1.1978 ns
Perna perna Season 5 1.7800 18.8143 b
Site*Season 20 0.0948 2.0093 *k
Error 422 0.0472
_{c) Species Substrate Factor® df MS F p
Site 4 21572 0.7450 ns
Season 3 8.9032 15.4757 b
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 ok
Site*Season 12 0.5761 1.2957 ns
Zone(Site) 5 0.3366 0.9678 ns
Tetraclita spp. Bare Rock Season*Zn(Site) 15 0.2100 0.9391 ns
Locality(Site) 5 2.7924 47293 *
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
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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.day’  SD df t p

B. semistriatus  Brushes Mussel 0.746 0.325 734 37.48 b

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 b

Tetraclita spp. 0.990 0.509

C. dentatus Bare Rock Bamacle 0.270 0.339 803 <2243 >

Tetraclita spp. 0.732 0.542

C. dentatus Bare Rock Mussel 0.147 0.282 790 -25.15  Hwe

Tetraclita spp. 0.673 0.616

Tetraclita 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 *hk
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. dentatus on all substrates, and the
proportion varied between substrates more than between zones. Tefraclita 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.
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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

Zooplankton o2 Mytilid Bivalve
Taxon Bicp;mass‘ Cyprids La)l,'vae' Larvae®
Zone Inshore Point  Inshore Point  Inshore Point Inshore Point
Substrate Zooplankton Zooplankton Zooplankton Zooplankton
C. dentatus ® r=0.14% 0.223
Mussel n =250 250 X° X
Bare Rock * ok
Tetraclita spp. -0.167 -0.279
Mussel 250 250 X X
Bare Rock * wan
& C dentatus 0.267
é Barnacle ns 258 X X
t __Bare Rock g
g Terraclita spp. -0.178 -0.291
= Barnacle 258 258 X X
g Bare Rock e hae
g C dentatus 0.182
Barnacle ns 255 X X
Plate *¥
Tetraclita spp.
Barnacle ns ns X X
Plate
B. semistriatus 0.266 0.179
Mussel 244 X 244 ns
Br“sh kA EE
P. perna 0.226 -0.207 -0.212
Mussel 244 X 244 244
Brush Aok £33 L 33

* Zooplankton data are samples collected at inshore point stations from Chapter 2 (biomass is mi settled
volume, meroplankton are larvae. 100 m™)

¥ Recruitment data are recruits. 100 cm?. day™

“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-

Correlate shore shore Temp-  erature iItJ:(;-e Biomass l;fy:,l;: Eival:: Cyprids
Wind Wind erature  Anomly a ary
Along- r=-281 -.563 -, 125 432 -.609 =549 192
shore X n =907 740 740 ns 280 280 280 280
“linda E 2 1 LE 3] &% L 2 3 £ 232 3 £ 2
Across- =s,281 603 =496 -121 398 267
shore n =907 X 740 740 ns 280 280 280 ns
Wind‘ L3 3 L3 33 £ 34 L3 L3 33 £330
Mean -.563 .603 - 141 -526 311 490 -178
Temp- 740 740 X 740 ns 234 234 234 234
erature ? (12 EX3] Bk ok ok ok ok (23
Temp- =125 -496 -.141 -233 293 293 214
erature 740 740 740 X ns 234 234 234 234
Anomalyc £ ES %3 £33 3 sk ok £33 1 Bk
-.459
Latitude ¢ ns ns ns ns X 280 ns ns ns
£ 2 2
Zoopktn 432 =121 -.526 -233 -.459 =341 -.396
280 280 234 234 280 X 280 280 ns
sett vol * Hkd * 2k whh . - ok
- =609 398 A1 293 -.341 809 339
Mytilid
280 280 234 234 ns 280 X 280 280
Larvae - - vk Hk ke ok -
Bivalve -549 267 490 293 -.396 809 157
t 280 280 234 234 ns 280 280 X 280
Larvae P - . wh whe e "
192 -178 214 339 157
Cyprids ' 280 ns 234 234 ns ns 280 280 X
£33 &% £ 3 L3 1) £ 3

*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

* Mean 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 Temperature® and the mean temperature for those 27 days in all years
measured (2002-2005)

¢ Latitude = the latitude of each site

f 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. Zoopkin sett vol = mi settled volume of zooplankton

fMytilid Larvae, Bivalve Larvae and Cyprids are 100m™
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Table 3.8 (3) Results of multiple regression analyses for recruitment of barnacles into
substrates and zones, with pairwise deletion of missing cells. Significance: ***p < 0.001, **p <
0.01, *p < 0.05,

ns = not significant,

Dependent . Signif-
variable, fit of Independent _Trans- B By [ Tol. t Valid e
model variables formation i )
Recruitment of Const. -35.683 15.806 -2.258 *
C. dentatus Alg. Wind None -0.046 0.060 <0.062 0613 -0.775 907 ns
onto plates Acs. Wind None 0.261 0.131 0.233 0.287 1.999 907 *
Mean T None -(.084 0.031 -0.442 0.146 -2.707 740 *x
Adusted R? = T Anomaly None 0.109 0.091 0.098 0578 1.195 740 ns
0.091 Latitude None -1.444 0.611 -0.213  0.481 -2.365 907 *
F(7,226y=4.33 | Pkin biomass 4™ root -0.392 0.223 -0.225 0.238 -1.757 280 ns
p<0.001 Cyprids 4" 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 *EE
onto bare rock Acs. Wind None -0.146 0.107 -0.141  0.287 -1.358 907 ns
{Barnacle zone) Mean T None 0.108 0.025 0.618  0.146 4.251 740 bk
Adusted R? = T Anomaly None -0.196 0.075 -(.192  0.578 -2.624 740 **
0.277 Latitude None 1.338 0.501 0215  0.481 2,671 907 %
F(7,226y=13.78 | Pkin biomass 4" root 0.676 0.183 0422  0.238 3.696 280 *ax
p < 0.0001 Cyprids 4™ root 0.475 (.069 0.659  0.337 6.868 280 ok
Recruitment of Const. 63.883 10.615 6.018 ke
C. dentatus Alg. Wind None -0.166 0.040 -0.290  0.613 -4.144 907 kE%
onto bare rock Acs. Wind None -0.306 0.088 -0.356  0.287 -3.484 907 *hk
{Mussel zone) Mean T None 0.128 0.021 0.883  0.146 6.167 740 *hs
Adusted R?= 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 kak
F(7,226)=15.32 | Pkin biomass 4™ root 1.260 0.150 0945  0.238 8419 280 b
p < 0.0001 Cyprids 4™ root 0.434 0.057 0.723 0.337 7.663 280 i
Recruitment of Const. 16.448 17.840 0.922 ns
Tetraclita spp. Alg. 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 b
Mean T None 0.369 0.035 1404  0.146 10.545 740 rEx
Adusted R? = 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 | Pktn biomass 4% oot 1.122 0.252 0466  0.238 4.463 280 wkw
p < 0.0001 Cyprids 4" root 0.466 0.095 0.430  0.337 4.896 280 e
Recruitment of Const. -123.101 17.187 -7.162 *Ew
Tetraclita spp. Alg. 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 Bk
(Barnacle zone) Mean T None «(.149 0.034 -0.534 0.146 -4.426 740 bk
Adusted R? = 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 bl
F(7,2267-34.81 | Pktn biomass 4™ root -1.642 0.242 -0.640  0.238 -6.774 280 wEE
p < 0.0001 Cyprids 4" root -1.116 0.092 -0.968 0337 -12.178 280 e
Recruitment of Const. -119.158  21.850 -5.453 *aw
Tetraclita spp. Alg. Wind None 0.122 0.083 0.097  0.613 1.476 907 ns
onto bare rock Acs. Wind None 0.773 0.181 0412  0.287 4.279 907 hEE
{Mussel zone) Mean T None -0.188 0.043 -0.592 0.146 -4,395 740 EHE
Adusted R? = 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 ra
F(7,226)=21.43 | Pktn biomass 4™ root -1.701 0.308 -0.583  0.238 -5.521 280 A
p < 0.0001 Cyprids 4" root -1.174 0.117 -0.895  0.337 -10.075 280 b

B = estimate of the raw coefficient, Bss = standard error of this estimate, B = standardized coefficient, Tol. = tolerance value (Tol. <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 (°C), T 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.100m™) of all zooplankton
collected in the same month at the same inshore rock point as the recruitment data, Mytilids/Cyprids = density of mytilid bivalve/cyprid
larvae (100m™) 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 " Signif-
variable, fit of Indegendent Tran?- B Bge 1] Tel. t Valid icance
model variables formation n ®)
Recruitment of Const. -21.478 10.027 -2.142 *
B, semistratus Alg. Wind None 0.273 0.077 0413 0.233 3.531 907 HEk
into brushes Acs. Wind None -0.057 0.152 -0.058  0.134 -0.375 907 ns
Adusted R* = Mean T 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(6,22714.52 Latitude None -0.828 0.377 -0.138  0.803 -2.198 907 *
p < 0.0001 Mytilid larvae 4% oot 0.438 0.140 0.451 0.153 3.125 280 >k
Recruitment of Const. -3.332 7.509 -0.444 ns
P, perna Alg. 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 R?= Mean T None -0.114 0.014 -0.779  0.253 -8.099 740 b
0.454 T Anomaly None ~0.152 0.068 -0.179  0.368 «2.236 740 *
F(6,227y=33.27 Latitude None -0.227 0.282 -0.043  0.803 -(.804 907 ns
p < 0.0001 Mytilid larvae 4% 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 R? values ranging from 0.091 to 0.504 (Table 3.8a, b).
Adjusted R” 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 B (the standardized
coefficient); B 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
of barnacles 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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{a} Barnacle recruitment onto plates
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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 Chthamalus dentatus Tetraclita spp. Perna perna Brac.'hu'lomes
semistriatus
Relative recruitment  Low High Low High
density
Larval pattern Cyprids near bottom, higher densities inshore than No vertical pattern, higher densities
(spatial) offshore, no alongshore differences (bay/point, inshore than offshore, no bay/point
latitudinal) pattern, more larvae at Lala Nek and
Black Rock than other sites
Larval pattern Most abundant in spring and summer, less in autumn Most abundant in summer and winter,
{temporal} and winter less in spring and sutumn
Larval density Temperature (-), Phytoplankton (+). Larvae may be Temperature (+), Phytoplankton (-).
drivers transported shoreward by upwelling and internal waves  Larvae may be transported shoreward

by downwelling or relaxation of
upwelling

Spatial recruitment
pattern (sites and

Localities within sites are
different. No latitudinal

Localities within sites
are different; higher

Localities
within sites are

Localities within
sites are the same;

localities) pattern recruitment southwards  no difference among  the same; higher
sites; weak recruitment
association with southwards
adult stock
Recruitment peak Winter and spring/ Autumn/winter, Spring/summer, synchrony among sites
(temporal) summer, synchrony among  synchrony among sites
sites
Recruitment pattern ~ No recruitment into No recruitment into No recruitment onto bare rock or plates;
(substrates) brushes; no clear brushes; weak strong correlation between brushes and
association between bare correlation between bare  scouring pads
rock and plates; drivers rock and plates; drivers
differ among substrates are the same but have
opposite signs
Recruitment pattern  Moderate correlation between zones, drivers are the Not examined Not examined
(between zones) same
Recruitment pattern  More co-recruitment between taxa evident on bare Although recrujtment season is the
(between species) rock than on plates, but co-recruitment rare as same, individual brushes were generally
recruitment seasons are not the same for the two taxa dominated by one species or the other
rather than containing similar ratios of
both
Recruitment drivers ~ Plates: Across-shore wind  Plates: Across-shore Brushes: Mean temp  Brushes:
(significant (+), Mean temp () wind (-), Mean temp (+), (-}, Temp anomaly (-} Alongshore
independent Latitude (-) Plankton biomass (+), wind (+}), Mean
variables with $ > 0.2 Bare Rock: Alongshore Cyprids (+) temp (-),
or <-0.2) wind(-), Mean temp (+), Bare Rock: Across- Latitude (-,
Latitude {+), Plankton shore wind (+), Mean Mytilid larvae
biomass (+), Cyprids (+) temp (-), Latitude (-), )

Plankton biomass (-),
Cyprids ()

f = standardized coefficient from multiple regression analysis
+- = sign of §: indicates whether association is positive or negative
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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 ¢ycles 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. dentafus 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 of C.
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 7. serrara 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. dentarus 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 of 3-9 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 of barnacle 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 3.4a). 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 seftlement 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-settiement 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
of less than 10 km.

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 small 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 m? experimentally denuded plots at each of three sites
located 2-8 km apart in Dwesa Nature Reserve. In an eight-year study of T. serrata at 11 sites
spanning 200 km 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 all 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 7. serrata
into the uncleared barnacle zone in the Eastern Cape varied between 600 m™ at Mkambati and 7000
m at Dwesa (Dye 1992b). The maximum recruitment of Tetraclita spp. ranged 500-1200 m™ onto
bare rock and 400-1800 m™ 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.day™
(Ladah et al. 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 al. (2004) studied the monthly
recruitment of Chthamalus 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™.day™ in Portugal, and C.
stellatus varied between 0 in Portugal to 81 m”.day” in NW Spain. Mean C. dentatus recruitment
fell within values for C. stellarus 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 of Chthamaloid barnacles onto plates
identical to those used in my study varied significantly among both sites and years, ranging from 0
to 2300 m™.day™. 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 (Ryeq = 1.64 +
4.02*Ryna) 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?.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™.day™ at most sites in my study. Using the linear regression formula from the correlation
analysis (Repuy = 0.1393 + 0.3061*Rg,,), 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 Chuffy™.day™, 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 ater similarly did not result in it out-competing the invasive Mytilus
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aalloprovincialis Tor adull habitt (Rranch and Slefan 2004). Throughaout my study, I
semrivtricns recouiled insignificantly higher densides than £ persg, but adult beds of B
senistriotuy were much rarer an the shore, and never existed without al least some adult £ perna
amneng them (pers. obs)). Lasiak (1999) reported that rocky shores adjueent 1o the Mianbali Nalaee
Reserve in the Fastern Cape. which had been denuded of P, perag, beeame numerically dominated
by B, semistrictus. B, semistriates, like 5. algosus, may therefore be a “weedy” species that exploits
disturbed habitats, but does not persist well as an adul slock, relying an high recruitment levels,
dispersion and the colonization of disturbed habitats, rather 1han an the intergencrational stability of

lesa- lived adults in mature musse] beds, fo mainiain its presence in the inertidal envirenment.

Lffects of tntertidal zone

Comparizans of Testuilment belween rones wore limited o the 1wo barnacle species on bare
tock, as no other substrales were situated i bolh wones, and muossels fatled 1o recruit on bare rock,
Althoaal the matched-paies t-tests indicated significantly more reeruitent inwe the Barnacle zene
than the mussel zone { Table 3,53, the effect of zone wis redoced 1o noo-significance inthe
AMNOY As (Table 34c). and rhe [evels of recroitment dnthe haraele wone were temporally
correlaled with those 0 the musse] cone. Dyve (P98 menitored the recruitment of barnactes into
undisturbed and pericdically denuded (125 nt® plots in the upper and fower balanoid zones af three
sites ower 13 years al Dwesa, and showed that recrotimen raes B bodh O dentetus and T, serraia
cenerally fell within the same arder of muagmitude inw all plots, with ne clear pattern of denser
racTuitment levels in either wone or onte either freatment. As adult barnacles are less dense in the
mussel zane than in the kamaele wone (pers. obe ), this implics that althoogh receuitment is
approximately ool inbath cones, post-recroiunent mertaliny elimiwstes more barnacles in the

mussel wone (Connel| J985),

Effecty of substrute

Substrate was more nportant inexplaining barmacle recruitment rates than sone. The
correlalion belween recrudment ome hare enck and plates tor Teraeling spp. 10 the barnacle wong
was positive and sigmificant, but weaker than that between the two zones for bare rock, For
dentenus. Lthe relationship between recruitment onto bare rock and plates wies even weiker, and in
ane case Tt significant. Additionally, the recruitment of the twa taxa on plates was nepitisely
correlated, indecd nearly antually exclusive, bul was positively correlated on bare rock in bath Lhe
mussel and the barnacle zenes. Subatraiim strucrure has often been teparted ta explain zettlement
wiriability in barnacles (Crisp and Barnes 1954; Crisp 1974; Chabaot and Rourgel 1988 Herbert and
Flawkins 2006), as well as differences in post-recruinment survivorship and thus community
structure {1lerbert and Flawkins 20000, and cyprids have @ demonsteated prefecence for relatively

simeoth over tough surfaces, but nel over those that are fotallv smaooth (Crisp and Bacies 19354
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Anderson and Underwood 1994; Berntsson et al. 2000). The material of the 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 (Helcion concolor or Cellana 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
natutal substrate to understand the relationship between the arrival of seftlers 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. 1
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 1 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 plétes 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. denfarus 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
3.8b). The identification of larval-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 turn, 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 Tefraclita 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 Emiet 1997; Almeida and Queiroga 2003).

Role of shoreline homogeneity in spatial and temporal recruitment patierns

In Chapter 1 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 Maputaland just 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 al. 1991a; Wing et al. 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 of KZN, 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 subaduits and adults (i.e. individuals >
5 mm) equaling about 5 m™ and mean cover equaling about 3% (Chapter 2, Figure 2.15). In the
non-exploited area of southern Black Rock, mean densities reached 15-25 m, 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 1, 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? and 25% cover in the exploited areas and 110 m™ 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 1). 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).

104



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 al. 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 al. 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 of the 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 Tefraclita
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 1, 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 of a 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. semistriatus 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 al. 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 (Kinlan 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
(Kinlan 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 al.
1998; Gaines et al. 2003; Lubchenco et al. 2003; Mumby et al. 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 al. 2003; Shanks et al. 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 al. 2002). As a result,
Strathmann et al. (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; Warmer and Cowen 2002; Branch and Steffani
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 al. 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 of propagule 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 (Kinlan 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), life history
parameters (Grantham et al. 2003; Carson and Hentschel 2006), 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 of these vary with inter-annual fluctuations
in the oceanic environment (Connolly and Roughgarden 199%a; Marinovic et al. 2002; Navarrete et
al. 2002). Of course, the relative importance of these factors to local communities will vary ina
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 1, 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 of the 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 1-km resolution Advanced Very High Resolution Radiometer (AVHRR) 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 KwaZulu-
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 1°C 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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scelected daty from Chapters 2 and 3, this study examines the roles of meso- and smull-scale
hydradymamite Rreing on recruiiment dynamies. amd the connestedness ol mocky shores mthe
MME, in three parts. Fiest, 1o dispel the hvpothesis that the Aguolhas Current dominates nearshore
dymammics in areas with nacrow continental sheives, which would effectively eliminate any means of
retentiom along the coast, the role of meso-scale forcing on nearshare currents and recruitment
patterns was investigated at the seale of the Agulhas Current using remote sensing, Secomdl,
negrshore currents were measured and examined in relalion o coustline shape angd wind angd odal
torcing. These empivieal messurements were then osed to ereate s mdel ol along- and across-
shore dispersal for pussive dreiffers. This seelon ol the MMR Calls bath inan out of sanctuary
Fomes, byt The entire coasl and he sdjscent Bost Bay Estuary are subject 1o subsistence-ievel
harvesting of nany mveriehrale species meluding the muossel Perme perer and the tunicate M poaea
stadomrtere, as well ws Osh Ky le et ul 19972, by Kvle 1999 The outcomes of the model are
therelore relevant 1o the management of cocky shore organisims with complex lifestyles; three
examples of is potential use tn recommending spacing of sanctudry areas for the munugemenl of

rocky-shore fisheries within the MMR are provided at the emd ol this chapler.

4.2 METHODS
Study Area

Lwnching constrainls wnd bathymetry of 1he nearshores area ol the Maputaland Murine
Kueserve (MMR )Y ure desenbed in Chapter 2, und the geomorphelogy of the rocky shores, meluding
the specral characteristics of Black Rock, the headland at the center of this study, m Chapter 3. The
continental shelf s generally narrow (2-7 km) with a shelf break depth of 45-112 meters {Martin
and Tlemming 1%358). ) paritioned the inner shelt inte five #ones (Tigure 4,43, The first three
zones, which comprise the nedrshore, are the swash (0-30 m from shore), the suef (30-100 m) and
the region just behiad the surf (100-150 m) Inthe buys, where sand bars create 2 seeond surt #<one
hehind the fiest, two acaditionsl cones were neluded -- the second surf wone (125-150 m) and the
repion behing he seeomd suet wome (| 50-200 mo. The final b cones are the inshare (200-350 m
Uriom shore, depths of 7-12 o and the ofshore (G50-800m, 12-18 m deep).

Mluputalund 15 microtidel (= 2 m tidal range) und experiences stoctn surges = 2 m
approximately onee annually {(Mitchell etal, 20050 Tidal currents are small and thought to have a
miner influence on coastal processes. Ulsimg 30 yvears al ship data from the South African Data
Centre for Qeeanagraphy (SADCOL Mitehell eual (20057 reporl seasonal mewn swell conditions
that vary hetween southerly and south-casierly (Msary 140 direction, 1.6 m hegsht, 6.5 s period;
Talv: 1707, 1.9 m. 7.8 5). Winter sautherly swells refract strongly, producing northward swash- and
surt-wome wlomgshore currents, These currents are pulsed. with storm swells of Cape origin armiving

approxinately weekly, lasting 2-3 davs ol drivine alospshore nordoaird cureents exceeding
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| m.st. Using the Enguelund-Tredsoe equation. Mitchell et al. (2003) deduce that ulonushore
swash- and surl-zone currenls gre energetic, and cun mobilize a northward “river” of sand. greater

thar |7 m” per year.

Fiofd-based environmental meusare menis

Current speed wnd velacity tn the inner shelf zones were measurcd thrae waws:
videouraphy, dragpues, and ADCT (Table 4,13 at various depths during lour Geld trips of four
canseeutive days. two in 2002 and 2003, one near the begimning und ome near the end of the £

peraa spawning period o the east coast ol Sauth Africa {Berry 1497815

Table 4.1 Current measurement types by zone

Lone Video Druzue AT
Water depth All 2-15m 17 m
Mensurement depth Surface S 2-10m L-lEm
Swash X

Farst surlaoone x

Behicad first surd zone {bavs onlvy X

Second sl sone [Rays only) X

Behind all sucl 5

[zt X X

LM Tshuare X o A

Carvan nnearennney uxing videosraphy

Following metheds developed ducing a pilat study (den Oudendammer 2003, Hlming of
surlape waters ook place at cach o sevea sites (Table 4.2). recording for |0 minutes at hree
spectficd tmes an cach day at each of theee angles 1 2002 and four angles in 2003 {Table 4.3,
Frgure 4,53, The video footage was then used to measure the velogity of the surface laver of the
water in each of the nearshare zones using a keagranr or time-stack. The use ol viden-based visual
tme=sincks Lo sludy hydrodvnamics an small und medimn scales 1= a relattvely now trend in
nearshore vecanography. The method, vsefulness and aceuracy o the teme-stack method foe
alompshore current measurcments (rom w single, fixed location have been recently descrebed
{Chckadel eral 20037 My study exends this method 1o ivalve moltiple camecas filming
simulteneously Moom several fixed lecations, giveng an array of current speeds spanning a
substantial section of coast. Medifications and extensions of the methad described vy Chickadel et
al. {20037 are detailed in Appendix L. Videographic methads for measurements of surlace currems
are partreularly valuable for investigations la isolated wreas such as the Maputaland Marine Reserve,
whoere locatian, access ty electricity, cost, cquipment security, the need far verv-nearshare current

measurements and other tactors prohibit or exclude more pennanent and costly oplions.
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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" 5,32°50'57.1"E 52 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 Drogues

Date s'tl;i:i:. Filming angles Start times Sites © %?:t‘;l!;n(l;';t llzll(;:)igt):: [
17Sep02 M NEESE 0201300 | DB-D BRP, 7,14 510 20
18 Sep 02 M NE, E, SE 10‘0105*: (1)3:00, PREIDDC 18,1416 5,10 27
19 Sep 02 M NE, E, SE P00, 12:00, | DBILDBC 28,14 510 20
20 Sep 02 s NEESE o0 K00 | DBS BRE, 7 2510 8
1 Dec 02 M NEESE  OO%IH00 | DR BRE 7 510 20
2 Dec 02 s NE, E, SE 9’0‘1”5:102600’ D%’?ﬁ‘?gp ©10-11,15-16 5,10 12
3 Dec 02 s NE, E, SE vt CRB;IS”];)I{;; DB- s 510 10
4 Dec 02 $ NE, E, SE FOLIE% | DR,DPN 12,1516 510 12
23 Aug 03 M NEI?EESI;E 9‘0‘1)3 }02(;00’ DB-S 15 5,10 6
24 Aug 03 M Ng‘fEESI}E 9‘0‘1)’5 :132600’ DB 10, 15 5,10 6
25 Aug 03 M NS,EEE;E %09, 12:00, DB 10, 15 5,10 2
26 Aug 03 $ NSSEEE;E 9:00° DB 10, 15 5,10 16
23Nov03 S MEsesr e | PPhes 1015 2510 12
24 Nov 03 s Nhsese” e | PPhas C 1018 510 12
25 Nov 03 S NESEEE%E 1000 a0, | DPRLDBC 015 2510 10
26 Nov 03 s N§§EESI;E 9:0‘1)’5 :102600’ DBE‘II{’PI?S'C’ 10,15 5,10 14

® Tide state: S = spring tide, M = midway between spring and neap

® 12:00 and 15:00 filmings cancelled due to high winds.

“ 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, collected 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. ©
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, © 2004 Dezhang 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 50 cm wide reaching to three depths (2, 5 or 10 m) 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 surf backline, generally in depths of 7-10 m. Drogue velocities were calculated by
recording drogue positions and times at 10-15 min intervals using a boat-based Lowrance LCX
1SMT 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 50-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”’ (20 min ensemble interval), 22°C, 35 ppt salinity, 350 pings.ensemble™ (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 111 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 afier 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' §,
32°34.983'E, 61 m altitude), which lies 8 km west of the coast and 35 km SW of the 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™)

using the formula

where Hj is the tidal height at the beginning of the 1-hour time bin in meters, H, 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
1-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.

115



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 for mostiy-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 of intertidal 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.’

Plankto-

. . ”
Species PLD Comparison spp. trophic? Harvested? Reference(s)
Balanus amphitrite 11-15d at 20°C .
(striped bamacle) 1322 d at 30°C - Yes No (Anil et al. 2001)
Fissurella spp. .
(keyhole limpet) 114 Fissurella volcano No Yes (Grantham et al. 2003)
Hanthyrsus pennatus 494 Sabellaria cementum  Yes No (Grantham et al. 2003)
(reef worm)
Perna perna : . (Hicks and Tunmell
(brown mussel) 15-20d Yes Yes 1995)
Pyura stolonifera g . (Griffiths 1976; Castilla
(red bait tunicate) 2-35h No Yes and Guifiez 2000)
Scutellastra pica 21d Lottia spp No Yes (Grantham et al. 2003)
(limpet) ’ ‘
Stomopneustes Strongylocentrotus
variolaris (pot-hole 35d,60d droebachiensis, Yes Yes {Grantham et al. 2003)
urchin) Lytechinus anamesus
Striostrea
margaritacea & ,
S ot 7d Ostrea lurida Yes Yes (Grantham et al. 2003)
(oysters)
Tetraclita squamosa 6-8 d from .
rufotincta (pink naupliar stages I - No No gl;;rlnes and Achituv
volcano bamacle) to IV )
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The foliowing 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, unpubl. 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.

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. Drifiers 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 of 0.5-1.0 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 surf zone 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



depths of the water column, (b) the drifter always remains in the surface, (¢) 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 ().

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 first 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 4.7¢-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 3.5°C 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 figures, with cooler water inshore and
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warmer water offshore, while images with strongly negative loadings resembled their inverse, with
warmer water inshore and cooler water offshore. -

In Chapter 2, 1 concluded that wind-induced onshore or offshore Ekman transport could affect
subsurface temperatures in the nearshore environment. The structure of the S8T 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 determine whether coastal
wind primarily explained the variability in SST patterns, either by Ekman transport or wind forcing.
However, wind was only weakly associated with S8T variability. For the summer season (Table
4.5a, Figure 4.8¢), 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 1 was correlated more strongly with winds (Tables 4.5b and Figure 4.9¢), 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® SD r’° ) p
(a) Summer Same-day mean alongshore wind 1.888 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 0313 -0.109 35 ns
Same-day mean subsurface temperature 24.037 1.807  0.098 21 ns

(b) Winter Same-day mean alongshore wind 1.901 1756  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 0.118 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 0449  -0.542 26 **
Same-day mean subsurface temperature 24283 2099  -0.624 i5 *
® Positive alongshore wind is upwelling-positive (NNE’ly), positive across-shore wind is onshore,
® 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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recruitment density, but the relationships were never linesr. Recruitment of the mussel . perma
hadd 4 hump-shaped relationship with Factor |, bul the majority of rectuitment events cecurred in
months with positive Factior 1 toadings (Figure 4, 1000, which resembled the iinage io Figure 4.8a.
with cooler water inshore and a linear longitudinal pattern o 55T, Recraitiment of the marnacle (.
dewmtatuy onto barve rock in the barnacle zone and recruitment of the mussel B, seanfstriats into
brushes were approximately cqually well explatned by the meso-scale pattern of S5T. with
receuitment of bath species lalling i months with positive Factor 1 Joadings (Figure 4, 1003,
Recruitment of © denratey onto plates or bare rock in the mussel zone was not significant]y
explained by any of the tirsl three [aclors from the EOF analysis. Recruitment of the bamacle
Teeractita spp, in winter onto both subsirates {plales and bare rock) and in both wones (mussel and
burnacle zone) was best explained by Factor L, with the majerity of recroitinent vecurring with
negative Lacrar loadings (Frgure 4100, Satellite iimages with strongly negative loadings for Factor
| more resembled the inverse ol the mage in Figure 4.9, retaining the tinear shape but with

warmer surface water inshaore anid cooler waler alizhaore.

Processes driving cirrents

Wind, vidal height and tidal velocity on the dates of current measurements ate presented in
Figure 4.1 1, Alongshore currenls were it strongly comelated 1 alongsheee wind {n= 14-132,
b= {L36-0.83. p = 0,05}, whilte across-shore currenls were niosl strongly comelated e Lidal velocity
(n— 2530, 71— 0.37-0.56, p = 0058 Alongshore correnls behind the surl wongs were negativety and
significantly correlaled with the alongshore wind crenponent (surlace: 1= 126, r= .38,
g L0015 S-modeptle n= B3, v = =078, p= 000 L E indicating that the wind and sueface water
flowed in the same direclion. Alongshore current veleetties in the swash and suef zones were not
significantly correlaled with gither along- or acress-share wind. Across-share surface currenls in
the inshare zone were positively associated with atongshore winds {n — 252, r = 0,15, p = 0.05),
indicating a shight offshore Now in ctherly winds, Faor both aleng- and scross-shore currents, the
strongest correlations [or the surlace currents were at sharter time intervals (same-hour o G-hour),
while the strongest carrelations [or the subsurface currents were at a langer ([ 2-hourd time interval.
Alongshore current was vnly associated once with tidal velocity and never with fidal range. Across-
shore curtenls were more strangly and signiticantly correlaled with both tidal velieeity (neegative
association, strongest al 5-m depth, bath inshare and atfshare} and tidal ramge (positive asseciation,
sirangest at 2-m depth. offshore). Detailed methods and resulls for these investigalions are

presented in Appendix 2.
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fnner shelf hvdrograplo and cirreat variabifity

The first three factors ol the EOF analvsis al sorface and subsorface alongshore careents
deseribed g comulalive 78% of the varishilily (Figure 4121 These plots describe the refative
current specds, or shear, incach cuse, oot the actual current directions. Tor example, a current
structure Lhat falls strongly positive for Tactor | coutbd have currents all lowing southward., but with
a sheared flow, such that the nearshore currents are much stower than the affshore anes, 1n all three
cases (Factors |, 2 and 31, the subsurface currents were coherent. Aowing cither “southwards” or
“northwards® relative to the nearshore cumants. Curent measurements in the very nearshere limost
always opposed the dominant subsurface allshore dircctions. For Factor 3, relative subsurfice
current spaeds were highest at Black Rock.

Cach day and time of current measurement was plolled aecarding woils Faclor 1 and Ductotr
2 loadings (Figure 4,13), The current measuremenls were compared o satelie images from the
day closest to that an which the currents werne emeasared. OF these Tour images, three had posimve
Factor | loadings (19 Septetber 02, 14 Decerber 02 and 1 December 03 1, while the fourth (146
Angrust 931 hud @ negative Factor 1 loading in the EOF fior hoth the whetbe data set and for the data
sphil inwe sumimer and winter seasons. in the plots ofthe current velocity factors in Figure 4,13, the

Augrust 2003 velooity measurements were sel shiphtly apart from the other dates.

Larved density and alongshore current speeds

When the densities of meroplankionic larvae were compared with along- and across-shore
current speeds on the day of sampling (Takle 4.6, cyprids emerged as negatively related 1o
alongshaore currents (Figure 4. 14ah. indicating that they were most dense in faster. soulhward-
flowing subsurface water. In contrast, the toal zooplunkion poot was denser in nerthward-flowing
waler, although this relationship was never significant. There were few significant relationships
hetween meroplankionic larvae and across-shore currents, and the sign ol the retationship varied
ameng faxa, wones and depths, Cyprids were always negatively associated {eogz. Figure 40140,
indicaling higher densities inwater Nowing Wwards shores Conversely, the zooplankion pool wis
tlenser in anshore-Mowing surfsee waler and ollshore-bawing deeper water, Matilids were not

sigmilicantly related fo either aloneshore or geress-shore carrents (e.z, Figure 4.14¢,d),
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Table 4.6 Correlations between larval densities {Chapter 23 and along- and across-shore
current speeds at depihs and within zones. Corvelations between eyprids and surface
caorrenls wore ool wested (X, as eyvprids are penerally not fonnd in serface waters in
Maputaland {Chapter 21 *** p < [LOOL, ** p < LB, * p <005, px — wot significant,
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Phispersal modely for arestly-poassive drifices in Mupatelond

Histozrumns of the cmpitical currenl velogites in cagh deplh and come for all mewsnrement
days are prescnted in Figues 4,130 §n the swash and Oest surlzones, currents were generatly low-
specd and northward. [noabf ather wones und depths, hoacver, currents were cither evenly
distribwred between northward and soothward or were predominantty southwanl. For the inshore
and offsheore surface currents, the distributions were slizhithe bimedial, with Teser measurements of
lorwer crrerent specds than of intermediate ones. Muximwn speeds increased with distanee olshore
iwnd dacreaszed with depth,

The mujorily of drifters in the mode] traveled sauth atter their release, although some did
travel narth 1 all Tive scenarios ondlined in the methods (Ficures 4206 and 4,173, The maximum
soethnvard distances were approsiimiately Tour nes Lthe northward, The standard devistions and
maxnmutn distances beeane larger for particle< will longzer BLIDs (Fleore 4,077, and the model
resilts far particles with longer PLDS were mooee nommally distriboted (Fgoee 3016000 For pattictes
that remained in the middle of the water calumn, seenacio (B mean (= 5130 dispersat vibues for
parttcles of 10 and 22 d PLDs were 36 £ 25 and 95 + 56 kim 1o the sonth, respegtively, whils values
tar partictes rematning enly at the surface, scenario (s, traveled Garther (43 £ 90 umd 116 £ 227 km

Lo the south. respectively . Thus, remaining inmiddle water depths appeats 10 [imil dispersal
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distance and alzo allows fewer particles to travel north, while remaining al the surface vastly
increased dispersal and allowed a higher percentage of norihward ravel (Figure 417}

Mligralion belween lavers (seenarios -od did not comsis<tently result in intermediate
dispersal distances. The shorlest dispersab distances were for particles migrating between the
middle and boltomn Tayers (30 £ 22 und 81 £ 48 ki to the south, respectively), and dispersal
distances were comparable to those n seenario (ab for partictes migrating through the middle and
top tvers (scenario ok, 50+ 4% and 112 £ 100 km ta the soulh, respectively, amd thrugh sl three
lavets (scenario g), 16 £ 47 and 122 + 114 ki to the soulh, respectively,

Dispersal distance wias very sensitive 10 the numher of nearshore Toops, as reention in the
nearshare prevenled particles from juining the laster (and more southward-Tlosvng) offshoee sueface
andd henthic currents, bt the relationship belween ninnber of Toons and 1the mean dispersal distancs
was ncarly lnear (Fipare £,1707. The number of partictes that remained within one kim of the
headland where they were released (Les fselt-recriiting )y was very Tow (2 3%, even whan a high
poereettace ol particles were entrained i the nearshore, but was never zers Galways = 0.5%), oven

when the nuwnber of nearshore loops was reduced to 0-1 (Table 4.7).



Table 4.7 Retention of passive particles in model,

D Drifter Near- Retained
Scenario epth life span hore in Self
p 8 oo
offshore recruiting
{days) loops nearshore
(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 27N
migrating 13 2.02 1.57
between 16 0.70 0.88
surface 19 0.00 0.51
and 10 m 22 0.00 043
{d) Vertically 10 1-4 4.87 3.05
migrating 13 2.02 1.73
between 16 0.70 0.99
Smand 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 0.88
full water 19 0.00 0.52
column 22 0.00 0.40
1$1) Vertically 13 0-1 0.00 0.55
migrating i3 3-4 4.07 2.63
through i3 6-7 18.01 7.37
full water 13 9-10 2747 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 S8T 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. 1991b). 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 Perna perna Brachidontes Chthamalus Tetraclita s
p P semistriatus dentatus PP
Recruitment Substrate Brushes Brushes Bare Rock & Bare Rock &
Plates Plates
Recruitment season (Chapter 3) Summer Summer Summer Winter
Associated recruitment For all species, seasonal effects were more important that temperature-related
processes (Chapter 3 events on shorter time scales
Associated larval processes Bivalve larvae more abundant in Cyprids more abundant in cooler
(Chapter 2) warmer water poorer in phytoplankton water richer in phytoplankton
Factor 1 important (inshore Yes (str
water flows from Mozambique Yes Srong Yes* Yes
Channel) association)
Loading on Factor 1 is positive
{cooler coastal than oceanic Yes Yes No No
water)
Factor 2 important (inshore
water from Mozambique No Yes (.“?ak) No No
Channel is blocked) association
Loading on Factor 2 is positive
(cooler coastal than oceanic - Yes - -

water)
* No relationship when settling on plates
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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 predomihantly 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 of temperature, 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 all 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 of the 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 parallel 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 EOF 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 of a 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 al. 2002, 2003¢; Shanks and Brink
2005). To predict the along- and across-shore advection of larvae 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 al. 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;
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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 of a 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 models for mostly-passive drifters in Maputaland

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 of larval 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) of larval 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 I 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™, 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 sumnmer (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

130



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 of meroplanktonic 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 of a 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 of meroplanktonic 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. (1997a) argued that harvesting levels were sustainable, as the catch per unit
effort of key organisms such as Perna perna, as well as oysters Striosirea margaritacea and
Saccostrea cucullata and the tunicate Pyura stolonifera 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. (1997a), 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 Delagoa bioregion (i.e.
north of Sodwana 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 PLD, 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 PLDs (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 PLDs 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 of particles 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

133



particles with longer planktonic larval durations had proportionally fewer particles that were
transported upstream (Figures 4.17 b-e),

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 km
in diameter and spaced < ~20 km apart, resulting in a conservation target of 25% 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 (PLD) 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 4.16¢ and 4,17¢) had mean (& SD) 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 PLD 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 4.16¢
and 4.17¢) will have mean (= SD) 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 (x 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 cyprids 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 all
harvesting. In my model, barnacle propagules were estimated to disperse, on average, 5 ki 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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4.5 CONCLUSTON

Rocky shores in the Maputaland Marine Reserve are connectad. and this connectivity is not
unidirectienal. 1owever, the movement of propagules that @merge from the nearshore environment
will be generally southward, Estimating the connvctivity of rocky shores enhances aur
understanding ol papobution dyoamics and improves onr alilily W proteet mnd conserve both
individual =pecies and communities. However, this first requires knowledee of linkages and how
they are sffected by beth local and meso-scale phenomena. In this chapler, inshore currents behingd
the surl wone were predominantly (bul net exclusively) southward, Meso-scule hvdrography was
found 1o influence tarval supply, as the varying confluence of the three water masses that create the
Agulbas Current probabsty controls the arcival of larvae from coastal Mozambigque. Howewer,
stualler-seale processes such as gurrenl speed and direciion on the itmer shebl were strongly
influenced neither by the source of the upstream water tasses nar by the proximity of the Aoulbuss
current, but rather by wind and tides, This is consistent with patterns seen in other ncarshore
swsletms throngehaut the worhd.

Although shedred currents were commar, there was liltke evidence al retentive eddying
withio the shallow s, When empirical corrent measurements in the nearshore aones wene nsed fo
produce a Lagrangian model of Larvil dispersal, bswever, dispersal kernels provided evidence for
ncarshore retention, self=recrinitment and apstream advection despile a predominant soullvward Tow.
These models ¢in be used W steategicil by plice nielake areas within the comment Mapotaland Marine
Heserve protection scheme, and some examples of their application are provided in this chapter.
[he establishment of no-take areas, in conjunction with contrels in the harvested areas, would
incredse the spawner blomass af targeted animals, augmenting the density of propagules to areas
thal remain open to harvesting, with a further advantage being the provision of baseline area tor

education and research,
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SYNTHESIS

In this thesis, [ 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 al.
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 al. 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 (Steffani 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 6-8°C 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 musse! 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 temporaliy 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 Delagoa 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 | 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 all 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 al. 2004; Vargas et al. 2004; Shanks and Brink 2005). In Chapter 2, two onshore-transport
mechanisms were identified in Maputaland: upwelling and internal waves. Of these, 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 2.
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. Usinga
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 of mytilid 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 for the conservation and management of mussel stocks in southern Africa

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

140



this mandate effectively, regions should have different management strategies. In Chapter 1, 1
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 of the 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 all 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 small 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 southem 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, 1 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 of mytilid 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 all 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 of the videographic method was undertaken prior to the data collection
presented here. From 12 May to 12 June 2002, videos of the 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 1-pixel wide and of
varying length, were then positioned in the sampling window (Figure A1.1a) 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 backline 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™* for current speeds ranging 0.05-1.5 km-h,
Keograms whose timing fell below 450 or above 850 ms-frame™ were re-set and re-run. Examples
of two time-stack keograms and marked ‘signatures’ are presented in Figures Al.1b-e.

The alongshore and on/offshore components of the velocity of three replicate signatures of
the selected feature were calculated using a series of variables and constants (Tables Al.1 and A1.2)
that were compiled into a software algorithm called the Keolmporter (v1.0, G. Fouche, K. Reaugh
and G. 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 Al.1 Variables used in keogram analysis

Variable Definition

Ad = d; — dy change in distance of signature (this is the distance traveled by a signature on vertical keoline),
negative value indicates movement southwards, if top of keoline is to the north
AR change in range of signature (this is the distance traveled by a signature on vertical keoline), negative value
indicates movement away from camera
At I~ &
Ad slue angle of one pixel on horizontal sampling line
AB® angular dip - the angle that subtends one pixel in a vertical keoline
C; column number i in keogram (one pixel wide)
Cr column of end of signature
C; column of start of signature
d distance along horizontal keoline from centre to feature (m)
dr distance to end of signature
d; distance to any pixel i from the centre pixel of the horizontal keoline
d, distance to start of signature
H height from Mean Low Water Springs, in meters
H, calibration point height
H, video camera height
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Variable Definition

Le latitudinal distance between camera and feature, in meters

L, longitudinal distance between camera and feature, in meters

n number of pixels in the whole original picture

ny number of horizontal pixels

ny number of vertical pixels)

Pe centre row of the horizontal keoline

pi number of pixels from centre of horizontal keoline to feature

P, width of picture on the screen

P, height of picture on the screen in mm

range (horizontal distance from camera to another point), in meters

r pixel row in keoline (denotes an individual pixel; the top pixel in the keogram is always 1)
R, range to cal point

re row of cal point

R, range to end of signature

ry row of end of signature

Ry range to horizon

r row of keoline that crosses horizon

2 any row in the keoline

Ry range to keoline

R, range to a pixel in question on the horizontal sampling line
Ry range to the pixel at the end of the signature in horizontal keogram
Ry range to the pixel at the start of the signature in horizontal keogram

R, range to start of signature

g row of start of signature

Por central r of the signature
SR sampling rate in ms/frame

¢ time in decimal hours

& time at column number i

i time at last column of signature

t time at first column of signature

v, velocity of the signature as measured in the vertical keoline (radial component)
Vi velocity of the signature as measured in the horizontal keoline (azimuthal component)
Vig velocity of the signature using combined radial and azimuthal components

Vv camera angle, in degrees { = angle measured by videographer in field plus/minus declination)
7 actual direction in degrees to feature
Vsig bearing of the signature with relation to true north

é slue angle, angle from center of horizontal sampling line (which lies on the vertical sampling line) to feature, in

degrees

ds slue angle to end of signature

Js slue angle to start of signature
Orig angle that subtends the signature in the horizontal sampling line

¢ dip angle from horizontal line from camera to another point on the ground, in degrees
6, dip angle to cal point

ér dip angle to end pixel (row) in the signature

A dip angle to horizon

[/ difference in angle from horizon to cal point

g; dip angle to some pixel (row) in the signature

G, dip angle to keoline

O difference in angle from keoline to cal point

4, dip angle to the start pixel (row) in the signature

Gy central ® of the signature ( = 8(s) - 6(f) )
Bug angle that subtends the signature
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Table Al.2 Constants used in calculations

Constant Definition

a equatorial radius of the earth = 6378140 meters
278 subtends 98794 meters
32°E subtends 111096 meters

Coastal Imaging Geomeiry:

Use the camera height to calculate the horizon dip angle (preferred method)
6 can be determined trigonometrically (Figure A1.2):

a
a+H,

Hv=cos‘1( a )
a+H,

Use the camera height to calculate the horizon dip angle (alternate method)
Assume L = R, (Figure A1.3).

1. cos G, =

2. @+ Rt = (a+ H," (Pythagoras)
Ry = 1/2aHv +a’

3. tan9h=—h
a

6, = tan’! (—Rii)
a

Calculate 8,, 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. ALat is a change in latitude measured
in degrees, and Ay is a change in latitude measured in meters; ALong and Ax 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 A1.4)

4, Alat,, = Lat, - Lat,
5. Ay, = ALat,. - (98784m)
6. AlLong,. = Long, - Long,
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Figure Al.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 = R, (alternate method)



Figure A14 Variables used in the caleulation of velocity for the vertical sampliog linge

Figurc ALS Variables used in the caleulation of velocity for the horicontul sampliog line



19. AR =R, ~ Ry
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, y,= 28
At

Calculate the latitude and longitude of the centre of the signature measured. Find the average
distance from the camera to the signature in meters:

Rs+Rf
2

21. R=

Calculate the difference in latitude and longitude in decimal degrees between the signature and the
camera

R-cos(180—
22, ALat,, = cos(180 - ) , negative result is movement north
98784m

_ R-sin(180~y)

= ALorgss = 1 1096m

, hegative result is movement east

Calculate the latitude and longitude of the signature

24. Lat,, = Lat, - ALal,g

25. Long, = Long, + Alongg,

Use the horizontal keogram to get the azimuthal component of the velocity vector. Assume that
pixels are square, and therefore let AG = Ag. Calculate the bearing, relative to true north, from the
camera to the start and the end of the signature (Figure A1.5).

26. Y= Yo+ (Pc—ps) - AC

27. Y= Y»+ @e—py Ao

Calculate Ad, the distance in meters that this change in bearing for the distance traveled by the
signature subtends:

28. G, =A0-(ry—ry+ 6,
H
29 R/, = *
tan &,
30. Oug=(rs—rp Ao
31 Ad = R, - tan o
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Calculate At for the signature following formulae 13 and 14.

Calculate the azimuthal velocity component for the signature:

32. Vh e

Calculate the latitude and longitude of the signature.

33. gi={ri—r) Ao
34. di =R tang,
- d,+d;
3s. d =
2
2 -—72
36. Rsig = Rk + d

Calculate the difference in latitude and longitude in decimal degrees between the signature and the
camera
R, -cos(180~-7,)

7 At = e T8am

, negative result is movement north

R, -sin(180-y,)

. Abongss = =1 T096m

, hegative result is movement east

Calculate the latitude and longitude of the signature as per equations 24 and 25,

Find the velocity vector of the signature using V, and V),
If the signature is a round object, such as a bubble raft, this equation should be used:

39. Vig = Vi’ + V/?

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 of a boat, then this alternate formula should be
used:

40. —_—— i —

Calculate the bearing of the signature with relation to true north

v,
41. Psig = 90 -tan-y%'

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, StatSoft, 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, Uy = 0.789 +
0.189 * Ugg). 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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Figure A2.1 Alongshore median current speed (positive is northwards), all stations combined (m.s'1),
50th percentile (box), 90th percentile (whiskers) and outliers (dots). Data are presented by zone and
water depth. Surface currents were measured with video, sub-surface currents were measured with
drogues.



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 A2.1 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 = Pearson product-moment correlation coefficient. The value for p was
accepted or rejected using a sequential Bonferroni procedure for multiple testing (o = 0.05, ¢
=), * test was significant at the adjusted level, ns = test was not significant.

Data type Video Video VYideo Drogue Drogue Drogue Drogue Drogue
Depth Surface Surface Surface 2m S5m Zm Sm 10m
Zone B:::';.d Inshore Offshore Inshore Inshore Offshore Offshore Offshore
Video Surface Behind r .4333 1862 - - - e -
surf n X 41 22 1 2 1 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 ns ns ns
Video Surface Offshore r | .1862 4349 - - s - =
n 22 124 X 0 0 0 1 1
p ns *
Drogue Zm Inshore r - 9973 - 5908 9912 9834 9585
n 1 3 0 X 8 5 5 5
p ns * * * *
Drogue Sm Inshore r - 6102 e 5908 5926 9789 9622
n 2 4 0 8 X 5 14 15
p ns * * * *
Drogue Zm Offshore r . 9981 . 9912 9926 X 9942 9752
n 1 3 0 5 5 5 5
P ns * * *
Drogue Sm Offshore r - 4081 - 9834 9789 9942 9651
n 2 6 1 5 14 5 X 28
P ns * * # *®
Drogue 10m  Offshore r - 2900 - 9585 9622 9752 9651
n 2 6 1 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 at 1-5 m depth to -0.015 (0.18) m.s" 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 A2.2 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™. 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 -(.019 0.256
10.26 0.002 0.034 -0.017 0.254
9.76 0.002 0.033 -0.015 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 0.011 0.212
376 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 1-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 A2.3 Simultaneous drogue, video and ADCP along- and across-shore current velocity

measurements, plus wind (m.s™). 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), pesitive alongshore current velocity is north-

wards for both wind and current measurements. Blank cells indicate that no data were available.

g g g g€ & & & g 8
Direction  Instrument Station® Depth o & e = o “ o w e
Along- Wind watch BR Wind -2.13 <298 -296 265 -248 -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 Im 0.2 0.2 0.2 0.3 0.1 0.1 0.1 0.1
{offshore) Zm 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
Tm 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 Zm <0.065 -0.017
(offshore) 5m -0.006 0.025
10m 0.018 0.074
BR 2m 0.127
Sm 0.145
10m 0.148
Across- Wind watch BR Wind -4,01 -523 -555 -498 -4.66 -523 030
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 Im -0.1 -0.1 -0.1 0.03 0.03 003 003 003
{offshore) 2m 0.1 0.03 0.03 0.1 0.1 0.1 0.1 0.1
Sm 0.1 0.03 0.03 003 0.03 0.03 0.1 0.1
7m 0.1 0.03 0.03 0.03 003 003 003 003
10m 0.1 0.03 0.03  0.03 0.03 003 003 -0.1
13m 0.1 0.03 0.03  0.03 003 003 003 -0.1
Drogue DPB 2m -0.046 0.023
{offshore) Sm -0.024 0.089
10m 0.012 0.082
BR 2Zm 0.081
Sm 0.139
10m 0.179

*Station codes: BR = Black Rock, Mbaz = Mbazwana Airfield, DPB = Dog Bay, RTB = Rocktail Bay
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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 well
as the along- and across-shore components, and values for the same hour, as well as the mean

values for the 2, 4, 6, 12 and 24 hours previous to the measurement of the current velocity.

Table A2.4a 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 muitiple
testing (o = 0.05, ¢ = 6). * test was significant at the adjusted level, ns = test was not
significant.

Wind measurement

Current Data Same Prev2 Prev 4 Prevé PreviZ Prev24

direction type Depth Zone hour hours hours hours hours hours
Alongshore Video Surface Behind r 3636 -3749 -.3806 -.3762 -3742 -.2502
s‘f"f n 124 124 126 126 126 126
(pomts) p & * * ] *® %
Video  Surface Behind r -3599 -3844 - 4374 ~ 4700 -.4957 -4301
surf (bays) , 44 44 45 45 45 45
p ns ns " ® * *
Video Surface 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 Sm Inshore r -6427  -7045 - 7610 - 7828 -.8022 -.5786
n 85 85 85 85 85 85
p * & * & % &
Video Surface Offshore ¢ -3640 -.3822 -4016 -.4142 -.3951 -.1802
n 128 128 132 132 132 132
p * * * ® * ns
Drogue Zm 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 112 112 112 112 112 112
p ® ] * ] ] %
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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 (12-hour) time interval.

Table A2.4b 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 mulitiple
testing (o = 0.05, ¢ = 6). * test was significant at the adjusted level, ns = test was not
significant.

Wind measurement

Current Data Depth Zone Same Prev2 Prev 4 Prevé Previl Previd
direction type P hour hours hours hours hours hours
Across- Drogue Zm Inshore T -5843 7051 -.7626 -.8037 -.8840 -.8548
shore n 29 29 29 29 29 29
p 3 & & L] * *

Drogue S5m Inshore r o -5483  -5986 -.6604 -.7097 -7998 7532

n 99 99 99 99 99 99

P % * * * ® *

Drogue 2Zm Offshore T  -4261  -5974 -7047 -7448 -8575 -8915

n 14 14 14 14 14 14

p ns * * i ® *

Drogue Sm Offshore T  -3800  -4413 -.5285 -.5596 -77047 -6613

n 115 115 115 115 115 115

p * ] # & %* *

Drogue 10m Offshore I  -4555  -5113 -.5641 -5778 -7162 -6517

n 121 121 121 121 121 121

p &* L] ] & * %

Across-shore winds were also compared to both along- and across-shore current velocities
(Table A2.5). 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 A2.5 Correlations between across-shore wind records from Mbazwana Airfield and the
(2) 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 of the value for p was accepted or rejected using @ sequential Bonferroni
procedure for multiple testing (o = 0.05, ¢ = 6). * test was significant at the adjusted level, ns
= test was not significant

Wind measurement

(;urrtfnt Data Depth Zone Same Prev2 Prevd Prevé Prevl2 Previd
direction type 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 S5m 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 ® L] # & * *
Drogue Sm Offshore ¢  .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 L0580
n 112 112 112 112 112 112
P ns ns ns ns * ns
(b) Drogue Im Inshore r  .8366 8348 8558 .8820 .8496 2755
Across-shore n 29 29 29 29 29 29
p ® * * * ® ns
Drogue Im Offshore r  .6977 6800 8149 .8261 7605 -.7183
n 14 14 14 14 14 14
p * * * * ® ®
Drogue 5m Offshore r  .0057  -.039%0 -.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 ns 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 A2.6 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"', Tidal range is a measure of variability, larger
numbers indicate larger (spring) tides, and was correlated with directionless current speed.
*hE p < 0,001, ** p <0.01, * p <0.05, ns = not significant.

Tidal Velocity Tidal Range (mm)
‘gurnfnt Measurement Zone Same hour Prev2h Prevdh Prev 12 h
irection depth mean mean
(a) Surface Behind  r 1347 1838 2299 - 1724
Alongshore surf 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 ns * ns ns
Zm Offshore r -.0629 -.0949 0333 6844
n 5 5 5 8
p ns ns ns ns
Sm Offshore r -.2571 -2815 -.2786 -.2409
n 30 30 30 30
P ns ns ns ns
om Offshore r -.2556 -.2666 -.2426 -2115
n 30 30 30 30
p ns ns ns ns
(b) Zm 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 1] W ® ns
2m Offshore r 0458 .0040 -0347 9303
n 5 5 5 5
P ns ns ns *
Sm Offshore r -4293 -.4749 - 4788 -.3568
n 30 30 30 30
p % % (14 ns
16m Offshore T -.3612 -.3904 -.3806 -2932
n 30 30 30 30
P *® * * 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 simuitaneous 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 shelf break and attains speeds of 0.6 m.s” 35 km from shore in the study
area, increasing by 0.06 m.s™' 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 (28.50°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™* to the north
and 0.020 m.s™ to the south. The most rapidly traveling card in the study (> 0.036 m.s™) was
released from a second river near Durban, south of the Mhlathuze, and recovered from Ponta
Dobela in Mozambique (26.52°8), 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” at 3 m depth within bays and 0.1 to 0.5 m.s™" 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™' and cross-shore current speeds of 0-0.02
m.s" 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™ 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™, from which I calculated wind velocities of 0-8 m.s™, 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 surf zone environment, Chickadel et al. (2003) recorded
nearshore speeds of 0.35 to 1 m.s” and swash and surf-zone alongshore speeds of 0.1 to 0.8 m.s™
(Table A2.7).

Table A2.7 Nearshore current speeds measured in sifu in other studies

Data source Instrument Location Distance Zone Direction Speed
from shore (m.s™
Jury et al. Drogue Mabibi, KZN, 10-20m Nearshore North, then 0.19
(2001) South Africa reverses to south
60-80 m Nearshore North 0.20
70-80 m Nearshore North 0.33
150-180 m Behind surf? North 0.42
Chickadel et al. Optical Duck, NC, USA 120 m Nearshore South 0.1
{2003) 140 m Nearshore South 0.3
160 m Nearshore South 0.5
180 m Surf zone South 0.7
200m Behind surf South 0.6
220 m 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 of the subsurface waters. The wind stress required to set up Ekman transport is

about 0.26 dyn.cm™ (caused by wind speeds of ~3 m.s™") (Shanks 1995). While the effects of
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Ekman transport can be visible in coastal waters < 100 m depth, Shanks (1é95) 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 of land 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 lefi-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°8, just south of KZN),
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. 1 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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