
Univ
ers

ity
 of

 C
ap

e T
ow

n

PATTERNS AND CAUSES OF INTERTIDAL COl\tll\tIUNITY 

STRUCTURE AROUND THE COAST OF SOUTHERN AFRICA 

by 

Rodrigo H. Bustamante 

Thesis submitted for the degree of Doctor of Philosophy 

Faculty of Science 

University of Cape Town 

March 1994 

1 

_, 
•I 

I 1'1'~, .';;;~··~ --.~',""< .\" • ,·· t ·~<-~ '~:=:-.-:'.,~ f;f~,~3n )' 
l ~.;:!~·~ ,-:;~~<: ~ ..... · ··. 0

·1 •• • ·: ·: (·~-; ::· !~;;~:::\ ~i1 v1:·,o~e }.! 

'.i or br, purt. f~fH 1 •. 1 t·i .. -:'..r ;~ 11.:!kl by the author. fi 
k i: 
ti.~~--~-~ .•. .,...- ··.·-···· .... ·- . 



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. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

DECLARATION 

This thesis documents original research, carried out in the Zoology Department, 

University of Cape Town, between 1989 and 1993. It has not been submitted in whole or 

in part for a degree at any other university. Most of the data presented here are original 

and any other sources are fully acknowledged. Any uncited interp~etations are my own 

and any assistance I have received is also fully acknowledged. 

Date 

2 



Univ
ers

ity
 of

 C
ap

e T
ow

n

'To my wife So[ for her continua[ support ana Cove, to my parents 'Ester ana Oscie[ 

for their Cove ana encouragement to pursue a scientific career. 

3 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4 
TABLE OF CONTENTS 

Acknowledgments ............................................................................ 5-6 

Abstract .......................................................................................... 7-9 

General Introduction .......................................... ........................... 10-20 

Chapter 1: Bio geographic Patterns and Trophic Structure of Southern African Rocky 

Shores ........................................................................... 21-51 

Chapter 2: The Influences of Physical Factors on the Distribution and Zonation 

Patterns of the South African Rocky-Shores Communities .............. 52-86 

Chapter 3: Patterns of Intertidal Productivity on Rocky Shores Around the Coast of 

South Africa, and their Relationship to Consumer Biomass ............ 87-113 

Chapter 4: The Dependence of Intertidal Consumers on Kelp-Derived Organic 1V!atter 

on the West Coast of South Africa ....................................... 114-149 

Chapter 5: Maintenance of an Exceptional Grazer Biomass on South African Intertidal 

Shores: Trophic Subsidy by Subtidal Kelps ............................ 150-185 

Chapter 6: The Dynamics of an Algal-Limpet-Kelp Interaction: an Ecological and 

Resource Management Simulation ........................................ 186-218 

Cha pt.er 7:. Synthesis ................................................... ................. 219-232 



Univ
ers

ity
 of

 C
ap

e T
ow

n

A CKNOWLEDG l\tIENTS 

In the making of science, several conditions converge to produce relevant 

contributions to knowledge. Of these a challenging work environment and positive 

human relationships, are in my opinion, among the most important. Of that I had plenty! 

I am deeply indebted to my supervisor George M. Branch, who 'imported' and 

introduced me to the wonderful and unique living shores of southern Africa. His sharp, 

inquisitive and practical way of doing science greatly improved this project. I also thank 

him for the immense amount of energy, time and sleepless nights devoted to criticizing all 

stages of this thesis, but over all I thank him for his support, encouragement and 

friendship. 

The final manuscripts of this thesis were greatly improved by the comments and 

criticisms of many colleagues: Wayne M. Getz introduced me to the 'metaphysiological' 

realm of modeling ecological systems (Chapter 6); Charles L. Griffiths patiently corrected 

my first English draft (Chapter 5); Phillip A. R. Hockey also helped my 'Spanglish' and 

made useful and pertinent comments on the content of my writing (Chapter I); Colleen L. 

Moloney helped with the development of the filter-feeder model (Chapter 4); Peter Ryan, 

and Eva Plaganyi made valuable comments on earlier manuscripts (Chapter 6) and Rob 

Day criticized and improved my statistical analyses (Chapter 5); and Sergio Navarrete did 

an excellent review of an initial draft (Chapter 5). Many people helped me to collect the 

samples of primary production taken around the coas~, for that I would like to thank 

Bruce Robertson, Peter Zoutendyk, Arthur Dye, Mike Schleyer, Nick Hanekom, Derek 

Keats, Michelle Jurd and Christopher MacQuaid for their valuable help (Chapter 3). 

The information synthesized in this project is the result of an immense effort to collect 

biological data across the borders of three countries and over ca. 5000 km of shoreline 

around the southern African coast. In this process, many colleagues and friends assisted 

in the sampling and data collection. Here I would like to thank Alison and Ricco Sakko 

for their logistic arrangements, financial support and creation of the Groenrivier Research 

Hut (N amaqualand). Long, wet days and nights were devoted to field work, during 

which a number of people gave me invaluable help. For that !'.would like to thank my 

wife Sol for her support and still 'unpaid' years of field assistance. I especially thank 

Lisa Kruger for her help, sincere friendship and patience in my first lessons of 'street 

survival' English and Sean Eekhout for his help and quick mind in the designing and 

setting of field experiments ... and his tasty cooking! To Margo Branch, Claudio 

Velasquez, Alice Linton, Fran~ois Odendaal, Tracy Phillips, Ian Davidson and John 

Boland, for their hard work and companionship during the extensive, but fun field work! 

Jorge Alvarado 'cheaply' helped me during the last and frantic stages of the data 

punching. 

5 



Univ
ers

ity
 of

 C
ap

e T
ow

n

I would like to thank John G. Field for his initiative and drive behind the Marine 

Biology Research Institute (M.B.R.I.), and his wise vision of a Macintosh-dominated 

computer world! I am also greatly indebted to Carlos Villacastin-Herrero for the superb 

computer support, advice and friendship. Rene Navarro patiently helped me to 

disentangle the huge data matrices used in this project. 

I am grateful for the support of my friends, in particular those in J. ·G. Field's 

laboratory, Patty Wickens, Jan Korrubel, Roger Krohn, Eva Plaganyi, and Sandy 

Tolosana, for bearing my loud voice and messy behaviour. I also greatly appreciate the 

advice and feedback of Steve Tugwell, Brian Tibbles, Colin Atwood, and Jean Harris 

who were always available for my continual questions and problems. I would also like to 

thank Liz Reynolds for her inspired suggestions and comments during the isotopic 

analyses. 

Financial support for this project was received from the FRD Core Program, and 

FRD-DEA Joint Venture Conservation and Exploitation of Rocky_ Shores. During the 

course of this project I was personally funded by the FRD Doctoral Bursary, UCT 

Foreign Student's Scholarship, UCT Postgraduate Research Grant, UCT Doctoral Travel 

Grant and the M.B.R.I. Postgraduate Scholarship. 

Last but not least, I would like to thank my Chilean mentors, Juan C. Castilla who 

nine years ago gave me my first 'taste' of the field of intertidal ecology and guided the 

initial steps of my career as a marine biologist, and my brother Ramiro 0. Bustamante 

who set the example for my scientific endeavour. I also especially thank my friend 

Ernesto Ortfz who with his bright and controversial mind motivated and challenged all my 

experimental and quantitative 'appetites', Juan Cancino gave me a balanced guide to 

experimental ecology, Patricio Bernal encouraged me to pursue a scientific career, and 

finally, I thank Mario George-Nascimento who through his beatnik and psychedelic eyes 

discovered my scientific interests 16 years ago. 

6 



Univ
ers

ity
 of

 C
ap

e T
ow

n

ABSTRACT 

A biogeographic analysis was undertaken using data for intertidal rocky-shore 

communities obtained from quantitative biological surveys made around the southern 

African coast. Substantial differences in species composition, abundance and trophic 

structure were found between 15 different rocky shores along ca. 5000 km of coast. 

These differences allowed the division of South African coast into three major 

biogeographic provinces. The large-scale variations were due to geographical differences 

in the physical environment including temperature, nutrients and primary production. 

Large-scale and local-scale vertical and horizontal zonation of intertidal communities were 

investigated. Local-scale variations were largely due to the effect of differential wave 

action, but also included the vertical gradient of desiccation. Gradients of wave action 

generate divergence of the mid-to-low zone communities, whereas in the upper shore 

communities converge due to the desiccation gradient. The consistent repetition of the 

vertical and horizontal patterns of patterns of distribution for both community biomass 

and species richness lead to the conclusion that the physical processes involved in the 

creation of local patterns also operate over a large geographical scale. 

The patterns of community structure on southern African rocky shores are investigated 

in relation to in-situ primary production and micronutrient concentrations. A conspicuous 

gradient of intertidal primary production was found. The west coast exhibits significantly 

higher'levels of primary production than the south and east coast. Nutrient concentrations 

in intertidal waters parallels in-situ primary production. It is concluded that nutrients are 

responsible for the levels of in-situ intertidal primary production. The availability of 

nitrogen on the west and south coasts, and phosphorus on the east coast, are likely to be 

the factors controlling intertidal primary productivity. The biomass per-unit-area of the 

intertidal primary consumers was related to levels of in-situ productivity. The levels of 

biomass achieved and the large-scale variation of community biomass are strongly 

influenced by the gradients of productivity, while local-scale variation is dictated by wave 

action. 
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Trophic linkages between the intertidal and subtidal ecosystems were explored for the 

west coast intertidal rocky-shore communities. The extent of the dependence of intertidal 

consumers to subtidal macrophyte production is explored using double stable isotopes 

analyses. The results demonstrated that intertidal invertebrate grazers and filter-feeders 

depend to a large extent on the subtidal production of kelp as their main sources of 

organic carbon and nitrogen. In particular, the bulk of the particulate organic matter on 

intertidal waters is kelp-derived detritus. This is the major source of food for intertidal 

filter-feeders. The combined effects of a steady food supply (kelp detritus) and water 

turnover are likely to be sufficient to explain the observed abundance of filter-feeders on 

exposed rocky-shore communities. Two extremely abundant and specialized limpet 

species also depend on subtidal kelp as their main source of carbon and nitrogen. It is 

clearly evident that for west coast intertidal communities, the subtid~ primary production 

is likely to determine the levels of secondary production of the intertidal ecosystem (i.e. a 

bottom-up effect). 

Semi-exposed and sheltered shores of the west coast are dominated by two unusually 

exceptionally abundant limpet species, Patella argenvillei and P. granatina. How these 

populations are maintained was investigated in the light of the apparently limited food 

supply. Highly specialized feeding behaviour was found. Both limpet species feed on the 

intertidal in-situ algal production and on fronds of subtidal kelps. Both species feed on 

the same food sources, but clear differentiation on habitat, timing and feeding mode were 

found. ·If access to kelp is experimentally denied, both limpet populations experience an 

increased mortality and a significant reduction of individual body mass. The results led to 

the conclusion that the high abundance of these limpet populations can only be sustained 

if they are trophically subsided by the subtidal kelp production. This is direct evidence of 

magnification of intertidal secondary production by subtidal primary production. The net 

effect is that this trophic subsidy by subtidal kelps magnified the limpet carrying capacity, 

and only the availability of space sets the upper limits to their biomass. 
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An individual-based model is used for the simulation of the dynamics of an algal-kelp

limpet system. A metaphysiological approach is used under the assumption that this biotic 

interaction can be treated as a predator-prey system. The model predicted the standing 

stock of limpets, and is used to a) investigate the extent of dependence on either the in

situ algal production or subtidal kelp input, and b) to predict limpet standing stocks under 

various harvesting regimes for a hypothetical limpet fishery. It is discussed how sound 

ecological processes can be employed to complement tr3;ditional resource management 

policies. 
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GENERAL INTRODUCTION 

Since the early 1970s, ecology has increasingly focused on small-scale events and 

become experimental in approach. Most of the big questions about community structure 

and organization remained elusive, inducing scientists to ·GOncentrate on particular 

problems that could be solved. In answer to this deficiency, more recent research work 

has simultaneously addressed large- and small-scale ecological patterns and processes 

over large geographical areas. This approach has helped scientists to gain insights about 

the relationships between micro- and macroscopic ecological phenomena and general 

processes that determine the landscape of biotic communities (Brown and Maurer 1989). 

Whether ecological communities exhibit a patterned structure or consist of a random 

collection of species has long been a central issue of ecological studies. However, there is 

enough evidence (empirical and theoretical) to conclude that there are some assembiy 

rules that govern community patterns (Drake 1990). These rules are normally hard to 

uncover because our inability to "see" overall large-scale patterns and, rnor~ import~tly, 

past events that have shaped extant biological communities. Nevertheless, insight igto-the 

potential rules can be gained, using both comparative and experirriental.appro?~Jk~'s[:by.. -
. . - > . ·.·I".~-~- .. _...~-~·~;-~··_r· ~·-

focusing in the common mechanisms involved in community assembly (Cale ei'-af1989). 

In ecological communities, variation in space and time is the rule. However, despite 

this variation, their organization and structure often exhibit consistent trends afon_g a 

changing environment (Whittaker 1975; Brown 1984). Both '-physical and biological 

factors operate on ecological communities over a range of spatial scales, and the degree of - ' 

influence of a given environmental factor depends on the spatial scale over which it 

operates (Menge and Olson 1990). Several models and/or generalizations have been· 

proposed to explain variation and organization of assemblages of species in natural 

communities. However, they have often been too particular, operating at a very local 

scale, and most of them are based on the assumption that biotic interactions are the main 
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factors driving the structure of communities (e.g. Hairston, Smith, a.I].,µ Slobodkin 1960; 

Paine 1966; Cody and Diamond 1975; May 1975; Caswell 1976; Menge and Sutherland 

1976; Connell 1978; Lubchenco 1978; Inouye et al. 1980; Menge and Sutherland 1987). 

Although many of these models were originally proposed for terrestrial systems, an 

increasing proportion of them have been derived for marine habitats, specifically intertidal 

rocky shores. 

The early history of intertidal ecology consisted of detailed accounts of small- and 

large-scale patterns of intertidal communities (e.g. Lewis 1964; Stephenson and 

Stephenson 1972). Since these early works on patterns and structure, intertidal rocky 

shores have been successfully used to test the mechanistic effects of competition and 

predation on their biotic communities, most studies dealing with temperate habitats (e.g. 

Connell 1961; Paine 1966; Dayton 1971; Underwood 1978; Menge ~976; Lubchenco and 

Menge 1978; Underwood 1980). Much of this intertidal work was done in wave-exposed 

habitats, giving little importance to less glamorous semi-exposed and protected areas 

where different suites of species exist (Dayton 1984). Consequently, many of the 

generalizations that have arisen from these works have limited applicability, since 

organisms are regulated by different processes in different habitats, and even within a 

particular habitat type, communities do not always contain clear-cut competitive 

dominants and/or important predators (Underwood and Denley 1984). 

Some of the generalization (at least for intertidal communities) arisen by those pioneer 

works have been less applicable that other, this has stimulated the need for comparative 

studies that investigate variations of community patterns over spatial scales ranging from 

meters to thousands of kilometers (Mann and Lazier 1991). A recent review on 

community structure and interaction webs of shallow hard-bottom marine communities 

stresses the need for a comparative approach for the inspection of large- and small-scale 

community variations, to develop a conceptual framework which deals with the relative 

importance of ecological (biotic) and environmental (abiotic) factors influencing 

community structure (Menge and Farrell 1989). 
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The starting point for the development of general principles .iibout community 

dynamics depends on quantitative descriptions of natural patterns (Whittaker 1975). In 

this context, a great deal of research has been done on the rocky shores of southern 

Africa (e.g. Stephenson 1936, 1939, 1943, 1944, 1947; Stephenson et al. 1940; Brown 

and Jarman 1978; Branch and Branch 1981; Branch and Griffiths 1988; Field and 

Griffiths 1991; Emanuel et al. 1992). However, most of these studies are purely 

descriptive, and often they have failed to adopt standardized procedures for 

quantification, so that their results cannot be easily used in comparative studies and 

syntheses. 

The geographical position of the southern African coast makes it ideal for comparative 

studies of the marine biota (Fig. 1). This was early recognized by T. A. Stephenson, 
. ' 

whose works on zonation patterns and biogeography are still cited in rocky-shore 

studies. The southern African coast is bathed by two current systems: the warm (Indian 

Ocean) Agulhas Current is derived from the M0<;ambique Current And flows southward, 

bathing the east coast; at the southern tip of Africa it meets the cool (Atlantic Ocean) 

Benguela Current which flows northwards up the west coast, introducing upwelled deep 

cold waters (Fig. 1). This creates a oceanographic scenario in which radically different 

temperatures are recorded on the east and west coasts, in addition to other differences in 

the dynamics of the two water masses (e.g. upwelling, nutrient levels, light penetration). 

Despite the large body of coastal research done on southern African shores, little attention 

has been paid to the west coast. Most recent intertidal studies· have been done around the 

populated areas such as the Cape Peninsula (e.g. Branch and Branch 1981; McQuaid 

1981; McQuaid and Branch 1984, 1985; Bosman 1987), and no modern quantitative 

studies have been conducted on the Namaqualand coast (Fig. 1). 

Using a standardized sampling technique and data analyses, in this study I examine the 

biological composition of, and some abiotic processes relevant to, the structuring of 

rocky intertidal communities around southern Africa. My approach is initially 

comparative and covers a large geographic scale, whereas the later parts of the study are 
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empirical and/or theoretical and conducted on a small scale to test conc.~pts emerging from 

the large-scale studies. The comparisons were designed to establish geographic patterns 

between rocky shore communities over a broad scale, and to detect large- and small-scale 

environmental factors which appears to structure these communities. In general, I explore 

and synthesize the main patterns and apparent causes of the trophic functioning of the 

intertidal rocky shores around southern Africa, and then concentrate more particularly on 

the mechanisms I hypothesize that are responsible for the structure of west coast intertidal 

communities and the reason they differ from those on the east coast. 

The thesis consists of seven Chapters. 

In Chapter 1, using modern quantitative analyses, I establish primary and secondary 

biogeographic patterns of community structure around the coast of southern Africa. In 

order. to discern different biogeographic provinces, I use both quantitative binary 

(presence/absence) and biomass data collected at 15 different localities around the coast, 

between southern Namibia on the west coast and southern Mo~ambique in the east (Fig. 

1). I compare the trophic functional structure of the different provinces, as well as 

localized differences related to wave action. I also assess the patterns of biomass 

dominance over large geographical areas, and at sites experiencing contrasts of wave 

action. Finally, I present a series of working hypotheses to account for differences 

between communities in different regions and experiencing different amounts of wave 

action,. and these hypotheses are explored and evaluated in later Chapters. 

In Chapter 2, I establish common vertical and horizontal zonation patterns for the 

intertidal biota of rocky shores. For that, I use biomass and species richness measured at 

14 different geographical localities around southern Africa, and I conclude that similar 

vertical and horizontal distribution patterns do exist independently of biogeographic 

differences. I then choose two specific and comparable geographical localities, one on the 

Atlantic and one on the Indian Ocean, to evaluate quantitatively the importance of three 

selected environmental factors that appear to have strong influences on local zonation 

patterns. I conclude that small-scale variations within localities are greater than between 
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different biogeographical regions, and that most local variations can b.¢ accounted for by 

gradients of wave action and shore elevation. 

In Chapter 3, I record measurements of in-situ intertidal primary production and 

nutrients around the entire coast. Analyzing data cooperatively collected by several 

research groups, I demonstrate the existence of a strong gradient of primary production 

around the coast. Using statistical inference, I explore the sources of variation of 

intertidal primary production, nutrient concentration and the biomass of different 

functional-form groups of macroalgae around the coast. Finally, I correlate primary 

productivity with the biomass of intertidal primary consumers, and discuss the role of 

productivity in modifying community structure in different geographical regions. 

In Chapter 4, I treat more particularly the poorly-known west coast intertidal system 

and establish some trophic relations between the abundance of intertidal consumers and 

subtidal primary production. Specifically, using stable isotope techniques, I establish a 

strong trophic linkage between selected groups of intertidal consumers (notably filter

feeders and grazers), and subtidal kelp production. I determine the nature of particulate 

organic matter and its abundance, and statistically infer their variation through time, tidal 

phase, and degree of wave exposure. I then evaluate the importance of water turnover on 

exposed and sheltered shores and on the supply of particulate organic matter to intertidal 

filter-feeders. Finally, I model the effects of food supply and water turnover on the 

maintenance of filter-feeder standing stocks. 

In Chapter 5, I became even more specific, and experimentally investigate the 

relationship between two extremely abundant congeneric west~:coast limpet species and 

the input of subtidal kelp fronds into the intertidal system. Using geographical 

distribution data, I establish the correlation between the distribution ranges of the limpets 

and kelp, and also investigate their zonatioh patterns and the feeding behaviour of the two 

limpet species. In the last part of this Chapter, I test experimentally the effects of kelp 

exclusion on the survivorship and individual body mass of these two key intertidal 
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grazers. I and then discuss the ecological implication of the demonstrated link between 

subtidal and intertidal ecosystems. 

In Chapter 6, I apply an individual-based stand-growth model to a single west-coast 

intertidal limpet to simulate the trophic maintenance of its standing stocks. I treat the 

relationship between kelp, intertidal algae and limpets as a predator-prey system. For 

that, I evaluate experimentally the dynamics of the in-situ production of epilithic 

microalgae and measure the input of kelp into the intertidal system. I then determine 

consumption rates of individual limpets feeding on both epilithic microalgae and kelp 

fronds. I construct a steady-state metaphysiological model for the simultaneous forecast 

of both epilithic microalgae and limpet standing-stocks. I verify whether the model is able 

to reproduce empirical results derived from (a) the experimental exclusion of kelp and (b) 

observations of natural limpet and algal standing stocks (Chapters 3 and 5). I use this 

ecological modeling approach to explore the management of a hypothetical commercial 

limpet fishery, developing a s_et of fishing policies based on maximum sustainable yields. 

Finally I discuss the use of this novel ecological modeling of populations as a 

complement to more traditional fishery management strategies. 

I conclude this thesis with Chapter 7, in which I synthesize the results derived from all 

aspects of the research, providing general conclusions about the patterns and causes of 

intertidal community structure of the intertidal rocky shores of southern Africa. 
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Chapter 1 

Biogeographic Patterns and Trophic Structure 

of Southern African Rocky Shores 
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Summary: In this Chapter I revise the biogeographic delimitati<?!;J.• and large-scale 

pattern of community structure of the intertidal rocky shores of southern Africa. I use 

binary (presence/absence) and per-species biomass data collected at 15 different localities, 

encompassing the shores of southern Namibia, South Africa and southern Moi;ambique. 

The multivariate analyses performed here revealed that the shores of southern Africa 

(south of 25°) can be divided into three main biogeographic provinces; the west coast or 

Namaqualand province, the south coast or Agulhas province and the east coast or Natal 

province. The biomass structure of the intertidal rocky shores communities of southern 

Africa varied at a large scale, corresponding to biogeographic differences, while local

scale variation accorded with the intensity of wave action. The biomass per-unit-area of 

the west coast communities was in average significantly greater than on average biomass 

of the south and east provinces. At a local scale, the community, biomass on exposed 

shores was an order of magnitude greater than on sheltered shores within all 

biogeographic provinces. Semi-exposed shores exhibited intermediate average biomass. 

The trophic structure of these communities varied significantly with wave action; i.e. 

autotrophs, filter-feeders and invertebrate predators prevailed on wave exposed shores 

whereas grazers were more abundant on sheltered and semi-exposed shores. At the 

geographic level of analysis, the trophic structure did not change, but the abundance of 

specific functional groups did. The patterns of biomass dominance revealed that exposed 

shores were consistently dominated by far fewer species than semi-exposed and sheltered 

shores, independently of biogeographic differences. These results also revealed that, 

within all biogeographic provinces, semi-exposed and sheltered shores were more 

diverse than exposed shores. The patterns of dominance showed that the west coast 

intertidal communities have high level of biomass, but are consistently species-poor. 

Several working hypotheses that could explain the large and small-scale patterns of 

structure are presented. 
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Introduction 

Two major water masses meet at the southern tip of Africa - the Atlantic ocean in the 

west, and the Indian ocean in the east - giving rise to a hydrographically complex area. 

The west coast is influenced by the upwelled cold Benguela current, and the east coast by 

the warm Agulhas current, itself under the influence of the tropical Indian Ocean 

(Shannon 1985). 

The oceanographic characteristics of this region make it ideal for comparative 

ecological and biogeographic studies of the marine biota. Biogeography can be described 

simply as the study of the geographical distribution of organisms' (Myers and Guiller 

1988). The apparent simplicity of this definition is deceptive, for it hides the importance 

of historical events and processes (including geological and biological evolution) which 

may profoundly influence modem biogeographic patterns. 

The work described in this Chapter concentrates on ecological biogeography (as 

defined by Myers and Guiller 1988) and the identification of patterns, rather than the 

elucidating the processes which influence those patterns. Biogeographic patterns can be 

recognized at three levels: a) primary patterns, i.e., all those non-random spatial 

distributions of species which are responses to large-scale environmental phenomena 

(underlying controlling processes); b) secondary patterns which are inferred from a 

nested set of attributes of a collection of species or taxa, e.g. diversity, richness, 

endemicity,. etc.; and c) tertiary patterns that describe the relationship between secondary 

and non-biotic data, e.g. species-area relationships (Myers and Guiller 1988). As a 

starting point, the main focus of this Chapter is the determination of non-random 

geographical distribution patterns of the biota of intertidal rocky shores in southern 

Africa. 
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During the past 50 years, several studies of intertidal and littoral bi9ta have dealt with 

the description and composition of the southern African species and their geographical 

distributions (Stephenson 1936, 1939, 1943, 1944, 1947; Stephenson et al 1940; 

Brown and Jarman 1978; Branch and Branch 1981; Field and Griffiths 1991; Emanuel et 

al. 1992). Biogeographically, three major provinces have been proposed for the southern 

African region; a) the cold-temperate west coast, b) the warm-temperate south coast, and 

c) the subtropical east coast (Stephenson and Stephenson 1972). Until now, studies 

addressing the biogeographic affinities of littoral taxa have consistently followed the 

Stephenson's biogeographic delimitation. All of them have been descriptive or narrative, 

mainly based on qualitative data (e.g. Ekman 1953; Brown and Jarman 1978; Field and 

Griffiths 1991). The existence of and limits to these three biogeographic provinces have 

been questioned by several authors, usually on the basis of analyses of distribution 

patterns of discrete taxonomic groups. It has been questioned, for example, whether the 

west coast is a warm rather than cold-temperate province (Ekman 1953). The boundary 

between the west and south coast provinces apparently differs depending on the suite of 

species analyzed (see Day 1967 for polychaetes; Griffiths 1974 for amphipods; Gosliner 

1987 for opisthobranchs; Thandar 1989 for echinodermata; and Williams 1992 for 

octocorals). This debate becomes rather semantic, since different taxonomic groups have 

colonized the region from differents centres of dispersion, and they have intrinsically 

different ecological and physiological adaptations. In the above mentioned studies, and in 

the majority of the biogeographic analyses (e.g. Brown and Jarman 1978; Gosliner 1987; 

Williams 1992) boundaries between biogeographic regions have been based on each 

author's ad-hoc criteria, or 'inferred' from the species distributions. Analysis of 

rnultispecies distribution patterns requires objective and repetitive criteria, independent of 

the ecology of specific groups or taxa. Such independence and objectivity are meet in 

modern multivariate techniques that provide statistical methods for the study of the joint 

inter-relationship of variables in data sets (Whittaker 1973; Pielou 1979 1983; McCoy 

and Heck 1987; James and McCulloch 1990). These analytical methods have 

demonstrated their value in the elucidation of marine biogeographic patterns based on 
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quantitative binary data (Murray and Littler 1981; Joosten and v~~ den Hoek 1986; 

Roberts et al. 1992; Stegenga and Bolton 1992; Clarke 1993). 

The majority of the intertidal ecological research in the southern African region has 

been undertaken on South African shores. Despite detailed localized knowledge of the 

South Africa rocky intertidal communities, there have been no quantitative comparative 

studies at a subregional scale. Descriptions of the zonation patterns and species 

composition of the southern African intertidal rocky shores have been documented in a 

number of qualitative works (e.g. Penrith and Kensley 1970a, b;Stephenson and 

Stephenson 1972; Brown and Jarman 1978). However, the majority of these (mostly) 

South African studies were small-scale (spatial and temporal), and quantitative 

evaluations have been confined to a few points along the coast (McLachlan et al. 1981; 

McQuaid and Branch 1985; Hugget and Griffiths 1986; Branch and Griffiths 1988; Field 

and Griffiths 1991 ). From these studies, several structuring factors, both biotic and 

abiotic, have been postulated. In particular, the role of wave action has been elegantly 

demonstrated as an important, if not the most important, abiotic factor in structuring 

South African intertidal communities (McQuaid 1981; McQuaid and Branch 1984, 1985; 

Field and Griffiths 1991; Emanuel et al. 1992). This is in agreement with research 

findings elsewhere, which show that wave-induced stress acts as structuring force and 

mediates biological interactions (Dayton 1971; Menge and Sutherland 1976; Denny 1988; 

Menge and Olson 1990). 

Functional descriptions and analyses of natural communities have been a fundamental 

part of ecological research from the beginning of this century (i.e,. Elton 1927; May 1973; 

Terborgh and Robinson 1986). More recently, functional groups or guilds have 

increasingly been used as means of understanding the trophic structure of marine 

communities (e.g. McQuaid and Branch 1985; Menge and Sutherland 1987; Menge and 

Olson 1990; Hixon and Menge 1991). The advantage of using functional groups or 

'ecological equivalents' (Schoener 1988) is that they provide a common ecological base 
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for comparing sets of taxonomically unrelated species (e.g. barnac~t?,S and mussels are 

both filter feeders and are both functionally similar in being sessile). 

This Chapter deals with primary and secondary biogeographic patterns and community 

structure around the coast of southern Africa between Liideritz in Namibia and Inhaca 

Island in M0<;ambique (see Fig. 1). Analyses are based on quantitative binary (presence/ 

absence) data and biomass data for rocky intertidal species (invertebrates and algae) 

gathered from 15 different localities around the coast. The Chapter is divided into three 

parts. The first part attempts to elucidate the biogeographic patterns of the intertidal rocky 

shores, based on the presence or absence of intertidal species. The second part describes 

the trophic structure of the intertidal communities that characterize the different 

biogeographic regions, particularly in relation to the degree of wave action. The third part 

compares the biomass dominance patterns of intertidal communities present on sheltered 

and exposed shores in the main biogeographic regions. 

Specifically, the Chapter addresses the following questions: 

a) do southern African rocky intertidal communities reflect any primary 

biogeographic pattern? 

b) does this pattern conform to biogeographic provinces previously proposed for the 

region? 

c) are there any quantitative differences in the trophic structure of communities in 

different biogeographic provinces? 

d) do different functional groups have different distribution patterns around the coast? 

e) are there any differences in biomass dominance patterns between the different 

communities around the coast? 
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I hypothesize the following general patterns: 

i) There will be distinctive biogeographic regions around the coast which can be 

recognized by species composition. 

ii) Intertidal community biomass will decrease from west to east as productivity declines, 

and exposed shores will support a higher biomass than sheltered shores. 

iii) The biomass of communities of the west coast will be dominated by fewer species 

than the south-east intertidal communities. 

iv) Exposed shores will be similarly dominated by few species in relation to sheltered 

shores. 

v) Within exposed shores, there will be no differences in the dominance between the 

west, south and east coast; but within sheltered shores, the west coast shores will l;>e 

more dominated by a smaller numbers of species relative to the south-east coasts. 
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Materials and methods 

Sampling procedures 

Surveys of intertidal rocky shores communities were undertaken in 1989-1992 at 15 

different localities (Fig. 1). At each locality surveys were made in two or three different 

sites which covered the range of coastal geomorphology and wave action. These sites 

were subjectively separated into three different categories; a) exposed rocky headlands, 

normally rocky shores on the seaward side of headlands, b) semi-exposed rocky shores, 

open rocky shores in the lee of kelp forests, and c) sheltered boulder bays, protected 

from the wave action and devoid of kelp forests. All three site-type's were present along 

) the Atlantic west coast, but on the south and east coasts only types a) and c) were present 

(kelp forest being absent). At each site, surveys were conducted along transects that were 

set perpendicularly to the shoreline from mean low water spring tide (l\IIL WS) to mean 

high water spring tide (MHWS) (Fig. 2). Four replicate transects were chosen, taking 

care to avoid tidal pools and gullies. Along each transect, eight to 12 quadrats of 0.5 m2 

were randomly stratified acc~rding to the intertidal zones described by Branch and 

Branch (1981). The quadrats consisted of a grid with 171 intersection points over a 

surface of 0.5 m2. Within each quadrat, coverage of the major sessile fauna and flora was 

measured by point intersection counts, and the density of all mobile invertebrate fauna, 

including epifauna (e.g. limpets on mussels) was recorded. At the same time, species 

richness of all macro-fauna and flora visible within the quadrats'. was also recorded. This 

method underestimates the total species richness but provides information that is 

comparable between sites. 

Along two of the four transects per site, two or three destructive samples of 0.075 m2 

were taken of all space dominant species in each of the intertidal "zones" (i.e., limpets, 

barnacles, foliose algae, mussels, etc.) in order to evaluate the whole wet biomass per 
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species present in each quadrat. Subsamples of each species were taken in order to obtain 

conversions between wet, dry and ash free dry weight (AFDW) expressed in grams. The 

data are expressed in terms of their AFDW biomass per m-2. Complete data sets for 

species richness, including the cryptic infauna in sessile beds (mussels, colonial 

polychaetes, barnacles, oysters etc.) were obtained for all 15 localities surveyed. 

Biomass data were obtained for all sites except Inhaca Island (Moc;ambique). 

Data analysis 

Different statistical procedures were applied to the data, using either binary data 

(presence/absence) or AFDW per species or genus. However, due to taxonomic 

uncertainty, some groups have been treated as a single unit (e.g. crustose and articulated 

corallines, pycnogonids, sipunculids and hydrozoans, see Appendix I). 

Multivariate techniques were applied to either binary or AFDW data arranged in 

rectangular matrices where cases=species and samples=localities or sites. Classification 

of the different samples was performed using a hierarchical clustering method based on 

the Bray-Curtis similarity index applied to these species-sample matrices (Bray-Curtis 

1957), and using a group average linkage (Field et al 1982; Clarke and Warwick in prep.; 

Carr in prep.). In addition to the classification techniques, the data were also subjected to 

a non-metric multi-dimensional scaling (MDS, Kruskal and Wish 1978) based on the 

Bray-Curtis similarity of the species-samples matrix. The ordination yielded a graphic 

representation in two or three dimensions of the similarity between the different samples, 

in this case geographical localities, based upon the binary presence/absence data for 

species. 

The statistical significance between biogeographic ·units identified using the above 

analyses and the main effects of wave action on intertidal biomass (AFDW) were tested 

using a nested design of a Generalized Linear Model (GLM) with a posteriori contrast . 

between the biogeographic units (SAS 1986). All biomass data were log transformed 

prior to the analyses. 
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The trophic structure of the different intertidal communities was described by dividing 

the species into functional groups using the AFDW data. Species were pooled in the 

following trophic groups: a) autotrophs, b)filter-feeders, c) grazing herbivores, and d) 

predators. The main effects of wave action at each locality were tested using one-way 

ANOV A with a posteriori comparison of the average biomasses (Bonferroni inequality 

test SAS 1986). 

Univariate methods were also applied to the species biomass in different samples or 

group of samples. Ranked species abundance or k-dominance curves (Lambshead et al. 

1983) were constructed using the biomass (AFDW) per species on a logarithmic scale 

(Clarke and Warwick in prep.). I compared the biomass contributions of different species 

to two large geographic regions a) the west coast which included seven localities from . 

Liideritz to Paternoster, and b) the seven localities on the south and east coast between 

Cape Infanta and Cape Vidal (see Fig. 1). The data for both large-scale geographic 

regions were sub-divided according to the wave action categories (i.e. exposed, semi

exposed and sheltered). 

To detect which species were responsible for the different dominance patterns within 

community types experiencing different degree of wave action, an analysis of the 

contribution by individual species to the overall similarity measure (Bray-Curtis) 

SIMPER (Similarity Percentages, Clarke 1993) was performed. For this purpose the data 

for the. west coast was separated into sheltered, semi-exposed and exposed shores, and 

those for the south and east coasts into sheltered and exposed shores. In each group, an 

average Bray-Curtis similarity S and the standard deviation SI) for the group, and the 

per-species average Si, standard deviation SD( Si) and the percentile %Si contribution to 

S were calculated. Similarly, the per-species average biomass Y (±sd) and the respective 

percentile % Y contribution to the total biomass were also calculated. Using the ratio 

Sil SD( Si) it was possible to check how consistently each species contributed in an intra-

group comparison. Finally, a ranking of importance for the 'top 10' most important 

species for each group was constructed based on the Si value. I have excluded from this 
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31 
analysis those species with a biomass smaller than 0.75% of the total community 

..... 

biomass. 

All multivariate and univariate community analyses were done using the Plymouth 

Routines In Multivariate Ecological Research, PRIMER v3.la (Carr in prep.). 
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Results 

Biogeographic Patterns 

A total of 231 intertidal species of algae and invertebrates was recorded around the 

southern African coast: details of species presence or absence at each of the 15 localities 

sampled are presented in Appendix I. 

At the subregional level, species composition of the east coast communities differed by 

more than the 70% from those of the south and west coasts (Fig. 3). As similarities 

between localities increased (ca. 50.0%), three distinct groups of lc?calities were clearly 

defined. The seven localities of the cool temperate west coast clustered together forming 

the Namaqualand province, with an average similarity of 66.7% (sd=4.1 %). A second 

cluster was formed by all five localities on the warm temperate south coast. This cluster 

conforms to the Agulhas biogeographic province, and had an average similarity of 62.4% 

(sd=3.9% ). A distinctive and smaller cluster included all three localities on the subtropical 

east coasts, conforming to the-Natal biogeographic province, with an average similarity 

of 49.8% (sd=l0.6%). However, within this cluster Inhaca Island split at about 55%, 

. reflecting a more tropical component (Fig. 3). 

Figure 4 shows the two-dimensional plot produced by non-metric multidimensional 

scaling (MDS), using the same Bray-Curtis similarity matrix. MDS analysis gives 

essentially the same picture as the dendrogram, but illustrates how distinct (by Euclidean 

distance, Field et al. 1982) the localities are in 2-D space. The localities on the west coast 

were ordered geographically in a correct sequence from north to south (see Fig. 1). Sites 

on the south coast were not ordered sequentially, but formed a distinct and independent 

group, with a transition zone between the south (Dwesa) and the east province (Ballito 

Bay). A more diffuse east coast province appears due to the smaller number of localities 

sampled (Fig. 4). 
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Thus, there were three clear distinctive groups of localities identifittble on the basis of 

their rocky intertidal species composition. These groups can be equated to different 

biogeographic regions (or provinces) i.e., the Namaqua, Agulhas and Natal provinces 

(Emanuel et al. 1992). 

Intertidal Biomass Patterns 

There were major differences in the fauna! and floral biomasses supported per unit area 

on exposed as compared with sheltered shores in all three regions (Fig. 5). The average 

and maximum biomass on exposed shores was more than twice that of sheltered shores. 

The biomass supported on semi-exposed shores in the west coast was intermediate 

between that of sheltered and exposed shores (Fig. 5). Intertidal communities on the west 

coast had average biomasses significantly greater than of those of the south and east-coast 

groups, on both exposed and sheltered shores (Bonferroni t-test, p<0.05). The regional 

variation in biomass was significantly explained by the differences between the 

biogeographic provinces (ANOVA, p<0.0001), and the local variation was explained 

largely by wave action (Al'l"OVA, p<0.0001). The a posteriori contrast of the overall 

average biomass of the different provinces shows that the West province is significant 

different' from both the South (p<0.0001), and the East (p<0.0002) provinces. However, 

there was no difference between the South and the East provinces (p>0.1881) (Table 1). 

Trophic Structure 

The functional classification based on the feeding mode of all 231 intertidal species 

(autotrophs, filter feeders, herbivores and predators) shows that filter feeders achieved 

the highest biomass values (up to 3300 g m-2), dominating the exposed shores, but being 

much less abundant on sheltered shores (Fig. 6). On the west coast localities, the average 

biomasses achieved by autotrophs, filter feeders and predatory species on exposed shores 

were in most cases significantly higher than those of sheltered shores. This pattern tended 

to agree with that found at the south and east localities (Fig. 6). The only cases in which 

sheltered and semi-exposed shores exhibited greater average biomasses than exposed 
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Figure 6. Average (± SE) biomass of the 4 functional groups of the southern 
African rocky intertidal communities separated by locality and wave action. 
Sheltered (SH =D ), semi-exposed (SE =l:il ) and exposed (EX =II ) shores. 
Localities are ordered from North-West (left) to North-East (right). Asterisks 
and ns represent the significance of the main effects of wave action in a one
way ANOVA applied to the biomass per locality (* = p< 0.05; ns = p > 0.05). 
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shores were the grazers on the west (Fig. 6c) and at two localities, the autotrophs in the 

south coast (Fig. 6a). 

As a function of wave action, trends in biomass within each biogeographic province 

showed distinct patterns for different functional groups: a) autotrophs in West province 

were significantly (ANOV A, p<0.05) more abundant on semi-exposed and exposed 

shores than in sheltered habitats, but this difference was not apparent (ANOVA, p>0.05) 

in the Agulhas and Natal provinces; b) filter feeders biomass was significantly (ANOVA, 

p<0.05) greater on exposed and semi-exposed shores than on sheltered shores in all 

biogeographic provinces; c) in the West province, grazers were significantly (Al~OVA, 

p<0.05) more abundant on semi-exposed and sheltered shores than on exposed shores, 

but this pattern was not repeated in the other biogeographic provinces (ANOV A, 

p>0.05); d) predatory species in the West province were significantly (Al~OVA, p<0.05) 

more abundant on exposed shores than on semi-exposed and sheltered shores, but there 

were no differences in predator biomass related to wave action in either the Agulhas or 

Natal provinces. 

Patterns of Intertidal Dominance 

Figure 7 shows the curves of the ranked order of importance of the different intertidal 

species (in a log x-axis), plotted against their cumulative biomass (% y-axis) for all 

localiti.es of the west coast (Fig. 7a) and the combined localities of the south and east 

coasts (Fig. 7b ). A steep dominance curve means that a few species account for a great 

proportion of the biomass, i.e., the community is highly dominated by those species. A 

flat curve indicates less domination, with a larger number of species contributing to the 

biomass (greater diversity). There were clear differences in the slopes and forms of the 

dominance curves depending on wave exposure (Fig. 7). Exposed shores were 

dominated by fewer species than semi-exposed or sheltered shores. On the exposed 

shores of the west coast, three species made up more than 75% of the total community 

biomass; 75% of the biomass was accounted by seven species on exposed south and east 
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coasts. On sheltered shores, nine species made up 7 5 % of the biomass on the west 

coast, against 16 species in the south and east coasts. Semi-exposed shores on the west 

coast had a dominance pattern intermediate between exposed and sheltered shores (Fig. 

7a). 

The 'top 1 O' intertidal species that characterized communities in the different west and 

south-east provinces are listed in Table 2. The ranking importance of these species was 

determined according the average score of individual species (Si) in the overall group's 

similarity ( S). Sheltered habitats on the west coast (Namaqua) had an average similarity 

of 48.24 % (±11.88). The patellid limpet Patella granatina accounted for 41.85% of the 

group similarity and 25.44% of the total community biomass (Table 2A). Their 

populations form dense monospecific stands that can achieve average AFDW biomasses 

of 189.43 g m-2. The other nine 'top' species accounted for 44.86% of the total 

community similarity. Of these, the most important were the kelps Ecklonia maxima and 

Laminaria pallida, the red alga Porphyra capensis, the colonial polychaete worm 

Gunnarea capensis, and the limpet Patella granularis. Together these four species 

accounted for the 34.88% of the biomass and 28.62% of the group's similarity (Table 

2A). Semi-exposed habitats on the west coast had an average similarity of 36.79% 

(±15.15) and were dominated by dense monospecific stands of the limpet Patella 

argenvillei which form a conspicuous fringe in the low shore. Their populations had an 

average AFDW biomass of 346.86 g m-2 (±347.71), representing 26.23% of the total 

biomass and 26.15% of the group similarity. Of the remaining nine major species, the red 

algae Champia lumbricalis was the second most important, averaging 253.14 g m-2 

(±253.14) and accounting for 18.42% of the group's biomass.' None of the remaining 

eight of the 'top 10' species accounted for more than the 12% of the total biomass (Table 

2A). Exposed shores on the west coast had a group similarity of 39.86% (±16.50), and 

were dominated by the mussels Aulacomya ater and Mytilus galloprovincialis which 

accounted respectively for 23.05% and 31.16% of the total community biomass. The red 

algae Champia lumbricalis was the third most important species, with an average biomass 
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Table 2. The ranking of importance of the 'Top 10' intertidal species that characterize the rocky shores 

of the (A.) West and (B.) South and East coasts.Sis the average similarity within each 

exposure; %Si is the percentile contribution of each species to S; and Si and SD(Si) are the 

average and standard deviation of each species to the S, while Si/SD(Si) is the ratio between 

them. Y, sd and % Y indicate the average, standard deviation and percentile contribution 

per-species to the total community biomass (AFDW). 

Ranking Names % Si Si SD(Si) Si/SD(Si) Y (gm-2) sd %Y 

A. West Coast. 

Sheltered S= 48.24% SD= 11.88% 

Patella granatina 41.85 20.20 6.22 3.25 189.43 56.73 25.44 
2 Ecklonia/Laminaria 9.48 4.60 3.47 1.32 64.57 46.34 8.67 
3 Porphyra capensis 8.34 4.00 5.65 0.71 94.29 105.66 12.66 
4 Gunnarea capensis 6.99 3.40 4.33 0.78 82.86 97.91 11.13 
5 Patella granularis 3.81 1.80 0.58 3.18 18.00 7.21 2.42 
6 Anemones 3.73 1.80 1.89 0.95 28.00 23.18 3.76 
7 Aeodes orbitosa 3.65 1.80 0.54 

,., ,.,,., 
.)._.) 21.14 14.28 2.84 

8 Chordariopsis capensis 3.42 1.70 0.86 1.93 19.71 12.41 2.65 
9 Articulate corallines 2.84 1.40 1.10 1.24 26.57 32.37 3.57 
10 Gymnogongrus 2.60 1.30 3.09 0.41 45.14 62.46 6.06 

Others (14 spp.) 13.29 Total=744.59 

Semi-Exposed S= 36.79% SD= 15.15% 

Patella argenvillei 26.15 9.60 9.35 1.03 346.86 347.71 25.23 
2 Champia lumbricalis 21.26 7.80 8.79 0.89 253.14 265.28 18.42 
3 Ecklonia/Laminaria 9.49 3.50 5.12 0.68 116.00 138.36 8.44 
4 Aulacomya ater 9.34 3.40 4.57 0.75 101.71 97.93 7.40 
5 Gunnarea capensis 6.94 2.60 4.70 0.54 108.00 120.24 7.86 
6 Giganina spp. 4.21 1.50 0.85 1.83 32.57 25.32 2.37 
7 Patella granularis 3.37 1.20 0.44 2.85 17.71 3.15 1.29 
8 Plocamium spp. 2.50 0.90 1.29 0.71 35.71 42.68 2.60 
9 Mytilus galloprovincialis 2.47 0.90 0.92 0.99 163.14 365.37 11.87 
10 Porphyra capensis 2.01 0.70 1.62 0.46 45.43 76.29 3.31 

Others (23 spp.) 12.27 Total=l374.57 

Exposed S= 39.86% SD= 16.65% 

Aulacomya ater 32.63 13.00 14.30 0.91 530.29 410.46 23.05 
2 Mytilus galloprovincialis 22.97 9.20 11.88 0.77 716.86 811.28 31.16 
3 Champia lumbricalis 19.09 7.60 7.43 1.02 353.43 298.88 15.36 
4 Anemones 6.65 2.70 1.98 1.34 108.00 79.29 4.69 
5 Plocamium spp. 4.37 1.70 4.08 0.43 .180.29 255.76 7.84 
6 Ecklonia/Laminaria 3.30 1.30 2.25 0.58 l05.43 129.49 4.58 
7 Patella argenvillei 1.81 0.70 0.19 3.84 30.86 34.19 1.34 
8 Nereid polychaets 1.80 0.70 0.74 0.96 28.57 22.68 1.24 
9 Gunnarea capensis 1.05. 0.40 0.45 0.93 19.43 17.12 0.84 
10 Patella granularis 1.04 0.40 0.27 1.51 14.29 8.28 0.62 

Others (25 spp.) 5.29 Total=2300.88 
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Table 2. (cont.) 

Ranking Names %Si Si SD(Si) Si/SD(Si) Y (gm-2) sd %Y 

B. South + East Coast 

Sheltered S= 26.95% SD= 14.57% 

1 Articulate corallines 36.04 9.70 5.38 1.80 56.29 26.27 15.14 
2 Gelidium spp. 11.10 3.00 2.69 1.11 54.86 78.76 14.76 
3 Pomatoleios kraussii 10.50 2.80 4.96 0.57 30.29 36.76 8.15 
4 Tetraclita serrata 5.75 1.50 1.77 0.88 18.57 25.79 5.00 
5 Patella oculus 5.22 1.40 1.49 0.94 8.00 5.54 2.15 
6 Patella longicosta 4.79 1.30 1.45 0.89 11.71 15.03 3.15 
7 Pemapema 3.79 1.00 1.79 0.57 19.43 27.29 5.23 
8 Oxystele sinensis 2.33 0.60 0.84 0.75 4.29 3.90 1.15 
9 Chtamalus dentatus 2.13 0.60 1.04 0.55 23.71 44.44 6.38 
10 Siphonaria spp. 2.03 0.50 0.49 1.11 3.14 1.95 0.84 

Others (34 spp.) 16.32 Total=371.74 

Exposed S= 44.13% SD= 10.08% 

1 Pemapema 66.28 29.20 6.71 4.36 595.14 192.01 33.87 
2 Octomeris angulosa 9.34 4.10 5.23 0.79 159.71 171.94 9.09 
3 Pyura stolonifera 8.12 3.60 6.34 0.56 435.43 781.44 24.78 
4 Chtamalus dentatus 2.38 1.00 1.45 0.72 35.71 32.83 2.03 
5 Articulate corallines 1.98 0.90 0.80 1.09 30.00 23.94 1.71 
6 Gelidium spp. 1.74 0.80 1.18 0.65 51.14 73.20 2.91 
7 Tetraclita serrata 1.65 0.70 0.99 0.73 44.29 56.31 2.52 
8 Anemones 0.98 0.40 0.49 0.87 13.14 9.86 0.75 
9 Patella cochlear 0.85 0.40 1.14 0.33 20.86 30.70 1.19 
10 Crassostrea cucculat£ 0.58 0.30 0.92 0.28 55.14 106.32 3.14 

Others (47 spp.) 7.00 Total=l 757.13 
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of 353.43 g m-2 and representing 15.36% of the total biomass and:.the 19.09% of the 

group similarity (Table 2A). 

Articulate coralline algae dominated the low fringe of sheltered shores on the south and 

east coasts, where they averaged a biomass of 56.29 g m-2, accounting for 15.14% of the 

total community biomass; they accounted for 36.04% of the group's similarity. In this 

habitat, the next most important taxon was the red algae Gelidium spp. which made up 

14.76% of the total biomass. Although they had levels of average biomass comparable to 

the corallines, they accounted for only 11.10% of the similarity (Table 2B.). The ot~er 34 

species not listed in Table 2B account for the 16.32% of the group similarity and 38.05% 

of the total community biomass. Exposed shores on the south and east coasts, as on the 

west coast, were dominated by the mussels. The mussel Perna perna contributed 

66.28 % to the community similarity and had an average biomass of 595 .14 g m-2, 

making up 33.87%b of the total community biomass. In terms of biomass the next most 

important was the ascidian Pyura stolonifera. This species made up 24.78% of the 

biomass, but only contributed 8.12% to the group similarity (Table 3B.). None of the 

remaining seven of the 'top 10' species contributed more of the 3% to the similarity or the 

3 % of the community biomass. The other 47 species (not listed in Table 2B) together 

contributed only 7% of the group similarity. 
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Discussion 

There were substantial geographic differences in the species composition of the rocky 

shores biota around the southern African coast. These quantitative differences justify the 

division of the region into three biogeographic provinces; the West, South and East 

provinces, proposed by earlier qualitative analyses (Stephenson 1936, 1939, 1943, 

1944, 1947; Stephenson et al 1940; Brown and Jarman 1978; Branch and Branch 1981; 

Field and Griffiths 1991). 

Emanuel et al. (1992) have produced an definitive zoogeographic analysis, based on 

analyses of literature records for all well-researched invertebrate taxa and including data 

for intertidal and subtidal biota (to 15 m depth). They concluded that there are four major 

zoogeographic provinces in southern Africa. On the east coast there is a subtropical Natal 

Province, extending from southern Moc;ambique to just south of Durban. The warm 

temperate Agulhas Province stretches from Dwesa to Cape Point. On the west coast there 

are two provinces. In the south, the cool temperate south west coast province extends 

from Cape Point to Li.ideritz, and is named the Namaqua Province. The cool temperate 

Narnib province extends from Li.ideritz to the Cunene River. 

The work presented in this Chapter differs from that of Emanuel et al. ( 1992) in that it 

relies on quantitative data obtained from equal-sized samples at all sites, rather than using 

records from the literature and from earlier non quantitative works. The strength of the 

present study is thus its more rigorously quantitative approach, eliminating bias due to 

different sampling intensities in different regions. Its weakness is that the sampling 

methodology is unlikely to detect many of the rare species. Emanuel et al. (1992) include 

data from all species known to occur on the coast of southern Africa. Despite the 

differences in methodology, the two approaches yield very similar results. 
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Based on the rocky intertidal biota, two clear biogeographic contributions can be .... . 

extracted from the present work. First, the confirmation of the existence of a clear and 

distinctive West coast biogeographic province. The west coast localities show the most 

consistent similarity between them (ca. 67%, see Fig. 3) and they form a compact and 

homogeneous cluster (Fig. 4). Similar results have been reported for rocky intertidal fish 

species (Prochazka and Griffiths 1992). Much of the controversy related to the 

boundaries, definitions and existence of West and South provinces, has been raised when 

specific taxonomic groups have been investigated (e.g. Griffiths 1974; Gosliner 1987; 

Thandar 1989; Williams 1992). The West coast province defined in this work comes 

from a multitaxa data set, and fits almost exactly with the definition of the Cool 

Temperate South West or Namaqua province, named by Ekman (1953) and subsequently 

analytically defined by Emanuel et al. (1992). 

The second biogeographic contribution of this work comes from the quantitative 

confirmation of a South or Agulhas province, as defined by Stephenson (1944). The 

extent of this province has been redefined several times in differents works. One extreme 

is the 'mega' Cape province defined by Williams (1992) based on Octocorallia. Williams 

concluded that it is impossible to separate the South and West provinces. The opposite 

extreme is the recognition of a 'reduced South coast' (Cape Agulhas to Port Elizabeth) 

defined by Thandar (1989). However, agreeing with our findings, recent quantitative 

analyses have consistently defined the South coast as an independent province (e.g. 

Stegenga and Bolton 1992; Emanuel et al. 1992). 

The above biogeographic patterns remain speculative if ~o underlying causative 

processes are inferred or identified (Rosen 1988). Nevertheless, the consistency and 

repetition of the patterns provides a solid base for the characterization of geographical 

areas and their communities (Myers and Guiller 1988). 

A comparative scenario can be developed when general attributes or structural 

secondary patterns can be identified within the biogeographic units defined above. The 
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first general macro-pattern is that the observed changes in the rocky !ptertidal landscape 

(biomass) around southern Africa, are significantly explained by differences at regional 

(biogeographic) and local (wave action) scales (Table 1). There are striking differences in 

biomass between the West, South and East provinces. On both sheltered and exposed 

shores, the West coast supports a significantly greater average biomass than the two other 

provinces (see Fig 5). It is also clear that the biomass of intertidal communities increases 

with wave action. Grazers are the only functional group to depart from this 

generalization: their biomass is significantly higher on sheltered and semi-exposed shores 

(Fig. 6c), particularly on the west coast. 

Exposed shores support a higher average biomass than sheltered shores, particularly 

on the west coast (Fig. 5). This occurs pattern at most localities (Fig. 6). Exposed shores 

are dominated by filter-feeding species (Fig. 6b). This finding is consistent with those 

reported for the Cape Peninsula (Fig. 1), where the filter-feeder biomass on exposed 

shores was an order of magnitude greater than that of sheltered shores (McQuaid and 

Branch 1985, Table 2). Menge and Sutherland (1987) have proposed a general 

community structure model in which they incorporate the role of the wave action in 

moderating the outcome of biological interactions (principally predation and competition). 

One of the predictions of this, and subsequent works (e.g. Menge and Olson 1990), is 

that in stressful environments, mobile organisms (mostly consumers) are more likely to 

be environmentally constrained. The disadvantage of such conceptual frameworks, is that 

they predict relative importance of particular biological interactions rather than examining 

the emergent properties of the community as a whole (e.g. Yodzis 1986; Sebens 1987; 

Menge and Sutherland 1987). None of these models makes predictions about the 

abundance and distribution of the community components (from single species to trophic 

levels). Menge and Olson (1990), adopting a broader perspective and working on the 

effect of scale and environmental factors in regulating community structure, predict that at 

intermediate to low environmental stress the abundance of mobile consumers would 

increase while "basal species" (sessile space occupiers) decrease (see Menge and Olson 

1990, Fig. 1). On the other hand in stressful habitats, basal species dominate and the 
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abundance of consumers should decrease. The trophic structure of th.~ southern African 

communities does not fit the above predictions. For example, although basal species 

conform to Menge and Olson (1990) predictions, secondary consumers (predatory 

species) do not, being consistently more abundant in exposed shores where there is a 

high physical stress (Fig. 6). However, on exposed shores the majority of the predatory 

species are commonly found living within the matrix provided by the basal species 

(mussels) and seldom in the open rock. If sheltered shores are considered as a benign 

habitat, only the communities present in the West province fit Menge and Olson's (1990) 

predictions for primary consumers, i.e. high abundance of herbivores in sheltered 

habitats and low abundance in exposed habitats. In the South and East the biomass 

pattern is reversed or absent (see Fig. 6b). 

The use of dominance analysis for comparing different aspects of marine community 

structure does not seem to have established itself in routine ecological research (Warwick 

1993), although its use in the detection of environmental impact (i.e., pollution, 

disturbance) on marine systems has increased in the last few years (e.g. Lambshead et al. 

1983; Warwick et al. 1987; Clarke 1990; Warwick 1993). It is evident from the biomass 

dominance analyses, that wave action (as physical disturbance) has an important role in 

structuring southern African intertidal communities at a local-scale. However, there are 

other factors that have local and regional influences in community structure, and a more 

detailed analyses of the roles of environmental stressing factors (gradients), given in 

relation to zonation, in the following Chapter. 

On all coasts, the biomass of exposed shores is dominated by few a species, notably 

of filter feeders, whereas on sheltered shores a larger number of species contribute to the 

bulk of the biomass which is dominated by algae and grazing herbivores (Fig. 7, Table 

2). Semi-exposed shores of the West coast are intermediate. On the west coast, physical 

stress clearly modifies the biomass structure. For example, the 75% of the intertidal 

biomass is explained by three, six and nine species in exposed, semi-exposed and 

sheltered shores, respectively (Fig 7a). On the South and East coast these figures are 
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from· seven and 16 species for sheltered shores respectively (Fig. 7P,). The patterns of 

species richness also differs geographically. South and East coast intertidal communities 

contained on average almost twice as many species as those of the West coast 

communities (Fig. 7). The net effect is that west coast communities reach higher biomass 

levels but with fewer species (Figs. 5 and 7) than those of the South and East coasts. 

These patterns can be related to the high productiyity of the upwelled west coast (Brown 

1992; Pitcher et al. 1992) which will support a large biomass per-unit-area. Part of the 

reason of that the East and South coast have a richer fauna may be historical in that they 

derive many of their species from the rich Indo-Pacific radiation (Kohn 1990; Vermeij 

1978, 1992). 

The use of similarity analysis has proved useful in determining the contribution of 

individual species to both inter- and intra-community comparisons (Clarke 1993; Agard et 

al. 1993). Large-scale biogeographic patterns are normally examined using 

presence/absence data that define the geographic ranges of individual species. However, 

such data are of limited value in examining community structure and its variation within 

regions. For example, the community structure of wave-beaten and sheltered shores is 

radically different when examined in terms of biomass (Fig. 6), even although these two 

habitats draw on the same regional pool of species (Table 2). 

Furthermore, the use of average biomass values to decide which species most usefully 

define.a community is of little value if standard deviations are large. A species whose 

biomass is highly variable from site to site is of little use in clarifying a community. This 

problem is well illustrated in data from exposed shores of the. west coast (Table 2A), 

where the alien mussel M. galloprovincialis had the greatest average biomass, but was 

less useful in predicting community structure then the indigenous mussel Aulacomya ater 

(Table 2A). In order to look for 'consistency' within a community (and also between 

communities of different geographical localities, and point not treated here), is the use of 

the ratio between the species average contribution to the overall community similarity( Si) 

and its standard deviation (SD( Si)) of the species (Clarke 1993). On the west coast, the 
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most consistent species, across wave exposures, was the limpet P ... granularis, which 

possessed high values of Sil SD(Si) in sheltered (3.18), semi-exposed (2.85) and 

exposed situations (l.51). This means the P. granularis was 'evenly' represented from 

site to site, and always with little variation. Similarly, on the south-east coast the 

articulate corallines were the most consistent group across wave exposures, with high 

ratios SD(Si) in both sheltered (1.8) and exposed (1.09) shores. 

The aim of this work was to describe geographic patterns in the community structure 

of the southern African intertidal rocky shores. Underlying these patterns, historical 

processes are normally invoked as in the majority of biogeographical studies (Myers and 

Guiller 1988). However, several physical features (physical and productivity gradients) 

may powerfully influence variation of these patterns. These include nutrient inputs, 

export and import to or from adjacent systems (subtidal and/or terrestrial), wave action, 

desiccation and heat stress. 

Based on the present results, several hypotheses can be erected as to processes 

underlying observed differences between communities. Table 3 shows the main patterns 

revealed for different functional groups, and summarizes potential explanatory 

hypotheses. At a large geographical scale, high biomass of autotrophs on the west coast 

can be explained by the enhancing effects of upwelling of nutrient rich waters, mostly 

found along the west coast of southern Africa. At the local scale, it known that grazers 

control autotrophs, . thus the effect of increasing wave action would decrease the 

controlling effect by grazers on intertidal autotrophs. On the west coast, the high intertidal 

primary production plus the inputs of subtidal kelp, in the form~ of detritus and drifting 

fronds, would enhance the abundance of the filter-feeders, grazers and predatory species. 

Locally, wave exposed environments would have high concentration food particles and 

water turnover that would favor growth and survival of filter-feeders, which will control 

the abundance of grazers by competition for space and physical disturbance (Table 3). 

The high productivity of the west coats would be felt on the abundance of the invertebrate 
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predatory species, being more abundant where the preys (mostly se.~sile invertebrates) 

occurs, i.e. exposed shores. 

In the following Chapters, some of these hypotheses are explored at smaller and local 

scales in order to identify some of the underlying causes and processes that structure 

intertidal communities. This aspect of this thesis concentrates mainly on the west coast of 

southern Africa. 
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Chapter 2 

The Influences of Physical Factors in the Distribution and Zonation 

Patterns of South African Rocky -Shore Communities 
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Summary: In this Chapter, I initially establish at a broad geographic scale, the vertical 

and horizontal distribution patterns of both community biomass and species richness. For 

that, I use the data of the biological surveys presented in Chapter 1. I compare the general 

trends of distribution for seven west and seven southeast intertidal rocky shore 

communities. There were consistent distribution patterns for both community biomass 

and species richness. Independently of geographical scale, biomass and species richness 

showed similar distributions in equivalent habitats. The consistency of these vertical and 

horizontal patterns casts light on the fact that the processes which create these patterns 

operate and vary in a similar way over large geographical scales. In particular, I assess at 

local-scale the relative importance of wave force, rock temperature and shore elevation on 

the structuring and spatial variability of community biomass. Using a multivariate 

approach, I relate the local zonation patterns to these environmental variables. The results 

of the direct gradient analyses revealed that differences in wave action generate 

divergence of mid-to-low shore communities, while the interaction between rock 

temperature and shore elevation (both accounting for desiccation) produces convergence 

of high shore communities. There was a significantly positive relationship between wave 

action and the per-unit-area community biomass, and an inverse relationship between 

shore elevation and biomass. The potential role that waves may play by enhancing 

overall intertidal productivity is discussed. 
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Introduction 

All species occurs in a characteristic limited range of habitats; and within their range, 

they tend to be most abundant at their particular environmental optimum (Whittaker 

1975). It has been consistently shown that the biota exhibit trends along environmental 

gradients, regardless of the particularities of their habitat (Menge and Olson 1990). These 

'gradients' do not necessarily have physical reality as continua in either space or time, but 

are a useful abstraction for exploring the distributions of organisms (Austin 1985). 

Whittaker (1967) developed the first quantitative approach to ecological gradient analysis 

to assist the interpretation of spatial community composition in terms of species' 

responses to environmental variations. There are two kinds of gradient analyses: a) 

indirect gradient analyses, in which environmental gradients are inferred from the 

community data (latent variables), and b) direct gradient analyses, in which each species' 

abundance is described as a function of measured environmental variables. The latter 

analytical technique can either be exploratory, i.e. to examine how community 

composition varies with the environment, or confirmatory, i.e. a means of testing the 

effects of particular environmental variable taking into account the effects of other 

variables (ter Braak and Prentice 1988). 

Underwood (1986) has stated that only field experiments can determine the causal 

mechanisms that creates the patterns of species distribution. However, any efficient 

experimental design will require extensive preliminary analyses of distributional data, and 

numerical descriptive analyses may play an important role in determining which 

experimental hypotheses are going to be tested in the field (James and McCulloch 1990; 

Santos 1993). More particularly, numerical multivariate analyses have been long used in 

ecology (for review see James and McCulloch 1990), and applied to a range of different 

marine communities, including soft bottom benthic macrofauna (e.g. McLachlan et al. 

1984; Austen 1989; van der Meer 1991; van Nes and Smit 1993), nekton and fish 
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assemblages (e.g. Weinstein et al. 1983; Rakocinski et al. 1992), subtidal assemblages ... , . 

(e.g. Field et al.)982; Kautsky and van der Mareel 1990; Castric-Fey and Chasse 1991; 

Santos 1993), and intertidal rocky communities (e.g. Field and McFarlane 1968; Field 

and Robb 1970; Kooistra et al. 1989; Fuji and Nomura 1990). All these works have 

explored the importance of the joint relationship between community data and 

environmental factors. Such analytical methods are increasingly used in marine ecology 

because they offers succinct summaries of large data sets, especially in the exploratory 

stages of an investigation. The exploration of large data sets can be a very creative part of 

the scientific work that can suggest causes; at a later stage these can be formulated into 

new research hypotheses and causal models (James and McCulloch 1990). 

The body ofecological evidence relating to the structure and regulation of marine 

communities (especially intertidal ecosystems) has largely concentrated on how particular 

species respond differentially to the effects of ecological processes such as disturbance, 

predation, competition, or recruitment (e.g., Connell 1961; Paine 1966; Underwood and 

Denley 1984; Lubchenco 1986). Only recently, research has been developed around the 

effects of the environment on the regulation and structuring of whole marine benthic 

comunities or species assemblages (Menge and Sutherland 1987; Menge and Farrell 

1989; Menge and Olson 1990; McGuiness 1990). However, intertidal ecologists have 

long recognized that two of the most important local physical forces structuring intertidal 

rocky shores are gradients of desiccation, which produce a vertical zonation, and the 

differential effects of wave forces that generate a horizontal zonation (Stephenson and 

Stephenson 1972; Dayton 1971; Menge and Sutherland 1987; Sousa 1979a,b; 

Underwood et al. 1983; Dayton 1984; Menge and Farrell 1989; ~enge and Olson 1990). 

These studies suggest that community structure (abundance and diversity of species) 

depends on a complex interplay between large-scale processes (e.g. environmental stress 

and productivity) and small-scale processes (strong biotic interactions). One of the main 

conclusions reached by studies that have revised patterns in intertidal communities, is the 

need for further comparative studies that simultaneously evaluate the contribution of 

environmental stresses at large- and local-scales to variations in community structure 
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(Dayton and Tegner 1984; Foster et al. 1988; Menge and Sutherland, 1987; Menge and 

Olson 1990). However, the comparison of particular environmental factors, such as 

temperature and wave action, are of little value when made between disjunct localities 

because local climatic conditions can override the observed differences. A more fruitful 

comparison would be within different localities (i.e. exposed vs. sheltered or high- vs. 

low-shore), because the comparisons are made simultaneously under comparable 

conditions. 

The rocky intertidal biota of southern Africa are among the most varied in the world. 

The array of oceanographic conditions and the particular physical and biological 

dynamics of its shores have forged characteristic communities in different biogeographic 

regions (see Chapter 1). These rocky shores have been the focus of extensive local 

ecological research, centered on the identification of forces structuring rocky shore 

communities. The majority of these works have dealt with the identification of particular 

factors, including several biotic influences (Branch 1985; Branch et al. 1987; Bosman 

and Hockey 1988; van Zyl and Robertson 1991), abiotic factors (Field and Mcfarlane 

1968; Field and Robb 1970; MacQuaid and Branch 1984; MacQuaid and Branch 1985; 

Hugget and Griffiths 1986; Bosman et al. 1987; Branch et al. 1988; McQuaid and Dower 

1990; Field and Griffiths 1991), or a combination of abiotic and biotic factors (MacQuaid 

et al. 1985; Griffiths and Hockey 1987). Griffiths and Branch (1991) have revised the 

known causes of vertical zonation of the macrofauna of rocky shores in False Bay (see 

Fig. I).' They concluded that physical factors control the abundance and vertical zonation 

of the dominant species, whereas the subordinates are biological controlled. Among the 

physical factors, they recognized that wave action and desiccation are perhaps the most 

important. Despite the general acceptance of the importance of these factors, in South 

Africa and elsewhere (e.g., Lewis 1976; Underwood 1981; Foster et al. 1988; Menge 

and Olson 1990; McGuiness 1990), their variation among sites, and comparisons at local 

and meso-geographical scales are seldom documented. The nature and the magnitude of 

small-scale (local) differences of intertidal communities, within and between localities, 
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must be considered before general models for community structure an,~ regulation can be 

sensibly erected. 

The effects of the environment (leading to physiological and/or mechanical stress) 

have been incorporated into general community models as independent variables 

(Hairston, Smith and Slobodkin 1960; Connell 1975; Menge and Sutherland 1976 1987). 

To correctly evaluate these models, it is ideal as a first stage, to quantify independently 

the main environmental gradients and the community variation along them, at different 

spatial scales (Menge and Sutherland 1987), and then to synthesize the main 

environmental factors (and their interactions) that influence that variation. 

In this Chapter, my purpose is three-fold: a) to describe, evaluate, and compare at 

broad geographical scales, the existence of trends of biomass zonation and species 

richness of the rocky intertidal communities at seven localities in the west coast compared 

with seven other localities in the south and east coasts of southern African, b) assess the 

relative importance of physical factors such as wave force, shore elevation and rock 

temperature, on species abundance and distribution at two specific localities; i.e. 

Groenrivier in the west and Port Elizabeth on the south coast, to explore in detail the 

spatial distribution of organisms in two geographically disjunct rocky intertidal 

communities, and c) to relate zonation patterns of intertidal species to environmental 

variables at a local-scale. This Chapter is descriptive in nature and relies on direct gradient 

analyses to detect and explore patterns in community structure and their correlation with 

physicci.l variables. 
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Materials and methods 

The sites 

The data on biomass zonation used in this Chapter were collected at 14 different 

localities around the southern African coasts (Ltideritz, Port Nolloth, Tweepad, 

Rooiklippies, Spoegrivier, Groenrivier, Paternoster, Cape Infanta, Mosselbaai, 

Tsitsikamma, Port Elizabeth, Dwesa, Ballito Bay and Cape Vidal, see Fig. I in Chapter 

1). More particularly, I compare data from the intertidal rocky shores of Groenrivier 

(30°48'S:... 17°30'W) on the west coast and from Port Elizabeth (34°00'S - 26°37'W) on 

the south-east coast (Fig. 1). At these localities, respectively three and two sites were 

selected to represent grades of wave action - i.e. sheltered boulder bays, semi-exposed 

rocky shores (lee side of kelp forests, only in the west coast) and exposed rocky 

headlands. The sites were selected to ensure comparability in orientation, slope (between 

15° to 45° inclination) and substrate type (sandstone). Both localities exhibit a similar 

semi-diurnal tidal regime and tidal amplitude, the latter being 2.21 m and 2.40 m for 

Groenrivier and Port Elizabeth, respectively (SAN 1993). 

Data acquisition 

The average (± 1 S.E.) values of community biomass per unit area for all sites 

described in Chapter 1, were used to describe general biomass patterns in relation to 

rocky intertidal zonation (vertical and horizontal). Standard intertidal community surveys 

(see details in the Material and Methods section of Chapter 1) ~ere carried out at each 

locality. In general, at each sites, four replicate transects 15 to 30 m long were laid down 

perpendicularly to the sea, and along them, between 8 and 12 quadrats (0.5 m2 each) 

were randomly placed, and the biomass contribution per-species (converted tog m-2 of 

ash free dry weight, AFDW), density, species richness (total number of species per unit 

area) and trophic structure were recorded. Only the most important species were included 
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in the biomass analyses, althoiigli the presence of small cryptic"'speCies was also 

recorded. At Groenrivier and Port Elizabeth, three simple environmental variables were 

recorded at the same surveyed areas. At the position of each individual quadrat (within 

which biomass had been sampled), measurements were made of (a) shore elevation 

(height) above the Mean Low Water Spring tide (MLWS), (b) rock and air temperatures, 

and (c) wave force. Shore elevation was measured using a modified water-level device 

(see Appendix I) which recorded the difference in height between sampled quadrats and 

the zero level (MLWS). Wave force (measured in N m-2) was defined as the force exerted 

by waves over a hollow hemi-spherical drogue, divided by the cross-sectional area of the 

drogue. The forces were measured with dynamometers, using a modified version of the 

Jones and Demetropoulos (1968) apparatus, described and tested by Palumbi (1984). At 

each quadrat, a series of three parallel dynamometers were fastened to the rock surface 

perpendicularly to the direction of waves (Fig. 2A). The dynamometers were left in situ 

for a period of three days and the wave forces exerted on the dynamometers during each 

tidal cycle were recorded. In order to make comparison between the subjectively ranked 

sites, the absolute average value, or the variation of wave forces are frequently not critical 

for wave-swept organism, but their maximal values or extremes in a given period (Denny 

1988; Denny and Gaines 1990). However, simultaneous measurements and the use of 

identical drogues are absolutely essential. 

Simultaneously at Groenrivier and Port Elizabeth, rock temperatures were measured 

within each quadrat during low tide, every hour for three consecutive days. Using epoxy 

glue, a 30 Ga Type T thermocouple were attached to the rock surface (Fig. 2B). 

Temperatures detected with these thermocouples were recorded by a Bat-12 Bailey 

Instruments Inc.) digital thermocouple reader. 

Data analysis 

A total of 101 algae and invertebrate taxa was recorded at the two localities, although it 

must be recognized that the sampling methodology will fail to detect many of the less 

abundant species. For the biomass and multivariate analyses, only taxa that contributed > 
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0.01 % to the total biomass were included - i.e. 38 and 34 taxa for Gfoenrivier and Port 

Elizabeth respectively. Nevertheless, the community biomass data used in this Chapter 

comprises more than the > 71 % of the recorded species richness and > 95 % of the total 

biomass recorded during the surveys. In the biomass analyses, a total of 140 

samples=quadrats (or 70 m2) were included, and all statistical analyses were performed 

on the averages per sample (quadrats). The contribution of the different species to the 

community biomass varied by five orders of magnitude (from 0.2 g to ca. 1700 g m-2). 

Consequently, in the analyses the biomass data were standardized and logarithmically 

transformed [log10(x+l)]. The ordinal environmental variables (elevation, temperature 

and wave action) were entered as continuous variables. 

To detect trends in vertical distribution of biomass and total numper of species, curves 

were fitted to the plots by using the locally weighted least squared error method. This 

curve fit has no data restrictions and has no parameters associated with it. The result of 

this curve fit is to plot a best fit smooth curve through the center of the data, or 50% 

smoothing. This is an extremely robust fitting technique and, unlike standard regression 

methods, is nearly insensitive to outliers (Press et al. 1986). 

Linear regressions and univariate non-parametric analyses of variance (Al"l"OV A by 

ranks) with a-posteriori mean comparisons of main effects (Bonferroni t-test) were 

performed for the comparison of shore elevation, rock temperature and wave exposure 

between and within localities. All ANOV As and regressions were performed using 

Generalized Linear Models, GLM (SAS® 1986). 

To explore the joint relationship between the biomass of rocky intertidal species 

assemblages and the selected environmental variables, a multivariate (ordination) direct 

gradient analysis was performed. Canonical Correspondence Analysis (CCA) was used 

to correlate the benthic community with the abiotic variables (ter Braak 1986; Palmer 

1993). Direct gradient analysis was carried out using the average biomass per species at 

each height interval, for Groenrivier and Port Elizabeth independently. The environmental 

variables used in the analyses were the maximum wave force, maximum rock temperature 
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and shore elevation. The computer package CAL"\TOCO v2.1 (ter Braak:" 1986) was used to 

perform CCA (ter Braak and Prentice 1988). 
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Results 

Biotic and abiotic distribution patterns 

Biomass 

Two different zonation patterns of community biomass-per-unit-area were detected, 

and could be related to differences in wave exposure. On sheltered shores of the west 

coast, the community biomass reached a maximum on the low shore, decreasing 

exponentially as elevation increased (Fig. 3A). On sheltered south-east shores, biomass 

was lower, so that although biomass decreased up the shore this pat~ern was less obvious 

(Fig. 4A). Maximal values up to 2000 (±445) g m-2 were recorded on the west coast, and 

up to 700 (±135) g m-2 on the south-east coast. From 50 cm upwards, in both west and 

south-east intertidal communities, the average biomass never exceeded 450 (±58) g m-2, 

and the upper maximum limit of the community was around the 250 cm above ML WS 

(Figs. 3A and 4A). 

A second general pattern was found consistently in semi-exposed and exposed shores 

on west and south-east coasts. By contrast with the sheltered shores, peak biomass was 

concentrated on the mid shore (50 to 100 cm), followed by steady decrease above this; 

intermediate levels were recorded low on the shore (Figs. 3B, C and 4B). The maximum 

biomass values on the west coast were 2675 (±168) and 3726 (±150) g m-2 for semi

exposed and exposed shores respectively, while the bi?mass. on south-east exposed 

shores never exceeded 2500 g m-2 (Figs. 3 and 4). On the west coast, the upward extent 

of the intertidal communities of the semi- and exposed shores was significatively different 

than of the sheltered shores (ANOVA, p <0.001). Thus, the upper limit of the semi- and 

exposed shores (350 cm) was significantly greater than the sheltered shores (247 cm, 

Bonferroni t-test, p<0.05) (Fig. 3). Similarly, in the south and east coasts, exposed 

shores had a significantly higher upper limit (350 cm) than sheltered shores (259 cm, 
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Figure 3. Vertical zonation of the average (±S.E.) biomass in seven 
localities on the west coasts of southern Africa, in three subjectively 
defined wave exposures. The biomass trend from low to high shore is 
indicated by the weight fitted lines with a 50% smoothing. 
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and 0 =sheltered shores. The biomass trend from low to high shore is 
indicated by the weight fitted lines with a 50% smoothing. 
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Bonferroni t-test, p<0.05) (Fig. 4). Above 150 cm, the community bfomass varied over 

similar average ranges (between 74 g and 420 g m-2) regardless of exposure and 

geographic differences. 

The overall biomass was consistently higher on the west coast than the south-east 

coasts, and BJso higher at wave exposed sites than sheltered sites (Figs. 3 and 4). 

The trends of the vertical biomass zonation at the specific localities of Groenrivier and 

Port Elizabeth are shown in Figure 5. At both localities, semi-exposed and exposed 

shores had intermediate levels of biomass on the low shore ( < 30 cm), and maximum 

biomass in the mid shore (50-100 cm) (Fig. 5), and closely follow those described above 

for the west and south-east coasts as a whole. Similarly, on sheltered shores the biomass 

was concentrated in the low shore, followed by a sharp up-shore decrease at Groenrivier. 

(Fig. 5A), while at Port Elizabeth the biomass decreased gradually as elevation increased 

(Fig. 5B). The average community biomass was significantly greater at Groenrivier than 

at Port Elizabeth (Fig. 5), at both exposed shores and sheltered shores (Al~OV A, 

p<0.001; Bonferroni t-test, p<0.05). 

Species richness 

On the west coast the maximum number of species per unit area was 20 m-2 the 

highest values being reached in the mid intertidal (50-100 cm above MLWL tide) of semi

exposed and exposed shores (Figs. 6B, C). Sheltered shores achieved a maximum of 

only 14 m-2, being achieved low on the shore (Fig. 6A). Very similar patterns were 

found at exposed and sheltered shores of the south-east coast (Fig. 7), except that species 

richness was higher there that on the west coast. The vertical distribution of species per

unit-area thus parallel the patterns described for biomass. 

More specific examination of the two sites at which physical measurements were 

made, Groenrivier and Port Elizabeth , revealed similar vertical distribution patterns of 

species richness per-unit-area (Fig. 8). At exposed and semi-exposed shores, the peak of 

species richness occurred in the mid shore (=50 cm above MLWS), whereas at sheltered 
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Figure 6. Vertical zonation of the total number of species per unit 
area in seven localities on the west coasts of southern Africa, in 
three subjectively defined wave exposures. The trend of the 
number of species from low to high shore is indicated by the 
weight fitted lines with a 50% smoothing. 
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shores, the species richness decreased exponentially from low to high' shore. The number 

of species was also higher at exposed than sheltered shores (Fig. 8). 

Abiotic factors 

The abiotic factors measured at Groenrivier and Port Elizabeth are depicted in Figures 

9A and 9B, in which the maximum values of wave action and rock temperature are 

plotted in relation to the shore elevation. On average, the maximum values of wave force 

recorded on exposed sites at Groenrivier (15000 N m-2) were significantly greater 

(ANOVA, p<0.0001) than those of sheltered shores (1500 N m-2). Similarly, exposed 

sites at Port Elizabeth (10500 N m-2) had significant greater wave forces (ANOVA, 

p<0.0001) than sheltered shores (1100 N m-2). The vertical distribution of wave force at 

exposed sites followed a similar trend to that of community biomass and species richness 

(see Figs. 3-5 and 6-8), i.e. medium forces on the low shore (0 to 20 cm), and a peak on 

the mid shore, decreasing towards the high shore as elevation increased. The values at 

exposed shores were consistently higher at all shore elevations than those measured at 

sheltered sites (Fig. 9A), although the differences between exposed and sheltered shores 

became less obvious in the high shore. On sheltered shores there was no obvious vertical 

trend in the wave force distribution as elevation increased (Fig.· 9A). The subjectively 

selected semi-exposed shores of Groenrivier occupied an intermediate position between 

the sheltered and exposed shores, with maximum wave forces of 7000 N m-2 (Fig. 9A). 

There was a positive relation between the maximum rock temperatures and shore 

elevation at all sites (see Fig. 9B), i.e. in the low shore, rocks had a temperature close to 

that of sea water, rising as elevation increased, achieving values ·up to 45°C. The average 

distribution of the rock temperature was marginally different (ANOV A, p<0.049) 

between the localities of Groenrivier (23.1°±8.54) and Port Elizabeth (30.9°±9.25), but 

no differences were found between their respective wave force habitats CANOVA, 

p>0.810). No great significance can be attached to these differences, however, since 

,prevailing weather conditions would have strong influences on differences between 

regions. Within regions, temperature did differ on shores experiencing different grades of 
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wave action, but no consistent pattern emerged (Fig. 9B). At Groenrivier, semi-exposed 
.,,, . 

shores were cooler than sheltered or exposed shores, which did not differ significantly 

(ANOVA, p>0.05). At Port Elizabeth no significant differences were found between 

sheltered and exposed shores (Fig. 9B). 

Relationships between physical factors and biota 

The relationship between the average (±S.E.) biomass and the ma,ximum wave force 

(Fig. IOA) and the maximum rock temperature (Fig. lOB) is shown for each locality. The 

biomass per unit area was positively correlated with wave action at both Groenrivier 

(r=0.669; p<0.01) and Port Elizabeth (r=0.822; p<0.001) (Fig. IOA). Conversely, the 

average community biomass-per-unit-area was negatively correlated with the rock 

temperature, at both Groenrivier (r=-0.601; p<0.01) and Port ~lizabeth (r=-0.606 

p<0.02) (Fig. IOB). There is an obvious inverse relationship between wave force and 

rock temperature, both being related to tidal elevation. This situation preclude the use of 

each of this factors in isolation. 

Community structure and species composition 

The occurrence and biomass contribution of each taxon to the different intertidal 

communities, separated by wave exposure, are listed in Tables 1 and 2, for Groenrivier 

and Port Elizabeth respectively. 

On sheltered sites at Groenrivier, 68% of the total community biomass was 

represented by 5 taxa (Table 1). These were the kelps Ecklonia maxima and Laminaria 

pallida (combined 15.01 %), the limpet Patella granatina (18.5~%), which forms dense 

monospecific stands in the low to mid shore, and dense colonies of the polychaete 

Gunnarea capensis (17.85%); high on the shore the red algaPorphyra capensis (17.2%) 

formed dense patches. However, the most frequent species likely to be found in the 

samples was the limpet Patella granularis (12.15% frequency). The next most frequent 

species were the sea anemone Bunodactys reynaudii and two species of the scavenging 
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whelks Burnupena spp. (B.cincta and B. catharctha), both present in 9.94% of the 
,,, 

samples. 

In the semi-exposed habitats more than 90% of the total community biomass was 

accounted for 3 species, while a further 24 different taxa contributed the remaining 10% 

(Table 2). Of the three dominants, the limpet Patella argenvillei (29.93%) forms a 

conspicuous mo.nospecific band of ca. 2 m width on the low shore, and in the mid shore, 

large colonies of the polychaete Gunnarea capensis (35.5%) form a complex mosaic 

landscape together with the alien mussel Mytilus galloprovincialis (25.07% ). The most 

frequently encountered species in the samples were P. granularis (17.13%) and M. 

galloprovincialis (11.05%). 

In the exposed sites M. galloprovincialis (77.02%) dominated ml;lch of the entire mid-

low shore, forming dense mussel beds, which house a number of cryptic species and are 

interspersed Gunnarea capensis (6.70%) and overgrown by epibiont algae (<5%, Table 

1). The most frequent species were again the limpet P. granularis (16.10%), sea anemone 

Bunodactis reynaudii ( 13.86%) and the indigenous mussel Aulacomya ater (11.24% ). 

The community biomass of sheltered sites at Port Elizabeth was dominated by the 

colonial polychaete Pomatoleios kraussii (42.22%), several forms of articulate coralline 

algae (14.71 %), several species of the red algae Gelidium spp. (7.66%), together with 

two limpet, Patella barbara and P. oculus, and the encrusting Hildenbrandia sp. (Table 

2). All ·these species were concentrated low on the shore. The mid and high shore was 

characterized by the presence of numerous mobile grazers and predatory gastropods but 

they contributed little to the overall biomass. The most frequent'. species, however, were 

grazers - i.e. two species of winkle (Oxystele variegata and 0. impervia with 10.95%), 

the pulmonate limpets Siphonaria spp. (8.76%) and the limpets Patella oculus and 

Helcion spp. (both with 8.03%) (Table 2). 

On the exposed sites at Port Elizabeth more than 50% of the community biomass was 

also dominated by filter feeders, in this case the mussel Perna perna (36.34%) the 
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barnacle Tetraclita serrata (10.21 %) and the colonial polychaete Pomatoleios kraussii 

(9 .11 % ), all concentrated in the low to mid shore. However, the most common species in 

the samples were Patella granularis (8.43%), Bumupena spp. (6.63%) and Siphonaria 

spp. and Perna perna (with 6.02% each) (Table 2). 

Direct gradient analysis 

The graphical results of the canonical correspondence analyses for the rocky 

communities associated with the environmental factors are presented in Figures 11 and 

12. These figures display the combined 2D-biplot of species (abbreviations), samples 

(numbers) and the environmental vectors (arrows), where the length and direction of the 

arrows indicate the relative importance and direction of each vector. At Groenrivier, the 

ordination along the x and y axes explained 43.9% and 30.6% of the total community 

variance respectively (Table 3A). Similarly, in the ordination for Port Elizabeth the same 

axes accounted for 36.4% and 29.5% of the total community variance with respect to the 

environmental variables (Table 3A). For both localities the first two canonical axes of the 

species ordination were significantly linked to the environmental variables (Monte Carlo 

permutatl.on test, p<0.01), and thus indicate significant differences in the species 

composition among sites. 

The sample separation along the x-axis clearly illustrates the vertical gardient 

(zonation) of the community, where the low shore is indicated by smaller numbers (0 1, 

2) in the right side of x-axis, while the larger numbers (5,6 and 7) in the left side of the x

axis indicate the high shore (Figs. 11 and 12). Along the y-axes, the samples taken 

within each of the different wave exposures group together, wit~ the exposed sites at the 

bottom of the y-axis and sheltered sites at the top of the same axis. The semi-exposed 

sites occupied an intermediate position between sheltered and exposed (Fig. 11). They

axis in both ordinations, clearly indicated a wave force gradient (see Figs. 11 and 12). 

A summary of the weighted correlation coefficients between the x-y axes of the 

ordination and the environmental variables for each locality is given in Table 3A. At 
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Groenrivier the x-axis was significant correlated with all environmental factors, the ... , . 

highest correlation being obtained with the interaction between elevation and rock 

temperature (r=-0.812; p<0.005, Table 3B). Similarly, at Port Elizabeth the highest and 

most significative correlation was between the x-axis and the interaction between 

elevation and rock temperature (r=-0.888; p<0.0005, Table 3). Conversely, the y-axis 

was only significantly correlated with maximum wave force, at both Groenrivier and Port 

Elizabeth (r=-0.665; p<0.001 and r=-0.842; p<0.001 respectively, see Table 3B). In 

short, the relative magnitude (length) of the different environmental vectors (arrows in 

Figs. 11 and 12) indicates that maximum wave force, and the interaction between 

elevation and rock temperature were the most important environmental factors in the 

ordination of the communities of both Groenrivier and Port Elizabeth. 

In all samples taken in the high shores of both localities, the genera Littorina, Oxystele 

and Siphonaria were equally represented, independently of wave exposure or geographic 

differences (Figs. 11 and 12). This indicates that the composition of the species 

assemblages in the upper shore converge. Conversely, the species composition on the 

low shores diverged consistently, depending primarily on the effects of the wave 

exposure. The convergence of community samples is also evident in the way that the 

upper shore samples are positioned closely in the ordination, whereas the lower shore 

samples are distanced from one another (Figs. 11 and 12). The exposed shores were 

clearly characterized by the presence of filter-feeders, especially the mussels A. ater and 

M. galloprovincialis at Groenrivier (Fig. 11), and the mussel P. pema and the barnacles 

T. serrata and 0. angulosa at Port Elizabeth (Fig. 12), all of which tend to be positioned 

near to the end of the wave force vector. 
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Discussion 

The patterns of vertical distribution of intertidal species assemblages have been 

intensely studied since the early works on zonation (e.g., Stephenson 1943; Lewis 1964 

1976; Stephenson and Stephenson 1972; Moore 1975; Underwood 1978). In contrast, 

there is little published information on horizontal zonation patterns (Menge and Farrell 

1989). In particular, the quantitative responses of intertidal communities to horizontal 

gradients have not been fully explored (Foster 1988). 

The biomass data for the southern African rocky intertidal communities show 

consistent patterns in both vertical and horizontal distributions 9ver large and local 

geographical scales (Figs. 3-5). These findings reveal two vertical patterns that can be 

consistently detected over a large geographical scale. The first shows that exposed shores 

exhibit much greater overall biomass than protected shores, an issue addressed in Chapter 

1, and demonstrated for the Cape Peninsula (F!g. 1) cold-temperate shores by McQuaid 

and Branch (1984). However, the 'spread' of the biota from low to high shore indicates 

that the major concentration of biomass on semi-exposed and exposed sites occurs 

consistently in the low-to-mid shore (Figs. 3-5). This contrasts with sheltered sites, 

where the greatest community biomass is concentrated in the low shore. To my 

knowledge, there is no fully equivalent data set available in the literature to compare with 

the above patterns. However, biomass patterns can be inferred from descriptive works 

(as Menge and Farrell 1989) and from estimations of relative abundance or percent 

coverage. The vertical patterns on exposed shores found in this work seems generally 

comparable with those described for equivalent temperate regions in the south and north 

eastern Pacific (Santelices et al 1977; Foster et al. 1988; Menge and Farrell 1989) and 

north western Atlantic (Menge 1976; Lubchenco and Menge 1978), where the low shore 

appears to support intermediate levels of biomass due to the dominance of few species of 

encrusting algae and mobile consumer species. There is strong evidence showing that in 
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the low-to-mid zones of rocky shores biological interactions C~tther predation or 

competition) have important influences on community structure, with consumers 

controlling the abundance of space-occupying species in the low shore while the mid

shore level is dominated by sessile species (mussels and/or barnacles). However, a 

different vertical distribution pattern has been described for exposed rocky shore in False 

Bay (McQuaid and Branch 1985), where large colonies of sessile filter-feeding 

invertebrates and understory algal turf constitute the majority of the low shore biomass. 

This situation indicates that consumers are not effective in controlling space occupying

species. Descriptions of part of the British Isles (Lewis 1964; Newell 1979) and south 

Australia (Stephenson and Stephenson 1972) suggested similar patterns. Unfortunately, 

there is no information about the species richness of these communities nor degree of 

wave exposure experienced at the above-mentioned localities, thus precluding any direct 

comparison. Although this conjecture cannot be evaluated at the present, the implication 

is that the classical generalization related to the importance of biological interactions in 

determining the community structure on rocky shores, may well need to be re-assessed 

taking into account the effects of the environmental stress modulating these interactions. 

The patterns presented in this Chapter clearly showed that, as with biomass, the· 

species richness (number of species per unit area) also displays consistent vertical and 

horizontal distribution patterns independent of geographical localities (Figs. 6-8). Many 

of the studies of intertidal ecology of the last several years have emphasized the role of 

scale in the maintenance and production of species diversity (e.g. Dayton 1971; 

Underwood and Fairweather 1985; Petraitis et al. 1989; Menge and Olson 1990). 

However, most of the comparative studies for patterns of species richness have failed to 

make comparison between shores with similar small-scale physical environments 

(McGuinness 1990). Similarly, most of the studies of intertidal diversity do not include 

(or do not mention) species occupying secondary substrata (e.g. McGuinness 1990), 

leading to conclusions that are applicable only to the diversity of species occupying 

primary rock-space. For example, the removal of mussels (space dominant species) leads 

to the augmentation of the diversity of species using rock as a primary substrata (e.g. 
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Harger 1970; Paine 1971, 1974; Suchaneck 1978; Paine et al. 1985); while decreasing ,,,, . 

the diversity of the epifaunal and infaunal species associated within the mussel bed 

(Lohse 1993). In the present study, the consistency of the patterns on spedes richness is 

greatly strengthened by the fact that all localities were compared within equivalent 

physical environments (Figs. 6-8) and all species living on secondary substrata were 

included. 

The significance of these findings is that they confirm the prediction of Dayton and 

Tegner ( 1984 ), that many of the processes involved in the creation of patterns of species 

richness and biomass act and vary at a local scale (i.e. at the scale of sites within shores), 

though they may also operate at large geographical scales. 

The relative importance of the determinants of the zonation p~tterns (vertical and 

horizontal) for intertidal rocky shore communities varies with scale (Dayton and Tegner 

1984; McGuinness 1990). In this work, I considered in more detail two particular 

localities where differences in community structure are generated by coastal 

geomorphology (headlands, boulder bays, etc.) and, hence, differential wave forces 

(Fig. 9A). The magnitude of these local differences in wave forces will certainly be 

greater than any that can be experienced between different geographical regions (Figs. 9 

and 10). Furthermore, the simple local effect of vertical environmental gradients (rock 

temperature, elevation and their interaction) on the spatial distribution of the species 

assemblages were consistently similar within localities and only marginally different 

between the disjunct geographical localities (Fig. 9B). This implies that the physiological 

stress imposed by tidal excursions on intertidal organisms operate in a similar way at 

local and meso-geographical scales. 

Wave action is considered as one stressing factor which induces physical disturbance. 

Hence, it is expected to cause random, localized, mortality (Petraitis et al. 1989; 

MacGuinness 1990). However, my findings show that there is a positive relationship 

between the biomass-per-unit-area and the maximum drag force exerted by waves (Fig. 

lOA). This relationship agrees with results reported by Leigh et al. (1987) for the 
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northeastern Pacific, were at wave-beaten sites, the sea palm Polst~.{sia palmaeformis 

produce extraordinary quantities of dry matter per unit area. In sum, they conclude that 

wave energy enhances the production of intertidal systems. This is an important 

consideration that need to be taken into account when deciding which factors (and their 

respective interactions) need to be incorporated into environmental stress models for 

community regulation (e.g. Menge and Olson 1990). 

The results of the direct gradient analysis presented in this Chapter support, with 

quantitative evidence, the traditional assumption that gradients of emersion and magnitude 

of wave force are the most important local determinants influencing rocky intertidal 

communities (Menge and Farrell 1989). The analyses used three simple environmental 

factors and a single interaction, and explained more than 65% and 74% of the variance of 

the community biomass recorded at two disjunct geographical localities (Table 3A). 

The first gradient in the ordination diagrams (Figs. 11 and 12), was related to the main 

direction of variation along the x-axis, equivalent to an emersion (or desiccation) 

gradient, as indicated by the arrows representing the rock temperature, elevation and their 

interaction. The x-axis in both ordinations was significantly correlated (Table 3B) with 

these variables, especially their combined effect on the species ordination (Figs. 11 and 

12). In addition, the overall community biomass (regardless of wave exposure) was 

negatively correlated with the rock temperature (Fig. lOA). Field and Robb (1970), 

using a quantitative indirect gradient analysis, have previously shown that this vertical 

gradient is significantly correlated to the biomass of intertidal species assemblages of the 

rocky shores of False Bay (see Fig. 1). Although their analyses were done using 

different statistical techniques and sampling procedures, and on a much more limited 

geographical scale, their results coincide with the findings of this work. Unfortunately, 

there are few equivalent multivariate community analyses for rocky intertidal shores, the 

majority of such studies having been devoted to soft bottom ecosystems or subtidal 

ecosystems (e.g., McLachlan et al. 1984; Gray et al. 1988; Dawson et al. 1992; Warwick 

and Clarke 1993; van Nes and Smit 1993). However, in all intertidal rocky shores that 
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have been analyzed in this manner, shore elevation plays an import~~ role in explaining 

the changes in species composition (e.g., Kaandorp 1986; Koistra et al. 1989; Takada 

and Kikuchi 1990). 

The second major gradient in our analyses was related with the differences in wave 

force exerted on the rocky shores. The main variation of the wave force gradient occurred 

along the y-axis, which was only correlated with wave force (Table 3B). Samples taken 

from exposed sites were consistently ordered low on the y-axis and variations in wave 

action yielded three (Fig. 11) or two (Fig. 12) distinct species assemblages. The 

previously observed fact that sessile filter feeders are more abundant on exposed shores 

(McQuaid and Branch 1984 1985; McQuaid et al. 1985) was also clearly detected in this 

analysis. On wave-exposed shores, filter-feeder species were dominant, contributing > 

67% of the community biomass at both cold- and warm-temperate sites (Tables 1 and 2). 

At Groenrivier (Fig. 11) the mussels A. ater and M. galloprovinciallis and at Port 

Elizabeth (Fig. 12) the mussel P. perna and the barnacles T. serrata and 0. granulosa 

were the dominant space-occupying species, and prevailed where the highest wave forces 

were measured (Fig. 9). This was obvious in the ordinations (Figs. 11 and 12) where 

samples taken from the mid shore (2 to 4, which correspond to 50-120 cm above 

ML WS) were all placed close to the end of the wave force vectors (Figs. 11 and 12). 

Additionally, mussel beds provide a suitable microhabitat for a number of co-occurring 

species that are seldom found living on the bare rock. In the ordinations, cryptic species 

like the nereid mussel worm (Pseudonereis variegata), the predatory whelks (Nucella 

spp.), and predatory anemones (Bunodactys reynaudii), were all placed close to the 

mussel species (Figs. 11 and 12). All of those species either shelter among, or feed on, 

mussels. 

The convergence of the upper shore and the divergence of the lower shore species 

assemblages was clearly depicted in the gradient analyses (Figs. 11 and 12). 

Convergence suggests that the ecological response of the mid to upper shore communities 

to the constraints of this environment is in many ways similar, as has been suggested by 
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previous studies (Stephenson and Stephenson 1972; Menge and Lubchenco 1981; ... , . 

Lubchenco et al. 1984; McGuinness 1990). However, the consistent divergence of 

intertidal species assemblages in the lower shore, according to differential wave force 

regimes have not been clearly defined for cold and warm-temperate intertidal systems. 

The implication is that low-shore communities are dictated largely by differences in wave 

action, whereas high shore communities are influenced by the uniform stress of high 

temperature and desiccation. 

In a similar study using a multivariate approach, Fuji and Nomura ( 1990) investigated 

the relationships between community structure and environmental factors (i.e. categories 

of degree of wave force, height above datum and microtopography) for the rocky shore 

macrobenthos of southern Hokkaido, Japan. Their analyses did not include algae. Their 

main conclusion was that community structure of the macrofauna is primarily influenced 

by microtopographic characteristics, while the effects of wave force and shore elevation 

were not apparent. However, their work only reflects the effects of their sampling 

procedure. That is, at a particular site, they sampled with different intensity (some 

microhabitats were under-represented) all possible distinct microhabitats - i.e. nip, bench, 

ledge, slope and boulders (Fuji and Nomura 1990 Table 1). Besides, in their analyses 

each particular microtopographic category was subjected to a broad range of wave force 

categories (which were not determined by direct in situ measurements), to that wave force 

could not be used as a discriminatory environmental variable. Consequently, their 

conclusion that differences in microhabitat explain most of the variation in intertidal 

community structure, overriding the effects of other important environmental factors, is 

associated to their methodology more than anything else. 

In relation to the main objectives of this study, distinctive community structures were 

detected at a local-scale, whose differences a:re strongly related to local environmental 

variation. At this level of exploratory analysis, biotic interactions are of little importance. 

As in terrestrial ecology, the apparent gradual changes of the landscape that are normally 

not easy to isolate, but they can be operationally described as discontinuous pattern 
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variation (Whittaker 1970) - i.e. certain taxa occurred on discrete habitats with relative ... 
perceptible contours (defined by the position of the samples in Figs. 11 and 12). As in 

those terrestrial gradients, the intertidal ones can be analytically describe as very sharp, 

consequently zonation patterns are clearly observed. Within those vertical 'zones', the 

different taxa were consistently ordered horizontally along the shore in all sampled sites. 

It does, however, seems clear that there are frequently striking differences in the physical 

environment and the communities among sites within any geographical region - i.e. large 

mussel beds in exposed sites, mobile consumers and foliose algae in sheltered sites etc. 

The present work shows that such differences may result from the small-scale variation in 

the physical environment, such as the tidal gradient and wave exposure (explored in this 

Chapter), and as well as other mechanical disturbances like ice scour, river runoffs, etc. 

(not covered here), that will 'set the stage' for the subsequent biological interactions 

between the survivors of the environmental constraints (Menge and Olson 1990). 

The main conclusions of this work reinforce some of the hypotheses erected in 

Chapter 1 (see Table 3, Chapter 1) which are all related to large- and small scale patterns. 

In this Chapter I have quantitatively described small-scale local distribution patterns and I 

have statistically inferred the role of simple environmental factors in structuring rocky 

intertidal communities in a similar manner at two disjunct geographical localities. The 

main conclusions are: 

a) There are consistent patterns of vertical and horizontal zonation of the intertidal biota, 

in terms of both biomass-per-unit-area and species richness. 

b) These patterns are valid over a large geographical scale. 

c) The relationships between community structure and the local environmental factors 

included in this analysis, operate similarly in different geographical regions. 

d) The biomass-per-unit-area of rocky intertidal biota is positively related to degree of 

wave action and inversely related to rock temperature. 
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e) The vertical zonation of the rocky intertidal species is associated with an interaction ..,.. . 

between shore elevation and rock temperature, while the horizontal zonation is strongly 

correlated with the degree of wave action. 

f) The community characterizing the upper shore, converges in species biomass and 

richness, whereas significantly divergence was found in the low shore and could be 

explained by differences in wave action. 

By the very nature of the analyses in this Chapter, they can yield patterns and 

correlations but no direct evidence of the causative factors. Two of the strongest 

relationships that emerge are the high biomass on the west coast shores relative to south-

east coasts, and the fact that biomass (particularly of filter-feeders) is higher on exposed 

shores.than sheltered shores. These two aspects are presented in m,ore detail in the next 

two Chapters. In particular, the following Chapter documents direct measurements of 

productivity around the coast to test whether productivity may underpin contrast in the 

biomass of the west, south and east coast. 
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Chapter 3 

Patterns of Intertidal Productivity on Rocky Shores Around the Coast of 

South Africa, and their Relationship to Consumer Biomass 
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Summary: Nutrient status is an important factor that may influence the production rate 

and structure of many marine and terrestrial plant assemblages. Enhanced nutrient 

concentration strongly influences the abundance and organization of primary producers, 

hence possibly influencing the upper levels of a given food chain (a bottom-up effect). 

The large-scale patterns of rocky intertidal community structure presented in Chapter 1 

may be the results of large-scale patterns of productivity around the South African rocky 

coasts. In this Chapter I examine the levels of in-situ intertidal production of epilithic 

microalgae, intertidal nutrient concentrations, and standing stocks of different functional-

form groups of macroalgae around the South African coast. 

Clear gradi~nts of in-situ intertidal primary production and nutrient concentration exist 
~_,/ ~---- __ _..,...--.. ___ ,,..----/~-· ··-~------------------~-' --- ··--------- ·-/ 

around the South African coast, higher values being recorded on the west and the lowest 
~-.-/'--._,.,--\_,,.........__,,--~- •/ / ........ ...--· - -- ·- / ,'./ -- ,-· ----~-----~ .-- _.,<-. 

on the east coast. Primary Q.roguction was correlated with nutrient availability~n..£ could 
~...........--..______... ., ............. _ ......... ~~./ "-· ..... ,.___........_...~.-~~~~........_,..,.-. . ......__..-.._ . ....--.. ../ ~ ---

also be related to the nearshore phytoplankton production. A clear change of the 
~..,_-~ -~,....,-""'.,.,,_~ - .,,,,..-~~_ /~ ... ~.-.----~·~~......_.-/'--_,.,,---...__ - _.---......__,,...·--~----

dominance patterns of different functional-forms of macroalgae was also found around 

t!J.~~ coa?t, with foliose algae prevalent on the west coast and coralline algae on the east 

coast. However, overall standing stocks did _not reflect the productivity gradient. 

Positive relationships exist between the average biomass of intertidal invertebrate 

consumers (grazers and filter-feeders) and intertidal productivity, although only the 

grazers were directly 'connected' to in-situ production. The maximum body size of a 

widely distributed limpet, Patella granularis, was also positively correlated with level of 

in-situ primary production. 

The maximal values of biomass attained by intertidal filter-foeders were not related to 

intertidal primary production, and were relatively constant around the coast. However, at 

a local scale, filter-feeder biomass was strongly influenced by local wave action. This 

implies the local-scale water movements over-ride any effects that large-scale gradients of 

primary production may have on filter-feeders. 
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Introduction 

The role of variation in primary productivity has been a neglected factor in many past 

studies of community organization on intertidal rocky shores (Menge and Olson 1990; 

Menge 1992). In freshwater ecosystems, by contrast, the influences of variation in 

primary production and nutrients levels on trophic food webs have been extensively 

investigated and integrated into studies of ecosystem functioning (e.g. Carpenter and 

Kitchell 1984, 1987; Stanley et al. 1990; Hill et al. 1992; Wootton and Power 1993). 

Only in the past ten years has the role of primary productivity been incorporated, at least 

in a nominal form, into models of structure and functioning of marine benthic 

communities (e.g. Menge and Sutherland 1987; Hatcher 1990; Menge and Olson 1990; 

Menge 1992). 

In those few studies where levels of primary production have been measured on 

intertidal rocky shores, the aim was to use it as an index of food availability for 

competing consumers, succession and diversity of microflora assemblages, and small

scale distribution patterns, (e.g. Castenholz 1963; Nicotri 1977; Branch and Branch 

1980; McQuaid 1981; Underwood 1984c; MacLulich 1986a, b, 1987; Hill and Hawkins 

1990, 1991). However, variation in productivity at a large geographical scale and its 

interrelations with different components of rocky-shore communities has largely been 

neglected. Several studies of South African rocky' shores have been centered on the 

nutrients status and primary productivity of the system, but ha\'.e also been restricted to 

local geographical scale and to interactions with particular species (e.g. Bosman 1988; 

Bosman and Hockey 1988; Dye and White 1991; Lasiak and White 1993). 

A well documented productivity gradient exists in the pelagic ecosystem around 

southern Africa, due to the existence of strong upwelling on the west coast and its virtual 

absence on the east coast (e.g. Shannon 1985; Brown and Cochrane 1991; Brown et al. 

1991; Moloney 1992). In a synthetic review of most of the published productivity data 
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for the Benguela and Agulhas ecosystems, Brown (1992) demonstrated quantitatively the 

existence of a clear productivity gradient inshore of the 200 m isobath. The west coast is 

highly productive (up to 16.5 mg Chl-a m-3), while intermediate levels (about 5.0 mg 

Chl-a m-3) occur in the so-called Cape or southern Benguela; off the south-east coast, 

chlorophyll concentrations are an order of magnitude lower than the west coast ( < 2.0 

mg Chl-a m-3). However, this pattern disappears offshore (i.e. beyond the 200 m 

isobath), where the overall range of chlorophyll concentration is between 0.5 to 3 .0 mg 

Chl-a m-3 (Brown 1992). 

In a small-scale study at False Bay (Fig. 1), Cliff (1982a, b) analyzed chlorophyll, 

nutrients, bacteria, and organic detritus concentrations from the intertidal zone to about 

150 m offshore. He found that intertidal waters exhibited low values and no seasonal 

pattern in most nutrients concentration, and were consistently depleted of chlorophyll as 

compared with the water samples of the deeper nearshore system (Cliff 1982a). These 

results are in line with those reported by Demers et al. ( 1989), who found consistently 

low values in nutrients, and also lower values of phytoplankton, in the nearshore 

compared with offshore waters. Several hypotheses of biogenic origin have been 

proposed in order to explain these patterns, among them the efficient grazing activity of 

benthic filter-feeders which may reduce the phytoplankton biomass in the littoral zone 

(Demers et al. 1989). Similarly, low inshore nutrient concentrations (principally nitrogen) 

have been explained by the effect of shallow-water and intertidal macrophyte 

communities acting as a nitrogen sink (Raine and Patching 1980). 

In Chapter 1 I presented several patterns of community strrn;ture for the rocky shore 

around southern African. Among them, a gradient of consumer biomass emerged as the 

most conspicuous one. Notably, there is a markedly higher grazer biomass on the west 

coast, declining towards the east coast; a similar pattern was found in filter-feeders (see 

Fig. 6, Chapter 1). 

In this Chapter I use monthly chlorophyll-a accumulation as an index of intertidal in

situ primary production to explore large-scale patterns in epilithic micro- and macroalgal 
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production around the South African coasts. I also correlate this prod_~ctivity index with 

nutrient concentrations in intertidal waters. In a less intense sampling procedure, I 

document macroalgal standing stocks and their geographical variation for three different 

functional groups of algae. 

I then rely on data presented in Chapter 1 to correlate patterns of community structure 

with the primary production recorded for rocky shores. In particular, the local abundance 

(i.e. average and maximum biomass patterns) of the filter-feeder guild (see Chapter 1) 

will be correlated with both intertidal (empirically determined) and nearshore primary 

productivity patterns (obtained from published data). Similarly, the local abundance of 

the grazer guild will be related to intertidal epilithic primary prodaction. Using the 

widely-distributed patellid limpet Patella granularis as an indicator species, the 

correlation between epilithic microalgal production.and the maximum size attained by this 

limpet was also investigated. 

The overall aim was to determine geographic patterns (gradients) of intertidal primary 

production and then to seek possible correlations which may suggest the degree to which 

primary production influences consumers - i.e. filter-feeders and grazers. More detailed 

considerations of the processes involved in the maintenance of filter-feeder and grazer 

biomasses, and experimental and mathematical tests of the relationships revealed here are 

given in Chapter 4-6. 
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Materials and Methods 

Study sites and data analyses 

The data included in this Chapter were collected at 14 different localities around the 

southern African rocky shores (Fig. 1). A summary of all samples taken at each locality 

is given in Table 1. Samples were collected by different researchers at different sites, the 

responsibility being indicated in Table 1, but most samples and all analyses of results 

were undertaken by myself. Each monitored locality had similar coastal morphology, i.e. 

moderately exposed rocky platforms of no more than 15° of slope, facing directly into the 

waves. 

Statistical analyses, including analysis of variance (ANOV A), a-posteriori tests, 

regression and correlations, and all were performed with SAS® v.5.0 (SAS 1986). 

Chlorophyll-a determination 

The monthly in-situ production of epilithic micro and macroalgae was determined at 

11 different rocky intertidal localities from March 1991 to June 1992 (Table 1). At a 

height midway between mid-tide and low spring tide, four randomly selected plots of 

about 0.5 m2 each were cleared of all biological growth and their perimeters painted with 

antifouling paint to stop invasion by vagrant grazers. Every month, for a period of 16 

months, eight sterile clear acrylic plates of 25 cm2 each were glued down within each plot 

simultaneously at all localities. The plates were roughened by sa~d-blasting both surface~ 

to create a heterogeneous surface. After the plates had been in position for a month', they 

were lifted from the substratum, washed to remove all sand and loose inorganic material, 

wrapped in aluminum foil and stored at -20°C. Monthly measurements of the total 

chlorophyll-a contents extracted from the algae settled on each acrylic plates were 

undertaken by spectrophotometric techniques, using hot methanol as the extraction 

solvent for plant pigments (HMSO 1986). For each month, four plates were taken 
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randomly from each individual plot at each locality, all plant material w'as scrapped off the 

surface and placed in a pre weighted foil dish and the respective algal wet weights 

measured. The plant material and the individual acrylic plates were transferred into glass 

containers and covered with 40 ml of analytical reagent methanol. The samples were 

agitated briefly with forceps to ensure that they were in complete contact with the solvent. 

The glass container with the sample was carefully covered to prevent loss of methanol 

and then immersed in a water bath held at a temperature just above the boiling point of 

methanol (65-70°C). The sample was allowed to boil for about 3 minutes, removed from 

the source of heat, the container stoppered, and the solution allowed to stand in the dark 

for about 5 minutes until cooled to room temperature. Once cooled, the methanol extract 

was pipetted out and, still in the dark, transferred to a 50 cc centrifuge stoppered tube, 

and then centrifuged at 3500 rv/min for seven minutes. The clear extract was then 

decanted from the tubes (without disturbing the sediments), and placed in a 1.0 cm 

pathlength clear cuvette for spectrophotometric readings. Measures of the absorbance of 

the extract at wave lengths of 665 nm (maximum absorbance of chlorophyll-a) and 750 

nm (compensation for 'background turbidity') were taken using a Beckman Duo®-50 

spectrophotometer, and chlorophyll-a concentration (in µg cm-2) was calculated using 

the equation 

[Chi-a]= A· V · 13.9, 
a · 1.0 

where· A= Absorbance at 665 nm - Absorbance at 750 nm, V =Volume of solvent, 

13.9= spectrophotometric constant (Jeffrey and Humphrey 1975), a= Area of acrylic 

plate (cm-2), and 1.0 =cell pathlength (cm). 

lvlacroalgal standing stock 

The standing stock of inacroalgae was measured at 10 different rocky intertidal 

localities around the South African coast from March 1991 to June 1992 (Table 1). Four 

randomly selected transects, set perpendicularly to the sea from ML WS to MHWS, were 

permanently marked, and along them between nine and twelve 0.25 m2 quadrats were 
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randomly placed, covering the full intertidal zonation. Every three months, for a period of 

12 months, all macroalgal material in each quadrat was scraped-off, washed to remove all 

sand and inorganic material, sorted by algal species, and wet weight measured. 

Subsequently, all algal mass was expressed in grams per square meter of dry matter. The 

relationship between the algal wet mass (WM) and its dry mass (DM) was described by 

the significant linear function DM= 0.2535 * WM (n=470, r2=0.86, p<0.0001),with the 

intercept forced through zero (a=O). The algal species was classified into three functional 

groups according to their respective form: a) filamentous or foliose and corticated forms 

(referred to thereafter as 'foliose algae'; b), articulated and crustose corallines forms 

('corallines'); and c) non-coralline turfs ('turfs'). 

Nutrients 

Every month, six to twelve 50 ml water samples were taken intertidally at eight 

localities during spring low-tide for the determination of micronutrients (Table 1). The 

water samples were filtered using Whitman glass-microfibre filters (GF/F), poured into 

high-density polyethylene tubes and then wrapped in aluminum foil and stored vertically 

·frozen at -20°C. 

The concentrations of nitrite- and nitrate-bound nitrogen (N02 -N, N03 -N), 

phosphate-bound phosphorus (P04 -P) and silicate-bound silica (Si03 -Si ) were 

automatically determined using a Technicon Automated Autoanalyzer II (Mostert 1983; 

1988) .. Nutrient concentration was expressed in µmoles per liter (µmoles 1-1). 

Patterns of community structure 

Data for two main functional groups of consumers, filter-feeders and grazers were 

extracted from the biomass community patterns described in Chapter 1, to relate 

abundance of these functional groups to intertidal productivity. Specifically, both mean 

and maximum values of biomass per unit area (g AFDW m-2), are expressed relative to 

the distance around the coast of each surveyed locality from Liideritz (Namibia, Fig. 1). 

All distances were measured linearly on a 1 :2500000 scale map. The sampling 
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procedures to obtain biomass have already been described in ChapterS' 1 artd 2. Maximal 

body size achieved by the limpet Patella granularis, which occurs right around the coast 

(see Fig. 1, Chapter 1), was also determined at each surveyed site. All individual P. 

granularis present in quadrats on each transect were measured with a vernier micrometer 

with precision of 0.5 mm. Mean maximal size was determined by averaging the 100 

biggest animals recorded for each site. Methods used for laying the transects are given in 

more detail in Chapters 1 and 2. 

95 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Results 

Intertidal Productivity 

Chlorophyll-a as productivity index 

The monthly production (±1 SD) at each locality (grouped into the three coastal zones) 

is show in Figure 2. Considerable monthly and seasonal variations in the microalgal 

production occurred at most localities. Although the ~~.,tJo~alities showed great 

variation,, the average production was,higp. Even the minimum achieved never dropped 

below 1/0 µg Chl-a m-2 m-1, whereas at the south and more obviously at the east coast 

localities, the majority of the monthly average values were below 10 µg Chl-a m-2 m-1 

(Fig. 2). 

The major source of var_iation on microalgal productivity was due to radical 

differences between biogeographic provinces, between seasons and sites within 

provinces, i.e. west, south and east coasts, and due to seasonal changes (ANOV A, 

p<0.0001, Table 2). Conversely, within each locality little variation existed between the 

production plots (Al'l'OV A, p=0.2590, Table 2). 

The average monthly pr_oduction at each site is expressed in Figure 3. The average 

produ~tion of the west coast localities, i.e. 28.8±23.0 µg Chl-a cm-2 mo-1, was 

significantly higher (Tukey t-test p<0.05) than that of south_ and east coasts. Similarly, 

the monthly average at the south coast localities (15.2±18.0 µg:Chl-a cm-2 mo-1) was 

significantly higher (Tukey t-test, p<0.05) than the east coast (3.9±3.9 µg Chl-a cm-2 

mo-1 ). The localities of De Hoop and Port Alfred (Fig. 1) had production levels only 

slightly lower than to those of the west coast, exhibiting mean values of about 30 and 20 

µg Chi-a cm-2 mo-1 respectively, but even their combined monthly average was still 

significantly lower (Tukey t-test, p<0.05) than that of the west coast (Fig. 3). 
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Notwithstanding the apparently random monthly variations in 'the Chlorophyll-a 

production at each of the monitored localities (Fig. 2), there was a clear seasonal trend 

when the monthly values are pooled into seasons and into three coastal biogeographic 

provinces (Fig. 4). The localities of the west coast exhibited a clear peak production in 

the spring-summer and a decline in autumn-winter, whereas the reverse pattern was 

found in the south coast. Values were consistently low in the east coast province (Fig. 4). 

When the variability of the monthly production of chlorophyll-a was analyzed per 

biogeographic province (Table 3), it was found that these seasonal trends were significant 

on the west (ANOVA, p<0.0001) and at the south coasts (ANOVA, p<0.0001), whereas 

no significant (ANOVA, p>0.18) trend was found on the east coast (Table 3). 

Differences between localities and seasons, and the interaction between these two factors, 

explained more than 50% of the variance on the west and south pr9vinces, while in the 

east province differences between sites and the interaction with seasonal variation 

explained more than 40% of the total variance (Table 3). Variations within localities were 

not significant on the west or east coasts (p>0.1, Table 3) but were significant in the 

south (Al~OVA, p<0.0001, Table 3). Variations between plates (within plots) were never 

significant on any of the coasts (Table 3). 

Macroalgal standing stock 

The monthly average standing stock of ~~_found at the west coast localities 

showed a clear biomass dominance by filamentous, foliose and corticated forms ('foliose 
- r 

<:..algae') over articulated and crustose corallines and non-corallines turfs, these three 

functional groups averaging about 300, 42 and <5 g m-2 respectively (Fig. 5). A different 

pattern was found_ ci_tJ_he south coast localities, where corallines were more abundant than 

foliose algae, exhibiting averages about 62 and 5 g m-2 respectively, and there was an 

increase in turfs, with averages up to 25 g m-2 (Fig. 5). Similarly, at the east coast 

localities, corallines were much more abundant than foliose forms, with averages of 

about 384 and 35 g m-2 respectively, and a large proportion of the macroalgal biomass 

was attributable to turfs, with values up to 250 g m-2 (Fig. 5). The overall average 
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macroalgal standing stocks found for the west and east provinces w~ not significantly 

different (Tukey t-test, p>0.5), while that of the south province was significantly smaller 

than that of either the west or the east coast localities (Tukey t-tests, p<0.005). 

Intertidal Nutrients 

The overall average nutrient concentrations in water samples taken from the rocky 

intertidal zones is show in Figure 6. There was a strong gradient of total nutrient 

concentration around the South African coasts, with higher average values in the west, 

intermediate values in the south, and the lowest concentrations in the east coast province 

(Fig. 6). This trend is significant for all four nutrient, i.e. nitrites, nitrates, phosphates 

and silicates (ANOVA, p<0.0001, Table 4). One south coast site (De Hoop) had 

unusually high phosphate values that interrupted the trend. The majqr source of variation 

in the average nutrient concentrations was that produced by differences between 

. biogeographic provinces (Al~OVA, p<0.0001, Table 4). Monthly variations, as well as 

the interaction between months and province, were significant for nitrates, phosphates 

and silicates (ANOVA, p<0.0001). Variations between localities within a given 

biogeographic province were significant only for phosphates and silicates (p<0.0001, 

Table 4), while no significant differences were found between the different samples 

within localities (ANOV A, p>0.2, Table 4). 

Significant linear relationships existed between all four nutrients and the intertidal 

production index (ANOV A, p<0.002, Table 5), indicating that the in-situ microalgal 

production is significantly correlated with the concentration of nutrients in the intertidal 

water. 
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Table 5. Relationships between the monthly Chl-a· 

and nutrient concentrations. 

Chlorophyll-a 

b r2 df F p 

Nitrites 0.024 0.610 59 93.910 0.0001 

Nitrates 0.251 0.550 59 74.575 0.0001 

Phosphates 0.105 0.658 59 115.247 0.0001 

Silicates 0.299 0.498 59 59.519 0.0020 
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Patterns of community structure 

Grazer biomass decreased significantly from west to east (Fig. 7 A). Both the average 

biomass for 1 the whole-shore (r=-0.709, p<0.01) and the maximum grazer biomass 

recorded for a quadrat (r=-0.828, p<0.01) were correlated negatively with distance 

around the coast from west to east (Fig. 7 A). The maximal values of grazer biomass 

found on the west, south and east coasts were significantly different (one-way Al~OVA, 

p<0.0001). 

Filter-feeders, on the other hand, showed two different patterns when their biomass 

levels were related to distance around the coast (Fig. 7B). The whole-shore average 

biomass exhibited a significant negative correlation with distance (r=-0.525, p<0.05), but 

the maximum filter-feeder biomass recorded per square meter remained unchanged 

around the coast, there being no correlation with distance around the coast (Fig. 7B). As 

a consequence, the maximal biomass values of filter-feeders species in the east, south and 

west were not significantly different (one-way A.NOVA, p>0.29), despite two outlying 

high values on the west coast. 

Maximal sizes attained by the limpet P. granularis decreased from west to east, and 

also were negatively correlated with distance around the coast (r=-0.778, p<0.001) (Fig. 

8). 
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values) and distance around southern African shores, for grazer (A), and 
filter-feeder biomass (B ). The zero distance corresponds to Ltideritz 
(Namibia). Trends are indicated by a least squares fitted lines. 
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Discussion 

The results presented in this Chapter demonstrate quantitatively the existence of a 

strong gradient of intertidal primary productivity around the southern African rocky 

shores, highest values being recorded on the west coast, decreasing progressively 

towards the south and east coast (Figs. 2 and 3). This gradient has a clear seasonal 

component when the localities were 'lumped' into biogeographic provinces, even 

although this was not consistently evident when individual localities were inspected (Fig. 

2 and 4). Different seasonal patterns existed between the provinces, with summer-spring 

peaks on the west coast, winter-autumn peak on the south coast, and a lack of seasonally 

on the east coast. These results are consistent with inshore seasonal. productivity patterns 

reported for phytoplankton by Brown ( 1992). The levels of intertidal epilithic 

productivity (measured as monthly chlorophyll-a accumulations), were significantly 

correlated with the nutrient status of intertidal waters (Table 5). Thus, the availability of 

nutrients is likely to be a major factor regulating the growth rates of intertidal epilithic 

algae. Although the data were insufficient to indicate a causal mechanism, it is well 

known that high nutrient concentrations enhance primary production (e.g. Hutchinson 

1955; de Boer 1982; Bosman 1987). In addition, the gradient of intertidal epilithic 

production was significantly and positively correlated (r=0.896; p<0.001) with the 

nearshore phytoplankton production reported by Brown (1992). Epilithic intertidal algae 

and nearshore phytoplankton are likely be similarly influenced by nutrient levels, given 

that nearshore waters are well mixed by tidal and wind-driven wqter exchanges (Legendre 

et al. 1986). The concepts applied to phytoplankton dynamics are thus likely to be equally 

applicable to attached benthic plants (Mann and Lazier 1991). 

The use of functional groups for the analysis of macroalgal distribution patterns has 

long been established in the literature on benthic ecology (e.g. Littler and Littler 1980 

1984; Hay 1981; Steneck and Watling 1982; Littler and Arnold 1982). Using functional 
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aggregations of algae species with similar forms, vertical gradients of abundance and ... , . 

spatial distribution have been described several times. Algal abundance generally 

decreases in a logarithmic fashion, from maximum levels in the lower intertidal and 

shallow subtidal zones towards a minimal level in the upper intertidal shore (e.g. Nicotri 

1977; Raffaelli 1979; Underwood 1984a, b; Hawkins and Hartnell 1983; Steneck et al. 

1991). However, horizontal gradients of abundance at a larger geographical scale are 

seldom reported. Macroalgal standing stockhas been used as a 'productivity potential' 

index (sensu Steneck and Dethier unpubl. manuscript), indicating the upper limit of net 

primary productivity possible in a given environment. The data presented in this Chapter 

demonstrate that the average standing stock of macroalgae per-unit-area in the west coast 

did not differ from that of the east coast, but the standing stock of the south coast was 

significantly lower than either west or east coast averages (Fig. 5) .. These findings stand 

in contrast to the gradient of primary production (Fig. 3) found around the southern 

African coasts. Clearly in this case standing stock is a poor indicator of productivity 

potential. This is scarcely surprising: macroalgal standing stock represents the fraction of 

algae that accumulates after physical and biological disturbances (Hay 1981; Littler and 

Littler 1980 Bosman et al. 1987), and mere abundance per-unit-area need not necessarily 

relate directly to in-situ productivity. 

Several attempts have been made to relate the functional form of algae to two basic 

regulating factors, i.e. herb ivory and nutrients levels (e.g. Littler and Littler 1980, 1984, 

1988) .. The basic model, originally proposed for a tropical environment, suggested that 

the relative dominance of four different functional groups of organisms (i.e. coral, 

coralline algae, fleshy macroalgae, and microfilamentous algae~ compete vigorously for 

space and light, and each of these groups can predominate under specific conditions of 

nutrients and herbivory pressure. The macroalgal patterns presented in this Chapter (Fig. 

5) do not entirely agree with some of the predicted patterns that flows from this model. 

For example, one of the predictions refers to the dominance of foliose and late 

successional algal forms in areas of high productivity and low grazing pressure (Litder 

and Littler 1988). The west coast, an area of established high productivity, is indeed 
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dominated by foliose forms of algae (Fig. 5). However, if invertebr,~te grazer biomass 

can be used as an index of potential herbivory, the west coast does not conform the above 

prediction because grazer biomass is extremely high (Fig. 7). On the other hand, the shift 

from foliose algae to corallines and turfs, from west to east coasts (Fig. 5) does agree 

with the functional form model of Littler and Littler (1980), because on the south and east 

coast nutrients are low (Fig. 6) and, although invertebrate grazer biomass is low, there is 

high diversity and abundance of herbivorous fish (van der Elst 1990; Burger 1990; Y. 

Lechanteur pers. comm.). 

In the above mentioned functional model the factors potentially controlling growth and 

dominance of intertidal primary producers are the levels of nutrients in the surrounding 

waters and levels of herbivory, although the relative importance of each factor is not 

clear. At the local scale, biotic interaction may determine the algae 'landscape' and 

abundance (e.g. Underwood and Jernakoff 1981; Steneck and Watling 1982; Hawkins 

and Hartnoll 1983; Branch 1985; Vadas 1985; Hill and Hawkins 1991), while it appears 

that at large spatial scale, over hundred or thousands of kilometers, nutrients levels would 

control the primary productivity (Mann and Lazier 1991; DeAngelis 1992). 

In principle, any one of the essential nutrient elements can limit growth of aquatic 

plants. Nevertheless, in a very large number of aquatic cases, either nitrogen (N) or 

phosphorus (P) appear to be limiting (see Table 1 in Howarth 1988, and Table 3.2 in 

DeAngelis 1992). There many case studies, mostly concerning pelagic and coastal lagoon 

ecosystems, that indicate that primary production can be limited by either N or P. 

However, several lines of evidence lead one to conclude that net primary production in 

many marine ecosystems is limited primarily by N, and only ·in particular cases by P 

(Mann 1988; Howarth 1988). 

The present results demonstrate a clear gradient of nutrients levels around the southern 

African coasts (Fig. 6). However, simple 'standing stocks' of nutrients do not cast any 

light on the large-scale control of primary production. One can explore evidence of 

'potential' nutrient limitation using the Redfield ratio between N and P (Redfield 1958). 
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This is based on the uptake ratios for carbon, nitrogen and phospho~s (principally) by 

ocean plankton, which are (by atom) 106 C: 16 N: IP. In this context, significant 

differences CANOVA, p<0.05) between the average N:P ratios were found when the 

nutrient data were amalgamated into the three biogeographic provinces (Fig. 9). The 

average N:P ratio for the west and south provinces were not significantly different 

(Tukey t-test, p>0.05) and were always below the expected 16: 1 ratio proposed by 

Redfield (1958) (Fig. 9). Conversely, on the east coast the N:P ratio was significantly 

greater than that of the south and west provinces (Tukey t-test, p<0.05), and well above 

the expected 16: 1, with an average of ca. 20: 1 (Fig. 9). This suggest that on the east 

coast phosphorus could be limiting the intertidal productivity, while in the south and west 

provinces, nitrogen is more likely to be limiting. 

The results presented here show that the average levels of biomass of intertidal 

primary consumers (grazers and filter-feeders) declines from west to east in parallel with 

decline in intertidal productivity and nutrient levels (Figs. 3, 6 and 7). Indeed, there are 

strong direct correlations between their average biomass and the average level of primary 

production (Figs. lOA and llA), which are in tum related to nutrient levels (Table 5). 

The traditional notion of trophic functioning of biological communities is that the 

abundance of primary consumers in a given food chain should be positively correlated 

with in-situ productivity (Leibold 1989; Menge and Olson 1990; Power 1992). 

Augmentation of the basal levels of a food chain (primary producers) should thus be 

reflected by corresponding increases in the abundance of the next trophic level 

(consumers, e.g. Power 1992, Fig. 3). This situation is, however, predicted only if the 

primary consumers are not held in check by secondary consume~s (predators). 

In the present case, the herbivore grazer biomass appear to be directly influenced by 

the in-situ microalgal production. On a large geographical scale, this pattern is 

comparable to Bosman and Hockey (1986) demonstration that invertebrate grazers 

biomass and production can be enhanced by high algal productivity associated with 

guano input on west coast bird islands. The argument that primary productivity directly 
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influences grazer dynamics is reinforced by the fact that the maximum size achieved by 

Patella granularis is directly correlated with primary production (Fig. l lB). As maximum 

size is correlated with growth rate (Branch 1975), both size and growth are linked with 

productivity. Thus, enhanced primary production (due to coastal upwelling), may raise 
i~ 

the upper limits of herbivore carrying capacity (Fig. 1 lA) and also has an influence on 

individual body size (Fig. 1 lB). Correlation is, of course, not proof. However, the mere 

existence of this broad geographic correlation between grazer biomass and intertidal 

productivity is a strong suggestion of a bottom-up controlling effect (Power 1992; Menge 

1992), and in the next two Chapters the factors responsible for the maintenance of a high 

primary consumer biomass on the west coast will be tested. 

Although the average biomass of filter-feeders also correlates with intertidal 

productivity around the coast, this relationship is certftinly indirect, due to the fact that 

filter-feeders depend on 'importation' of phytoplankton and suspended particulate organic 

matter (e.g. Stuart 1982; Stuart and Klumpp 1984). For this reason, their biomass is 

much more likely to be affected by local wave action (see Fig. 6, Chapter 1), which 

influences the rate of turnover of particulate matter in the intertidal zone, than by large 

scale productivity gradients around the coast. This argument is reinforced by the fact that 

the differences in filter-feeder biomass between wave-exposed and sheltered shores are 

far greater than any west-east gradient in their biomass, that might be related to 

productivity. This implies local-scale water movement is of immense importance for 

filter-feeders (an issue developed in Chapter 4). In addition, space is likely to set an 

upper limit to filter-feeder biomass. Maximum levels of filter-feeders (mainly mussels) 

biomass does not change around the coast (Fig. 7B), and a likely explanation is that they 

are at fixed ceiling set by spatial constrains rather than by the productivity or turnover of 

food supply. 

,,..-· 

These findings impinge on two important troph,ic considerations for rocky intertidal 

systems. The first is that the energy transfer in intertidal food webs, from the producer to 

primary consumer level, can be divided into two different compartments according to the 

104 



Univ
ers

ity
 of

Cap
e T

ow
n

main food source: the herbivore and filter- or suspension-feeders pathways (Fig. 12). 

Intertidal herbivore species are directly supplied by the in-situ intertidal primary 

production. The correlations presented in this Chapter imply that invertebrates herbivore 

biomass is powerfully influenced by this production, but do not test whereas in-situ algal 

production is sufficient as a source of energy to explain the levels of herbivore biomass 

sustained on the west coast (see Chapters 5 and 6). 

The second trophic consideration is that the energy used by filter- and suspension

feeders (the greatest biomass component within the intertidal rocky communities) is, to a 

large extent, 'imported' as a subsidy from the adjacent pelagic and subtidal ecosystems 

(Fig. 12; and see MacQuaid and Branch 1985). This is another issue that will be explored 

further in the following Chapter. As a consequence maximal values achieved by filter

feeders are not related to intertidal productivity (Figs. 7 and 10), but are more likely to be 

limited by space availability (due to biotic interactions and the effects of wave action). 

Average (whole-shore) values for filter-feeder biomass are correlated with the gardient of 

productivity around the coast (Fig. 3), and may be correlated with offshore production 

and by the degree to which water turnover supply food (J¢rgensen 1990). 
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Chapter 4 

The Dependence of Intertidal Consumers on Kelp-Derived Organic 

Matter on the West Coast of South Africa 
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Summary: In this Chapter I explore the trophic relationships between intertidal and 

subtidal ecosystems for a west coast rocky shore community. I select a number of 

intertidal primary consumers, principally grazers and filter-feeders, and investigate their 

trophic connections with in-situ intertidal production and/or subtidal kelp production. 

Using two stable isotopes (nitrogen and carbon), I examine the degree to which filter-

feeders are trophically connected to kelp detritus and pelagic phytoplankton. Similarly, I 

establish the extent of the trophic connection between several intertidal grazers and the 

intertidal production or subtidal kelps. The filter-feeders use kelp-derived detritus as their 

main source of organic carbon and nitrogen. Similarly, two highly specialized grazers 

also use subtidal kelps as their main source of carbon and nitrogen, although more 

generalized intertidal grazers rely mainly on intertidal algal production. 

I determined the and extent to which kelp detritus contributes to the total particulate 

organic matter (PO.M) on exposed and sheltered habitats and during different tidal phases. 

Kelp-derived detritus represented more than 65% of the POM, being consistently high all 

year round and during both high and low tides, but was particularly high on exposed 

shores. Phytoplankton was seldom found and contributed no more than 6% of the total 

intertidal PO.M. I conclude that kelp-derived detritus represents a steady source of food 

for filter-feeders, upon which they can rely all year round. A short-term experiment 

revealed that the water turnover on exposed shores was about seven times greater than on 

shelter~d shores; the consequent increasing in the supply of food may explain why filter

feeders biomass is high on wave exposed shores. 

Finally, a steady-state model was built to simulate mussel stahding stocks as function 

of food supply and water turnover. The model predicts significantly lower mussel 

biomass on sheltered than exposed shores. I conclude that replenishment of food by 

waves action , is sufficient to explain the observed differences on filter-feeder biomass 

between exposed and sheltered shores. 
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Introduction 

Forests of large brown algae, the kelps, fringe the rocky shores of temperate and high

latitude regions throughout the world, frequently associated with cold water upwelled 

systems (Kain 1979; Mann 1982; Dayton 1985; Schiel and Foster 1986; Johnson and 

Mann 1988). Along the west coast of southern Africa, extensive forests of the kelps 

Ecklonia maxima and Laminaria pallida are commonly found (Velimirov et al. 1977; Field 

et al. 1977). This particular kelp bed ecosystem is among the world's most intensively 

studied regarding its nutrient dynamics and its role in energy flow through the shallow 

rocky subtidal food web (e.g., Field et al. 1977; Newell et al. 1980; Wickens and Field 

1986). In the course of this research, several important and well documented processes 

relevant to food web theory have been identified, including the significance of 

microheterotrophs in regeneration of nutrients (e.g., Steele 1974; Fenchel and Blackburn 

1979; Newell et al. 1988; Painting et al. 1992), new steps in the planktonic food web 

such as the "bacterial loop" and the virally induced lysis of marine microbial communities 

as (e.g., Azam et al. 1983; Moloney 1992; Thingstad et al. 1993), and the role of 

macrophyte-derived detritus a as source of organic carbon and nitrogen for subtidal 

consumers (Stuart et al. 1982; Seiderer and Newell 1985; Mann 1988; Fielding and Davis 

1989). Unfortunately, no similar development has occurred for the food web dynamics 

of rocky intertidal ecosystems. 

The enormous production of kelp beds rivals the mos~ productive terrestrial 

ecosystems on earth {Witman 1988). There is well documented evidence that most of this 

production enters the detritus food web, as kelp blades are eroded and fragmented by the 

action of waves (Field et al. 1977; Newell and Field 1983; Newell 1984; Mann 1988). In 

the kelp-beds of the southern Benguela system, suspension feeders (mainly filter-feeders) 

are the dominant faunistic component (Velimirov et al. 1977; Field et al. 1977; Branch 

and Griffiths 1988). Several of these suspension feeders are able to digest the 
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carbohydrates contained in kelp-derived detritus (Seiderer et al. 1982), and.much of their 

tissue carbon and nitrogen is probably derived from the detritus (Stuart et al. 1982; 

Fielding and Davis 1989). The fate of kelp biomass and particulate detritus is well studied 

for the subtidal food web (e.g., Newell 1984; Branch and Griffiths 1988), and for the 

sandy beaches (Koop et al. 1982a, b ). However, the potential role of kelp-derived matter 

in adjacent rocky intertidal ecosystems has not yet been explored. 

Although there have been many recent reviews dealing with some of the processes and 

potential mechanisms involved in the structuring and regulation of intertidal rocky 

communities in different parts of the world (Menge and Sutherland 1987; Foster et al. 

1988; Menge and Farrel 1989; Menge and Olson 1990), there have been few quantitative 

studies on material flow through intertidal rocky-shore food webs (except that of Field 

1983). Mann (1972; 1982) has suggested that much algal material is used by coastal 

invertebrates and is readily digested without further transformation. Furthermore, after 

comparing various freshwater, estuarine and coastal marine systems, he concludes that 

macrophytic detritus appears to be utilized very effectively in coastal food chains leading 

to shellfish production (Mann 1988). Thus, an open question is whether the subsidy of 

the intertidal zone by inputs from the nearshore and subtidal production (phytoplankton, 

dissolved and, specifically, particulate organic matter derived from macrophytes) does 

have a controlling 'bottom-up' effect that structures and regulates intertidal rocky-shore 

communities. A further open question is the extent to which intertidal consumers can 

utilize subtidal kelp. 

The fact that most elements have two or more stable (non-radioactive) isotopes offers 

tremendous potential for new ecological research or as tool for solving old questions 

(Rundel et al. 1989). Each trophic level has a distinctive 'signal' (the ratio of natural 

abundance of given isotopes) and the difference in signals between trophic levels or 

organisms (i.e. isotopic fractionation) provides great insight into trophic processes within 

a food web. The natural abundance of isotopes has emerged as a powerful means of 

tracing ecosystem energetic and estimating the dependence of organisms on specific diets 
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and habitats. In some cases, it is the only tool available for distinguishing and tracing 

different sources of food (Gearing 1991). For example, with a few measurements of the 

isotopic composition of organic tissues of aquatic plants and animals, it is possible to 

establish a chemical outline of food web structure (Fry 1991 ). A dual-isotope approach is 

often useful and desirable in studies of trophic structure, for example, when different 

kinds of plants are important sources of nutrition for consumers (Peterson and Fry 1987; 

Rundel et al. 1989; Fry 1991). 

In the preceding Chapters, I have quantitatively described several large- and small

scale community patterns evident for intertidal rocky shores around southern Africa 

(Chapter 1), with specially reference to differences between the east and west coast 

communities (Chapter 2). In Chapter 3 a description was given of a gradient in intertidal 

primary production around the coast and its relationship with some of the more important 

consumers. Right around the whole of the southern African coast, exposed shores tend to 

be dominated by sessile, space-occupying filter-feeders. This pattern is consistently 

repeated in other intertidal systems of the world. For example, mussels and barnacles 

(both filter-feeders) are the space-dominant species on the mid-low intertidal of exposed 

rocky shores of North-East Pacific (Paine 1966, 1974; Harger 1972; Paine and Levin 

1981; Foster et al. 1988), the North-West Atlantic (Lubchenco and Menge 1978; Menge 

and Farrell 1989), the British Isles (Lewis 1964), New Zealand (Paine 1971), the Baltic 

sea (Wallentinus 1991), and south-eastern Pacific (Santelices et al. 1977; Castilla 1981; 

Paine ~t al. 1985). Conversely, the levels of dominance achieved by grazers (mostly 

patellids limpets) on the mid-low zones of semi-exposed and sheltered shores of the 

temperate west coast of southern Africa appear to be unique (Chapter 1 and 2). Nowhere 

else do intertidal invertebrate grazer attain a comparable biomass (see Chapter 5). 

What are the facts that produce almost universal patterns of dominance of exposed 

shores by sessile filter-feeding consumers? Why do sheltered shores on the west coast of 

southern Africa habour such high grazer biomasses? How are these high biomasses of 

consumers maintained? These are the overall questions addressed in this dissertation. In 
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this Chapter, however, I concentrate on more specific questions, some already advanced 

in Chapter 1, that may explain large-scale patterns ill community structure around the 

coast (Table 3, Chapter 1). The dominance of filter-feeders on exposed shores may be 

due to many factors, including (i) high recruitment, (ii) better survival due to low 

predation pressure, which is constrained by wave action, or (iii) better conditions for 

growth and survival due to greater food input - arising from higher food concentration 

and/or greater water turnover in areas of high wave action. Similarly, the high biomass of 

grazers on sheltered shores may be due to (iv) greater availability of food, (v) the absence 

of physical stress (wave action), which may inhibit grazing or reduce survival on 

exposed shores, or (vi) reduced spatial competition with filter-feeders on sheltered 

shores. 

The intention of this Chapter is not to explore all this possible hypotheses. Rather, I 

concentrate on trophic processes that I have implied in hypothesis (iii) for filter-feeder 

domination of exposed shores, and hypothesis (iv) explaining the high biomass of 

grazers on semi-exposed/sheltered shores. I attempt to establish the trophic connection 

between macrophyte-derived materials and trophic guilds of intertidal consumers. 

Because rocky shores are too open to manipulate nutrients or particles feasibly, I have 

used observational and comparative approaches. 

Using stable isotope analyses, I first establish the trophic link between subtidal kelp 

and intertidal consumers, and assess the degree to which grazers and filter-feeders may 

derive their food from macrophytic particulate material. For that, I chose grazer and filter

feeder species that are the most abundant in term of their biom.ass and which dominate 

exposed and sheltered shores of the west coast (see Table 2A, Chapter 1). I also include 

some less-abundant, but trophically distinctive, intertidal and subtidal grazers and 

predators. I then quantify the availability and turnover of particulate matter on exposed 

and sheltered shores on the west coast and model whether any differences between these 

contrasting systems significantly affect filter-feeder populations. 

119 



Univ
ers

ity
 of

Cap
e T

ow
n

Material and Methods 

Stable Isotopes Ratios 

The rational of stable isotope analysis fies in the fact that most elements of biological 

importance have at least two stable isotopes. The difference between any two stable 

isotopes (e.g. those of carbon or nitrogen) generates a ratio reflecting the relative 

abundance of the two stable isotopes (Ehrlinger et al. 1986). These differences are 

normally very small and they are expressed relative to a standard. The unit of isotopic 

ratio is the delta value (8) and is expressed as the deviation per mil (0 / 00 ) from an 

arbitrary standard. The implication of this chemical phenomenon is that each biological 

organism incorporates isotopes of a given element (e.g. carbon) at a specific ratio 

(signature), that in turn reflects the ratio of isotopes present in its diet (DeNiro and 

Epstein 1978, 1981 ). This phenomenon has helped researchers to trace the food sources 

of specific animals or entire ecosystems. 

In this Chapter, samples from target animals, algae and POM were collected from the 

Groenrivier rocky intertidal to determine their stable isotopes ratios (13C: 12C and 

15N: 14N). The target grazer species included the limpets Patella granatina, P. argenvillei, 

which are the most abundant grazers on sheltered and semi-exposed shores respectively 

and are known to consume kelp as part of their diet (see Chapter 5). Another limpet, P. 

granularis was included because it is abundant but has more generalized feeding habits 

(Bosman 1988). Data for the subtidal abalone Haliotis midae are also presented for 

comparative reasons, due to the fact that is also known that feed on kelps (Barkai and 

Griffiths 1986; Tarr 1989). The filter-feeders analyzed were the mussels Mytilus 

galloprovincialis, Aulacomya ater and the polychaete Gunnarea capensis. These three 

species comprise more than 50% of the community biomass on exposed shores. Table 1 

summarizes the species examined, their trophic functional group, the elements for which 

isotopes ratios were determined, and sample sizes (number of determinations). For a 

120 



Univ
ers

ity
 of

Cap
e T

ow
n

T
ab

le
 l

. 
L

is
t 

o
f 

sp
ec

ie
s 

an
d 

tr
op

hi
c 

gr
ou

ps
, 

is
ot

op
es

 r
at

io
s,

 s
am

pl
e 

si
ze

 a
nd

 
th

e 
so

ur
ce

s 
o

f d
at

a 
in

cl
ud

ed
 i

n 
th

e 
st

ab
le

 i
so

to
pe

s 
an

al
ys

es
. 

Sp
ec

ie
s 

T
ro

ph
ic

 g
ro

up
 

C
ar

b
on

 
n 

N
it

ro
ge

n 
n 

P
hy

to
pl

an
kt

on
 

P
ro

du
ce

r 
(I

) 
no

t 
pr

ov
id

ed
 

(2
) 

no
t 

pr
ov

id
ed

 

E
ck

lo
ni

a 
m

ax
im

a 
P

ro
du

ce
r 

+
 

7 
+

 
5 

D
et

ri
tu

s 
P

ro
du

ce
r 

+
 

4 
+

 
4 

L
am

in
ar

ia
 p

al
li

da
 

P
ro

du
ce

r 
+

 
9 

+
 

6 
P

or
ph

yr
a 

ca
pe

ns
is

 
P

ro
du

ce
r 

+
 

6 
+

 
8 

U
lv

a/
E

nt
er

om
or

ph
a 

m
ix

 
P

ro
du

ce
r 

+
 

4 
+

 
3 

E
pi

li
th

ic
 D

ia
to

m
s 

P
ro

du
ce

r 
+

 
4 

+
 

3 
R

al
js

ia
 v

er
ru

co
sa

 
P

ro
du

ce
r 

+
 

3 
+

 
3 

P
at

el
la

 l
on

gi
co

st
a 

G
ra

ze
r 

+
 

5 
+

 
3 

P
at

el
la

 a
rg

en
vi

ll
ei

 
G

ra
ze

r 
+

 
6 

+
 

6 
P

at
el

la
 g

ra
na

ti
na

 
G

ra
ze

r 
+

 
6 

+
 

5 
H

al
io

ti
s 

m
id

ae
 

G
ra

ze
r 

(3
) 

1 
(3

) 
I 

P
at

el
la

 g
ra

nu
la

ri
s 

G
ra

ze
r 

(3
) 

l 
(3

) 
I 

M
yt

il
us

 g
al

lo
pr

ov
in

ci
al

is
 

F
il

te
r-

fe
ed

er
 

+
 

5 
+

 
6 

G
un

na
re

a 
ca

pe
_n

si
s 

F
il

te
r-

fe
ed

er
 

+
 

5 
+

 
5 

A
ul

ac
om

ya
 a

te
r 

Fi
 lt

er
-f

 ee
cl

er
 

+
 

5 
+

 
4 

B
um

up
en

a 
sp

p.
 

S
ca

ve
ng

er
 

(3
) 

l 
(3

) 

Ja
su

s 
/a

/a
m

/i
i 

P
re

da
to

r 
(3

) 
1 

(3
) 

+
=

T
h

is
 s

tu
dy

. 

1 =
M

on
te

ir
o 

et
 a

l. 
(1

99
1 

). 

2=
 O

w
en

s 
(1

98
7)

; 
M

in
aw

ad
a 

an
d 

W
ad

a 
(1

98
4)

. 

3=
 S

ea
ly

 e
t 

al
. 

(1
98

7)
. 



Univ
ers

ity
 of

Cap
e T

ow
n

comparative purpose, values for some other co-occurring species. were taken from 

previously published work, as shown in Table 1. 

Each sample was washed in distilled water, freeze dried, and homogenized at liquid 

nitrogen temperatures in a freezer mill. Small quantities of each sample (approximately 7 

mg for animal tissue, 14 mg for algae and <4 mg for POM) were weighed into quartz 

combustion tubes. Samples of mussels and polychaetes consisted of pooled whole bodies 

of about 3-5 animals; limpet samples comprised the bodies of whole individuals. Copper 

oxide, copper metal and silver foil were added to each quartz tube, which was heat sealed 

after evacuation to below 10-2 torr. Samples were then combusted for five hours at 800°C 

and cooled over 17 h in a closed furnace (Coleman and Fry 1991). 

Carbon dioxide and nitrogen gases were extracted from the samples by cryogenic 

distillation on a vacuum line, as described by Sealy and van der Merwe ( 1986) and · 

Boutton (1991). Yields of nitrogen and carbon dioxide were measured manometrically. 

Nitrogen was collected in a quartz tube by freezing onto purified coconut charcoal at 

liquid nitrogen temperature. Carbon dioxide was separated from water vapour by melting 

frozen carbon dioxide using an ethanol/dry-ice slurry, collected in a Pyrex tube, and 

cooled to liquid nitrogen temperature. Isotope ratios of both C02 and N2 were measured 

on a VG Micromass 602E 90° double-collector mass spectrometer. When only small 

amounts of nitrogen were obtained from a sample, the entire gas sample was first frozen 

into a .carbon "cold finger" before being passed into the spectrometer itself. However, 

this increases the chance that isotopic fractionation will occur. Consequently, to improve 

the accuracy of stable isotope analysis, quantitative measuremen~s were made at all stages 

in the processing of samples, to ensure that the differential loss of isotopes associated 

with this fractionation was minimal (Boutton 1991). 

Reference gas for C02 was calibrated against 6 National Bureau of Standards isotopic 

reference materials (NBS 16, 17, 18, 19, 20, 21) to relate it to the extant Chicago PDB 

(Pee Dee Belemnite Carbonate marine limestone standard). Nitrogen reference gas was 

calibrated against atmospheric nitrogen and IAEA standards N.l and N.2. The ()15N 
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measurements are reported relative to atmospheric nitrogen (Sealy and van der Merwe 

1986; Sholto-Douglas 1992). 

The equation : 

(R -R ) 
8X = sample standard xlOOOo/oo• 

Rstandard 

was used to express isotope ratios, where 8X = o13C or o15N, and R = 13C/12C or 

For each animal sample, the percentage contribution of photosynthesized carbon or 

organic nitrogen to each animal sample derived from kelp-carbon or kelp-nitrogen was 

calculated using a simple mixing model for a two-source system (McConnaughey and 

McRoy 1979), where, 

[813Csample-S13csource -/] 
%Kelp-Carbon= 13 13 

2 · xlOO, and 
[ 8 Csource1 - 8 Csource2 ] 

. [S 15 Nsample-S 15Nsource2 -/] 
%Kelp - Nitrogen= 15 15 xlOO, 

[ 8 Nsource1 - 8 Nsource2 ] 

were I is the average post-photosynthetic fractionation of o13C or ol5N per trophic level. 

The value of I for any particular animal can seldom be known exactly and is usually 

approximated, but in the case of the grazers analyzed here, I use the particular situation of 

the territorial limpet Patella longicosta to obtain a natural fractionation values (I) for 

carbon and nitrogen. Adult P. longicosta feed virtually exclusively on the encrusting 

brown alga Ralfsia verrucosa, which grows inside the limpets'~erritories (Branch 1971, 

1975; Branch et al. 1992). So, the differences between 

ol3C (Alga) - ol3C (Limpet), 

or o15N (Alga) - o15N (Limpet), 

122 



Univ
ers

ity
 of

Cap
e T

ow
n

were used as a direct measurement of natural fractionation between th~ autotroph and the 

grazer trophic step. It was assumed that these o increases were applicable to all grazer 

species included in this study. For filter-feeder species, the fractionation values of 1 °/00 

for o13C (De Niro and Epstein 1978; Rau et al. 1983; Fry and Sherr 1984; Sholto

Douglas et al. 1991), and 4 °/00 for o15N (Minawada and Wada 1984) were used. 

Particulate Matter 

Between May 1989 and May 1990 monthly samples of sea water were taken 

simultaneously at exposed and sheltered intertidal rocky shores at the locality of 

Groenrivier (see Fig. 1, Chapter 2 for localities). To determine the concentration of 

particles available in the intertidal zone, six 250 cc samples of sea water were collected at 

each site, during both low and high tides, and filtered through 2.5 cm GF/F glass 

microfibre filters. The mesh structure of the GF/F filters does not select specific particle 

size, but normally all particles greater than 0.45 µm are retained. Once the filtering 

process was completed, the filters were wrapped in aluminum foil and stored at -20°C for 

further analysis. In the laboratory, the filters were optically analyzed with a stereoscopic 

microscope for the identification of the different types of particles, at a range of x40 to 

x120 magnifications. The different types of particulate matter were grouped into six main 

categories defined by their nature and origin. These categories were: a) kelp-derived 

particles (from Ecklonia maxima and Laminaria pallida), b) faecal pellets and 

pseudc:>faeces (mostly from mussels), c) other non-kelp macroalgal fragments, d) animal

derived material (mostly parts of the exoskeletons of crustaceans and molluscs), e) 

fragments of terrestrial plants (wood and leaf fragments), and f) phytoplankton (mostly 

large-celled diatoms). Due to their small size, it was impossible to physically separate the 

different particle types. Consequently, their individual biomass contributions could not be 

determined. However, by scanning the fiberglass filters with the microscope at a constant 

magnification of x80, it was possible to obtain an index of their relative abundance. This 

was accomplished by counting each particle type in four independent counts using a 10 X 

10 graticule grid placed over each filter. After scoring, each filter was then oven dried at 
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50°C for 48 h, weighed, combusted at 450 °C for at least 6 h, and aggin weighed with a 

precision of five decimal points. Finally, the total concentrations of particulate organic 

matter (POM) and particulate inorganic matter (PIM) were expressed as ash free dry 

weight (AFDW) in grams per liter (g 1-1). All statistical analyses were performed using 

the procedures GLM of SAS© v.5.1 (SAS 1986). 

Water turnover 

A known volume of a solution of the organic dye rhodamine (diluted in sea water) was 

released into the sea, and its dilution over time used as an indirect indicator of sea water 

turnover. At the locality of Groenrivier, 3 hours after low tide, a solution of 100 g of 

rhodarnine diluted on 25 l of sea water was released simultaneously at a sheltered and a 

exposed rocky sites. Water samples were taken immediately after the release, and every 

minute during the first 10 minutes. Subsequently, water samples were taken at 5 and then 

10 minute intervals for the following 2.5 hours. At each sampling interval, four 50 ml 

water samples were taken around the release point, bottled, placed into a cool bag and 

taken to the laboratory for their analysis using standard spectrophotogrametric 

techniques. By scanning a so!ution of 1.0 mg 1-1 ofrhodamine diluted in sea water over a 

range of wave lengths between 400 and 640 nm, it was determined that rhodamine has a 

unique and distinctive absorption peak of visible light at 554 nm. Sea water (used as a 

background blank) did not exhibit any absorption peak at 554 nm. All 

spectrophotogrametric analyses were done using a Beckman DU®-50 spectrophotometer. 

The accuracy of the spectrophotometer readings was four decimal points, a reading of 

0.0001 optical density corresponding to a rhodamine concentration of 0.001 mg 1-1. 

Consequently, any optical density values below this were considered equivalent to zero 

rhodamine in the sea water. 

Filterjeeder model 

In order to test theoretically if quantity and turnover of food can account for the 

observed differences in the field of filter-feeder biomass between exposed and sheltered 
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shores, I built a simple steady-state simulation model for prediction of the mussel 

standing stock (measured in g m-2 of dry flesh mass). The model predict the population 

growth and not individual growth. Using the empirical data presented here, I simulated 

two rocky shore habitats subjected to different degrees of wave action (see Chapter 2). 

For that, I modeled the biomass of the alien mussel Mytilus galloprovincialis, which 

accounts for >77% of the total biomass and >95% of the filter-feeder biomass on 

exposed rocky shores on the west coast of South Africa (see Table 2, Chapter 2). The 

model uses as inputs the average food concentrations (detritus and phytoplankton in g m-

3 ) measured on exposed and sheltered shores, the food replenishment consequent upon 

water turnover (in g m-3 day-1 ), maximum mussel growth efficiency (conversion of food 

mass into body mass, K1 ), ingestion rate for an average individual mussel of 50 mm 

shell length (expressed in g m-3 ~ay-1), and a mortality coefficient (fix proportion). 

The model is based on the biomass data of food availability for filter-feeders, and 

water turnover presented in this Chapter. The model predicts the dry flesh biomass that 
,I 

can be sustained (in grams per square meter). Food was divided into kelp-derived detritus 

and1phytoplankton, while water turnover represents the rate of food replaced (in grams 

per cubic meter per day) over a particular area on a given rocky shore. This was 

calculated from the data obtained from the water turnover experiment. The observed 

average food standing stocks - i.e. for kelp-derived detritus and phytoplankton, for 

exposed and sheltered shores - are taken from the results of particle monitoring described 

above. 

The mussel standing stock (Ss) changes according to 

Ss= Ssi +Gr-Mo, 

where the initial standing stock Ssi is seeded in the simulation (200 g m-2) and altered by 

the balance between growth (Gr) and mortality (Mo). The former depends upon food 

assimilated. The mortality of a given Ssi is 

Mo=Ss. *M 
I ' 
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where Mis the daily mortality rate (i.e. 0.059 d-1, derived from an aruiual figure given in 

Bayne 1976). 

Similarly, growth of a give Ssi 

Gr=l*K1, 

in which I is the ingestion rate for the whole population and KJ is the maximum gross 

growth efficiency, or the efficiency(%) with which food is converted into body mass, 

which was taken to be 35% (Griffiths and Griffiths 1987). I assume that the assimilation 

efficiency for kelp detritus and phytoplankton is the same. The ingestion rate I is assumed 

to follow a Holling type II functional response where 

I= Fs *Ir 
k+Fs' 

Ir being the ingestion rate of an average individual mussel of 50 mm shell length, i.e. 

0.019 g d-1 (Bayne 1979), k the saturation constant, i.e. 2.4 g m-3 (van Haren and 

Kooijman 1993); and the food supply (concentration) Fs is 

or combined variation of kelp detritus plus phytoplankton through time, in which 2Ji+n 

is the sum of the different food supply - i.e. detritus plus phytoplankton standing stocks 

-, and L1t is rate of change of food supply. 
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Results 

Isotopic ratios 

The average (±I SD) of 813C (Fig. IA) and 815N (Fig. lB) values found in I5 taxa 

belonging to four trophic functional groups are depicted in Figure 1. The average 813C 

values varied between -6.07°/ 00 and -20.1°/ 00 (Fig. IA). There was no obvious trend 

towards trophic enrichment in 13C (i.e., less negative 813C, from lower to upper trophic 

levels). However, the 813C values recorded are typical for marine species and they all fall 

within the range previously reported for the same or similar species in the Benguela 

system (Sealy and van de Merwe I986; Sealy et al. 1987; Sholto-Douglas 1992). The 

isotopic ratio of phytoplankton (taken from Monteiro et al. 1991) was the most depleted 

with a value of -20°/ 00, while in the upper range of the carbon isotope scale, the limpet P. 

longicosta and the encrusting phaeophyte R. verrucosa show substantially enriched 

ratios, with values of -6.07°/00 and -7.48°/00 respectively. These two last species 

represent the almost perfect system for the detection of natural 813C fractionation (since 

P. longicosta adults feed almost exclusively on R. verrucosa), and yielded a fractionation 

value of 1.41°/00 (Fig.IA). 

The different primary producers - i.e., phytoplankton, kelp-derived materials, micro 

and macroalgae - showed distinctive isotopic signals. The kelps E. maxima and L. pallida 

exhibited average 813C values of -12°/ 00 and -14.1°/ 00 respectively, while the samples of 

the rhodophyta P. capensis, the combined samples of the chlorophyte genera 

Ulva!Enteromorpha and the epilithic diatoms shown 813C values of -16.8°/00 , -16.9°/00 

and-18.9°/00 respectively (Fig. IA). Detritus (which is known tci be dominated by kelp -

see below) fell between the values for the two kelp species. The combined average ()13C 

value for the two species of kelp was significant greater than that of the combined value 

for diatoms, Ulva/Enteromorpha and P. capensis (Tukey t-test, p<0.0001). The three 

types of consumers (grazers, filter-feeders and carnivores) possessed average ()13C 

values significantly different from one another (ANOVA, p<0.005). Ignoring P. 
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longicosta, the ()13C range within the consumers, which included grazers, filter-feeders 

and carnivores, was between -17.6°/00 and -12.8°/00 , the rock lobster Jasus lalandii 

being the most enriched of all (Fig. IA). The combined average of the isotopic ratios of 

the filter-feeder species was significantly more enriched than of grazers (Tukey t-test, 

p<O.OOOI). However, the combined ()13C value for the carnivores species Burnupena 

spp. and J. lalandii, was not significantly different from that of filter-feeders (Tukey t

test, p>0.05). 

The average (±1 SD) values of ()15N for the same suite of intertidal seaweeds and 

animals are depicted in Figure IB. At present, there is no available ()15N value for local 

intertidal phytoplankton, and the values presented in Fig. IB are the average reported by 

Owen (I987) and the range taken from Minagawa and Wada (1984). Excluding the ()15N 

value for phytoplankton, there was a clear trend towards trophic enrichment in 15N 

moving up through the intertidal food web, i.e. low values of () 15N for intertidal 

producers (micro and macroalgae), with consumers (grazers, filter-feeders and predators) 

showing increasingly higher ()15N values. The average ()15N values were significantly 

different between trophic groups (ANOVA, p<O.OOI). As in the ()13C distribution (Fig 

IA), the P. longicosta-R. verrucosa association show a clear trophic fractionation, with a 

value of +4.53°/ 00 • Excluding phytoplankton, the producer group (macroalgae, detritus 

and diatoms) ranged from +l.5°/00 to +4.5°/00 , and the combined isotopic ratio of the 

two species of kelps was significantly lower than that of combined micro and macroalgae 

(Tukey t-test, p<0.0001). The ()15N values for the primary consumers (grazers and filter

feeders) was between +6.I 0 / 00 to +9.4°/00 , and as was the case for the ()13C 

distributions, the combined isotopic value for grazers (excluding P. longicosta) was 

significantly lower (Tukey t-test, p<O.OOOI) than the combined value for filter-feeders 

(Fig. lB). The carnivores exhibited the most enriched values of 15N of all intertidal 

samples (Fig. lB), and their combined value was significatively higher than of filter

feeders and grazers (Tukey t-test, p<0.001). 
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Isotopic linkage between the sources of 13C/i5N and the intertidal consumers 

The solid and dashed arrows in Figure IA connect the average (513C values found in 

any given two plant carbon sources (producers, shaded ovals) relative to different groups 

of fauna (consumers, white ovals). The arrows numbered 1, show the position of the 

carbon ratio found in filter-feeders (the mussels M. galloprovincialis, A. ater and the 

colonial polychaete G. capensis) in relation to two carbon sources, i.e. kelp-derived 

detritus and phytoplankton. The carbon isotopic 'signature' of filter-feeders falls between 

the two plant sources, but was closer to the kelp detritus than the phytoplankton source. 

Similarly, arrows numbered 2 show the position of the (513C values for the intertidal 

grazers P. argenvillei and P. granatina in relation to two other carbon sources, i.e. the 

fronds of the two species of kelps, and intertidal algae ( epilithic diatoms, P. capensis and 

Ulva/Enteromorpha). Again, the average 13C ratios for these two intertidal grazers falls 

well between the two carbon sources, but there is more affinity with that of the kelps than 

of the intertidal algae (Fig IA). When two other more generalized grazer species are 

considered (H. midae and P. granularis), their (513C values are closer to the mixture of 

intertidal micro-macroalgae than of the kelp products (arrows 3, Fig 3A). 

The differences between the 15N ratios of the two main types of food (source) and the 

animal (consumer) samples are represented by the lines and arrows in Figure lB. These 

lines again connect the average values of (515N for various groups of intertidal producers 

(shaded ovals) and their respective consumers (clear ovals). The isotopic position of the 

filter-feeders in relation to the 15N ratio of the kelp-derived detritus (solid lines 1, Fig. 

lB) shows a fractionation value of 5.6°/ 00 , close to the value of 4°/ 00 that would be 

predicted if they are deriving most of their food from this so"urce. Thus the isotopic 

values of the filter-feeders are strongly influenced by the kelp detritus and only slightly 

by that of phytoplankton. Within the herbivore grazers, the fractionation value between 

the generalist grazers P. granularis and H. midae and the average value of the mixture of 

epilithic diatoms and macroalgae (dashed line 3, Fig. 2b) was of 4.4°/00 . This 

fractionation is very close to that found between the limpet P. longicosta and its food R. 
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verrucosa, namely 4.48°/00 (Fig. lB, solid line). Similarly, the dashed line 2, which 

connects the average values of ()15N for the limpets P. argenvillei and P. granatina with 

that of the kelps, shows a fractionation value of 4.8°/00 (Fig IB). This implies that the 

two more generalized grazers obtain much of their food from micro and macroalgae rather 

that kelp, whereas the reverse is true for P. granatina and P. argenvillei. 

The results of the two-sources mixing model are presented in Figure 2. For the three 

filter-feeders, the mixing model predicts that on average more than 50% of the carbon and 

65% of the nitrogen can be conservatively explained by the contribution of kelp-derived 

detritus (Fig. 2). Similarly, within the grazers, kelp fronds are the main contributor of 

organic N and C found in the tissues of the two limpets P. argenvillei and P. granatina, 

contributing more than 69% to the ()15N and ()13C values, while the remaining 31 % can 

be explained by a mixed diet of epilithic micro and macroalgae. In contrast, within the 

remaining herbivorous grazers, the mixing model shows that the abalone H. midae 

should receive a lower isotopic contribution from the kelp fronds than from the mixed 

diet; less than 35% and 20% of the organic N and C respectively (Fig. 2). The intertidal 

limpet P. granularis received no more than 25% of the organic nitrogen and less than 5% 

of the photosynthesized carbon from kelp fronds, whereas intertidal macroalgae and 

epilithic diatoms appeared as its main source of both nitrogen (>80%) and carbon 

(>70%). 

The Abundance and Variations of the Particulate Organic Matter (POM) 

The monthly average concentration (±1 SE) of the total POM and the average percent 

contribution of particulate kelp detritus to the total POM at exposed shores are shown in 

the Figure 3. There were no obvious seasonal trends in either POM concentration or 

percentage kelp contribution during either high or low tides. 

At high tide (Fig 3A), the overall monthly average POM was 13.53±0.6 mg 1-1 while 

the overall kelp contribution to the total POM was 68.9±4.8%. The monthly average · 

concentration of POM were significantly correlated with those of particulate kelp 
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Figure 3. Monthly average(±l SE) of particulate kelp detritus and total POM 
concentration on exposed shores at Groenrivier during both high tide (A.) and 
low tide (B.). Arrows are indicating the running mean of the time series. 
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(Spearman r5=0.48; p<0.038, n=42). During low tide the average PQM was 14.33±0.5 

mg 1-1, kelp contributing 75.5±4.5% of the total POM (Fig. 3B). As during high tide, a 

significant correlation (Spearman r5=0.78; p<0.006, n=40) was found between POM and 

particulate kelp. 

At sheltered shores (Fig. 4) the average POM concentration at high tide was 

8.29±1.47 mg 1-1, and similar average of 9.56±1.62 mg 1-1 was recorded during the low 

tide. The contribution of kelp detritus to the total POM was similar to that of exposed 

shores, being 71.3±5.1 % during high tide and 70.0±3.7% during low tide. However, 

. there were no significant correlations between the total POM and the concentration of kelp 

detritus during either high tide (Spearman r5=0.42; p>0.075, n=40) or low tide 

(Spearman r5=0.34; p>0.059, n=35). 

A non-parametric factorial AJ.'J"OV A (Table 2) indicated that temporal variability and 

tidal phase, as well as the interactions between tide and exposure or month and exposure 

were not significant in explaining the variance of the POM (AJ."\J"OV A, p>O. l). The only 

significant factor was wave exposure (AJ."\J"OVA, p<0.01). An a-posteriori comparison 

showed that the POM concentration at exposed shores was significantly greater than that 

of sheltered shores (Tukey's t-test, p<0.05). 

The Nature of the Intertidal POM 

The average relative abundance of the total particulate inorganic matter (Pli\1), the 

main components of POM and the total POM is summarized for exposed and sheltered 

shores in Tables 3 and 4 respectively. The Pli\1 consisted of small silt particles (mostly 

quartz and granite fragments) that on average accounted for no.more than 4-12% of the 

total particulate matter. By contrast, the average POM accounted for more than 89% of 

the total particles, at both exposed and sheltered shores and during both tidal periods. The 

ratio POM:PIM was consistently of about 9: 1 in favor of the organic matter (Tables 3 and 

4). 
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Of all six organic particle categories, particulate kelp detritus was ipvari,ably the most 

abundant, accounting for more than 70% of all POM, regardless of exposure or tidal 

period (Tables 3 and 4). The second-most important particle type was faecal pellets, 

which at exposed shores accounted for more than 12-21 % of the total POM (Table 3). At 

sheltered shores, pellets represented in excess 9-15% of the total POM (Table 4). 

Fragments of other (non-kelp) macroalgae however, never exceeded 5% of the total POM 

at exposed shores (Table 3), while at sheltered shores they averaged 7-8% of the total 

POM (Table 4). 

Animal-derived particles, mostly shell fragments and pieces of crustacean 

exoskeleton, never averaged >2.2% of the total POM (Tables 3 and 4). Unexpectedly, 

diatoms were poorly represented in the samples of intertidal water, often being absent and 

never exceeding 7% of the total POM (Tables 3 and 4). 

Water Turnover. 

The rate of dilution of rhodamine in the water samples at exposed and sheltered shores 

is show in Figure 5. During the first 8 minutes after released into the sea, the rhodamine 

solution was rapidly diluted by one order of magnitude (from 100 to ::::10mg1-1) at both 

exposed and sheltered rocky shores. At exposed shores, the rhodamine was diluted two 

order of magnitude within 10 minutes, to about 0.07 mg 1-1 (Fig. 5), and after 15 

minutes, there was no detectable rhodamine in the sea water samples - i.e., a rhodamine 

concentrations had dropped below 0.001 mg 1-1 (Fig. 5). At the sheltered shores, the 

rhodamine concentrations remained almost constant from 15 to 45 minutes, dropping 

slowly from 5 to 2 mg 1-1 (Fig. 5). From 45 to 75 minutes, it d~creased further to about 

0.01mg1-1 and only after 80 minutes did it decline to undetectable levels(< 0.001mg1-

1) (Fig. 5). The rates of water turnover derived from this exercise cannot be meaningfully 

extrapolated to annual rates, but they do provide measures of the differences that can be 

expected between exposed and sheltered shores. In this spirit they were employed in the 

filter-feeder model described below, which simulated the potential significance of the rate 

of water turnover on the filter-feeder standing stock. 
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Figure 5. Dilution through time of 100 mg 1-1 rhodamine solutions released 
.at exposed and sheltered sites at Groenrivier. 
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Filter-feeder model 

I simulated the fate of a initial 'seed' population of 200 g m-2 of mussels, at both 

exposed and sheltered shores, under average conditions, assuming no seasonal variation 

in food supply, population growth or mortality. On exposed shores, the trajectory of the 

mussel standing stock was predicted to increase over a period of three years to a stable 

carrying capacity of about 478 g m-2, a value that falls well within observed field values 

for exposed shores on the west coast (Fig. 6). In contrast, under average conditions of 

food supply and water turnover experienced on sheltered shores, the population 

decreased rapidly over a period of two years, reaching a stable level of the mussel 

standing stock of 23 g m-2. This value similarly falls within the observed biomasses 

measured in the field on sheltered shores (Fig. 6). 
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Discussion 

Measurement of the natural abundance of stable isotopes is a powerful way to study 

dietary organization of species assemblages or entire ecosystems, and it is sometimes the 

only mean of tracing the fate of different food sources (Peterson and Fry 1987; Owen 

1987; Gearing 1991). However, like all methods, it has certain limitations, especially due 

to spatial and short- and long-term temporal variations of the dietary sources (Wieneke 

and Fisher 1990; Simenstad et al. 1993). These changes generate a significant variation in 

the natural isotopic fractionation and turnover between the sources and their consumers. 

To overcame the 'noise' of natural variation, long-term experimental studies have to be 

conducted to measure fractionation, in which consumers are maintained on a specific and 

unique food source with a constant isotopic composition, sometimes for several 

generations (e.g. DeNiro and Epstein 1978, 1981; Hayes 1982; Tieszen et al. 1983; 

Minagawa and Wada 1984). Rather than extrapolate from these experiments, I measure 

the natural fractionation between a grazer (P. longicosta) and its food source (Ralfsia 

verrucosa), relying on the unusual circumstance that this particular limpet is a territorial 

specialist with a monospecific diet, at least when adult (Branch 1975). The results yielded 

isotopic fractionation of 1.41°/00 (for carbon) and 4.53°/00 (for nitrogen) between P. 

longicosta and Ralfsia verrucosa (Fig. 1), that can be applicable to intertidal grazers. 

These fractionation values are comparable to earlier values derived from long-term 

experiments (see Minagawa and Wada 1984). I then applied the values obtained from P. 

longicosta to the other grazer investigated, assuming that they would have comparable 

fractionation rates because most of them were congeners. 

The use of stable isotopes to establish trophic linkages between subtidal production of 

macrophytes and coastal ecosystems has been extensively reported for estuarine systems 

(e.g. Peterson et al. 1985; Simestad and Wissmar 1985) and shallow-water benthic 

marine communities (e.g. Stephenson et al. 1986; Dunton and Schell 1987; Siemenstad et 

al. 1993). Seagrasses detritus (together with its associated microbial communities) is 

known to contribute to planktonic ecosystems (e.g. Deegan et al. 1990; Thresher et al. 
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1992) and even to abyssal food chains (Suchanek et al. 1985). However, the trophic 

linkage between subtidal production and intertidal ecosystems has been explored only in 

the last few years. The evidence indicates that macrophyte-derived carbon, specifically 

that from kelps, can be distributed throughout the food web of intertidal rocky-shore 

ecosystems (Duggins et al. 1989). However, none of these benthic studies have used 

more than one stable isotope. 

The results of the isotopic analyses applied in this Chapter to the intertidal rocky-shore 

communities of the west coast of South Africa, revealed that there is a strong trophic link 

between consumers in the intertidal community and subtidal primary producers. I use two 

lines of evidence. First, the analyses of the particle load of intertidal waters showed that 

the suspended particulate organic matter in the intertidal zone is dominated by small 

particles of kelp, originated from subtidal production (Figs. 3 and 4). Second, the results 

obtained using two stable isotopes (nitrogen and carbon) suggested strong trophic 

linkages between intertidal and subtidal producers and intertidal consumers (Fig. 1). The 

filter-feeders examined here appeared to use particulate kelp detritus as their major source 

of organic carbon and nitrogen (Fig. 2). Similarly, two herbivorous grazers, P. 

argenvillei and P. granatina, appear to depend on subtidal kelps as the major sources of 

carbon and nitrogen (Fig. 5). 

Isotopic analyses of Patella granularis and Haliotis midae suggested that they are much 

less reliant on kelp. Both nitrogen and carbon signals differentiated P. granularis and H. 

midae from those species tightly linked to the kelp source (i.e., P. granatina and P. 

argenvillei, Figs. 1 and 2). P. granularis is known to be a high shore species with a 

generalized diet (Branch 1971) and has never been recorded trapping drift kelp. H. midae 

does trap kelp frond beneath its foot (Tarr 1989) and research on its gut contents has 

indicated that the kelp Ecklonia mccdma represents 40-80% of the crop contents (Barkai 

and Griffiths 1986). Contrasting, the results of the mixing model presented here imply 

that only 35% of carbon and 20% of the nitrogen incorporated into the abalone tissue is 

likely to be derived from a kelp source (Fig. 2). However, it has been shown for the 
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Australian abalone H. rubra that the digestibility of non-phaeophyt~ (e.g. rhodophyte) 

seaweeds is faster that it is for phaeophytes (Foale and Day 1992). These authors 

suggested that the results of Barkai and Griffiths ( 1986) may be biased in favor of the 

kelps due to their higher rate of persistence in the gut compared to the more rapidly 

digested red algae (Foale and Day 1992). Furthermore, in food preference experiments 

involving H. roei, kelp is in general the least preferred food (Wells and Keesing 1989; 

Shepherd and Steinberg 1992). More recent evidence for the South African H. midae has 

shown that its growth in culture is faster on a diet of red seaweeds than when they feed 

on kelps (B. Simpson pers. comm.), indicating less efficient use of kelp as a source of 

food. 

The inclusion of two carnivore species (Jasus lalandii and Burnupena spp.) showed 
' ,. 

that there was fractionation between these carnivores and primary consumer species (Fig. 

1). However, only J. lalandii is trophically linked to filter-feeders, specifically A. ater 

and G. capensis (Barkai 1987), as·was evid~nced in their nitrogen signature (Fig. lB). 

The whelk Burnupena spp. feeds mostly on the carrion of all sort of dead invertebrates 

(Branch and Branch 1981). 

The analysis of intertidal waters samples from Groenrivier on the West coast, 

demonstrate that the majority of the organic particles in suspension are kelp-derived 

(>65%, Fig. 3-4 and Table 3-4). This result is in line with a large number of studies 

conducted on the Benguela subtidal kelp-bed ecosystem, which have consistently shown 

that much of the detrital material in suspension in shallow waters consists of fragmented 

kelp (e.g. Field et al. 1977; Stuart et al. 1981; Seiderer and Newell 1985; Mann 1988; 

Stenton-Dozey and Brown 1992). In a local-scale study at False Bay (see Fig. 1, Chapter 

3 for the position of this localities), Cliff (1982) assessed the relative importance and 

influences of phytoplankton, detritus, and dissolved organic matter for an intertidal rocky 

reef. He concluded that detritus was the major component of the total particulate organic 

matter (POM) available in the intertidal zone and, consequently, that it plays a major role 

as a source of food for filter-feeders. Since then, many studies of kelp-bed ecosystems 
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have successfully established that fragmented macrophytes make a major contribution to 

the total POM in inshore waters (Newell 1984). 

The utilization of such macrophyte-derived detritus by higher trophic levels is a urgent 

topic for further ecological studies (Mann 1988). It has been difficult, however, to 

provide quantitative evidence for the degree to which benthic consumers depend on 

fragmented and partially decomposed kelp-derived material (Dunton and Schell 1987). 

The results presented here demonstrate that the presence of kelp-derived detritus in the 

water column is constantly high throughout the year (Figs. 1 and 2), providing a 

potentially steady food supply for filter-feeders, which are known to filter, ingest and 

utilize kelp particles (Stuart 1982; Griffiths and Griffiths 1987). 

Possible explanations for the existence of high biomasses of filter feeders on exposed 

shores include a higher concentration of particulate food, or a higher water turnover that 

will replenish food more rapidly than on sheltered shores. Both condition were met. The 

results showed that average POM levels were significantly higher on exposed shores 

(l.39mg1-1) than on sheltered shores (0.89 mg I-1) (Figs. 3-4). Furthermore, the rate of 

turnover was approximately seven times greater on exposed shores than sheltered shores 

(Fig. 5). 

Using the empirically observed average conditions, the results of the model developed 

for mussel standing stock, confirm that the differences in food concentration and water 

turnover between exposed and sheltered shores (Fig. 5) may be sufficient to explain the 

disparate biomasses of mussels that are observed in habitats with contrasting wave 

exposure. 

These findings confirm the existence of significant bottom-up effects that may 

structure and regulate intertidal rocky shore communities of the west coast of southern 

Africa. The benthic intertidal consumers may rely heavily on inputs from subtidal kelp 

beds, in the form of particulate kelp for filter-feeders and fragments of fronds for 

herbivorous grazers. Indeed, their populations and the overall community structure may 
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be regulated by these inputs, as was suggested by the two trophic pathways diagram in 

Chapter 3 (see Fig. 12). Much of the carbon and nitrogen incorporated into the tissues of 

intertidal filter-feeders appears to come from kelp-derived detritus which is a constant 

source of food, instead of relying on highly seasonal phytoplankton blooms. 

Phytoplankton levels have consistently been shown to be low in the intertidal zone (Cliff 

1982; Demers et al. 1989), and several energy flow models for the kelp-bed ecosystem 

(e.g. Wulff and Field 1983; Wickens and Field 1986; Field et al. 1986) have 

demonstrated that phytoplankton is of little use for nearshore consumers, since the major 

blooms following upwelling events are shifted offshore, sustaining pelagic production 

rather than nearshore benthic food chains. 

The limpets P. granatina and P. argenvillei also rely to a large extent on subtidal kelps 

as the major source of carbon and nitrogen. The results of this Chapter thus clearly 

demonstrate that a significant fraction of kelp carbon and nitrogen is channeled through 

detritus and debris to the intertidal community, and strongly suggest that this influences 

the biomass of intertidal species. All the indications are that the adjacent kelp-bed 

ecosystem supports a large proportion of the primary and secondary production of 

intertidal rocky-shore communities on the west coast of South Africa. 
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Chapter 5 

Maintenance of an Exceptional Grazer Biomass on South African Intertidal 

Shores: Trophic Subsidy by Subtidal Kelps 
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Summary: Dense populations of patellid limpets characterize the mid to low intertidal 

communities of the southwestern rocky shores of South Africa. The patellid limpets 

Patella argenvillei and P. granatina reach average densities up to 200 · m-2, representing 

in some cases ca. 10-13 kg· m-2 whole wet biomass, and attain sizes up to 100 mm shell 

length. Traditionally these limpets have been regarded as generalized grazers, but they in 

fact have highly specialized feeding mechanisms. P. granatina is found primarily on the 

mid-to-low shore of sheltered boulder-bays, while P. argenvillei forms a conspicuous 

monospecific 'belt' low on semi-exposed shores in association with adjacent kelp beds. 

Both species are space dominants in their respective habitats. I have investigated the main 

pathways and supply of food necessary to maintain these high limpet biomasses. 

Intertidal epilithic micro- and macroalgae and the kelps Ecklonia maxima and Laminaria 

pallida are common sources of food for these two limpets. Gut contents show that kelp 

represents >50% of the total diet of both limpet species. An abundant source of food is 

provided to P. granatina by drifting kelp and seaweed debris, and to P. argenvillei by 

nearby attached kelp plants which they actively prune. Differences in the timing and 

method of feeding exist. P. granatina captures drifting kelp and seaweeds while 

underwater during incoming and outgoing tides, while P. argenvillei prunes the fronds of 

nearby attached kelp plants during the rising tide. P. argenvillei feeds collectively, 

several individuals sharing a piece of kelp trapped by a single limpet. This overcomes the 

intraspecific competition normally experienced in high density limpet populations. P. 

granatina does not feed collectively and its maximum size declines with density. When 

the limpets were experimentally deprived of kelp they suffered a significant increase 

mortality and a reduction in body mass: Subtidal production of kelp fronds subsidizes 

both limpet populations and is vital for the maintenance of the remarkably high limpet 

biomass. Supplied with a super-abundance of food, both species achieve such high 

'packing' that primary space becomes their limiting factor. This Chapter explore the 

trophic linkage between subtidal and intertidal systems, as well as the impact of a 

subsidized food web on the structure and functioning of the rocky-shore intertidal 

communityJ:::.' 
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Introduction 

Interactions between grazers and plants are of major importance in many marine 

benthic food webs (see reviews by Lubchenco and Gaines 1981; Branch 1981; Hawkins 

and Hartnell 1983). Within trophic animal-plant interactions, a wide range of 

relationships exist: from generalized epilithic grazers, which control algal vegetation at the 

sporeling stage, to epiphytic grazers that have less influence on the composition and 

abundance of the plants (Creese 1980; Branch 1981; Hawkins and Hartnell 1983; 

Beovich and Quinn 1992). Specific limpet-kelp interactions have been described in many 

parts of the world, with special reference to the regulation o~ the abundance and 

distribution of either the algal or limpet species (Graham and Fretter 1947; Yahl 1971; 

Bishop and Bishop 1973; Black 1976; Choat and Black 1979; Branch 1975a, 1985; 

Munoz and Santelices 1989). 

A high diversity of limpets occurs on the shores of South Africa, with up to 14 

species of patellids coexisting (Branch 1971; 1975a). Many of these species are both 

large and occur in dense populations that achieve extraordinary biomass per unit area. 

How such high biomasses of grazers can be maintained in the face of an apparently 

limited source of food is poorly understood. Some of the species are territorial and act as 

"gardeners" in the sense that they promote the productivity of specific algae with which 

they are associated (Branch 1971; 1975a, 1981, 1984). Gardening is thus one possible 

mechanism that allows limpets to maintain high biomasses and reduce intraspecific 

competition. Branch et al. (1992) hypothesized that gardening is more likely to be found 

in regions where productivity is low relative to the grazers' demands. The west coast of 

South Africa is a clear example of a highly productive marine system (Shannon 1985; 

Bosman et al. 1987). In the intertidal communities of this system, grazers represent an 

important guild, which includes nine species of patellid limpets. Of these, only a single 

species exhibits gardening behavior, i.e. Patella cochlear Born, and it attains high 
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biomasses of up to 125 g m-2 wet flesh weight (Branch 1975b). However, in terms of 

biomass, densities, and individual size, the most important grazers on the west coast of 

southern Africa are P. granatina Linn. and P. argenvillei Krauss (Eekhout et al. 1992), 

neither of which is territorial or acts as a gardener. Their populations reach biomasses 

greater than any intertidal invertebrate grazer elsewhere in the world. The question thus 

remains - how do these two species of limpets manage to maintain such high population 

densities and biomasses? Is the in-situ intertidal productivity enough to maintain these 

populations, or do they rely on other sources of food that might be regarded as 

unorthodox for a grazing limpet? As was qualitatively demonstrated in Chapter 4, kelp

derived organic carbon and nitrogen is found throughout the intertidal food web. The 

aim of this Chapter is to explore with empirical data an apparently strong trophic 

interactions between these limpets and subtidal kelp which, together with a study of their 

feeding behavior, may explain their extraordinary abundance. 

My approach to this problem follows the basic hypothesis that an input of subtidal 

kelp into the intertidal zone provides a vital component of the limpets' diets, permitting 

the maintenance of high biomasses. Specifically, I examine (a) geographic distribution 

and local zonation for correlations between these two limpet species and kelp species, (b) 

the feeding behaviour of the limpets, (c) the effects of excluding kelp from the limpets' 

diets, and (d) the implications of the trophic linkage between subtidal kelp production and 

intertidal limpets. 

The findings of this Chapter have broader significance than the specific interaction 

examined, for they relate to three issues of current general ecological interest. Firstly, the 

work casts light on food web theory (Fretwell 1987) and its recently deconstruction 

(Paine 1988), particularly on whether grazers are controlled by bottom-up factors (food 

supply) rather than top-down factors (enemies) (Paine 1988; Carpenter et al. 1985; 

Power 1992). Second, its addresses linkages between systems, specifically the degree to 

which the intertidal zone can be subsidized by input from the subtidal zone. In the present 

case, this raises a related issue of whether such subsidies can led to a situation whether 
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the grazers are not restricted by food supply, but by space alone"- a limitation not 

normally associated with grazers (Branch 1984). Finally, the results allow exploration of 

the interesting possibly that high densities may sometimes be beneficial for the 

procurement of food by grazers, an outcome that is counterintuitive, given that 

intraspecific competition for food is frequently associated with increases in grazer 

densities (Underwood 1976; 1978, Ebert 1977; Branch 1975b; Branch and Branch 1981; 

Creese 1980; Branch 1984). 
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:Materials and ~Iethods 

Study site and species 

The study was carried out at several localities, particularly in the Namaqualand region 

of the west coast of southern Africa (Fig. 1). Extensive subtidal kelp forests are present 

along the coast, and extend up to the level of low water spring tides, where they end 

abruptly, often abutting on dense stands of the limpet P. argenvillei (see Fig.6A). These 

forests are formed by the kelps Ecklonia maxima (Osbeck) and Laminaria pallida Grev 

(M. L. Branch 1974; Field etal. 1980). 

Rocky shores on the west coast are subject to a wide range of wave exposures. As 

was described in Chapter 2, Palumbi's wave force device (Palumbi 1984) was used to 

measure maximum drag force, and three habitats were distinguished: a) sheltered 

boulder-bays, characterized by forces below 1000 N m-2; b) semi-exposed rocky 

shores, mostly in the lee of kelp beds, with drag forces from 1000 to ca. 8000 N m-2; 

and c) exposed rocky shores, on which forces between 8000 and 16000 N m-2 are 

common. The limpets P. granatina and P. argenvillei are the dominant grazers in mid to 

low regions of intertidal at sheltered and semi-exposed rocky shores respectively (see 

Table 1 in Chapter 2). The abundance of these two species is, however, low on exposed 

rocky shores where filter-feeders (mainly mussels, see Table 1 in Chapter 1) are the 

space dominants, so this habitat is not considered further. 

Distribution, abundance and sizes of limpets: 

The geographic range and a quantitative estimate of abundance for both limpets and 

kelp were obtained either from the literature (M. L. Branch 1974; Kensley and Penrith 

1980) or from our own surveys. The main populations for both limpet species are 

concentrated in an area between Tweepad and the Olifants River (see Fig. 1), where an 

aerial survey was conducted by helicopter, during spring low tide on two consecutive 

155 



Univ
ers

ity
 of

Cap
e T

ow
n

18
 0

 

26
 °

 

34
 °

 

-ll1lll.!I W
"L

iil 

:~ 

A
N

G
O

L
A

 

C
u

n
cn

e 
ri 

vc
r 

C
ap

e 
F

ri
o 

P
at

el
la

 a
rg

en
vi

lle
i 

P
at

el
la

 g
ra

na
tin

a 
La

m
in

ar
ia

 p
al

lid
a 

Ec
kl

on
ia

 m
ax

im
a 

N
A

M
IB

IA
 

T
w

ee
pa

d 
-l

_:
:,

~3
11

1.
 

R
o
o
i
k
l
i
p
p
i
e
s
~
\
 

S
p
o
e
g
r
i
v
i
e
r
~
 

ll
an

g
k

li
p

 

11
 °

 

/ 
S

O
U

T
H

 A
F

R
IC

A
 

P
or

t 
E

li
za

be
th

 
T

si
ts

ik
am

m
a 

C
ap

e 
A

g
u

lh
as

 

19
 °

 
27

 °
 

9{
 r 

F
ig

ur
e 

1.
 M

ap
 o

f 
so

ut
he

rn
 A

fr
ic

a 
na

m
in

g 
th

e 
st

ud
y 

si
te

s 
m

en
ti

on
ed

 i
n 

th
e 

te
xt

. 
S

ha
de

d 
li

ne
s 

in
di

ca
te

 t
he

 
ge

og
ra

ph
ic

al
 d

is
tr

ib
ut

io
ns

 o
f 

th
e 

ke
lp

s 
E.

 m
ax

im
a 

an
d 

L.
 p

al
li

da
 a

nd
 t

he
 l

im
pe

ts
 P

. 
gr

an
at

in
a 

an
d 

P.
 

ar
ge

nv
il

le
i, 

an
d 

th
e 

w
id

th
 o

f 
th

es
e 

lin
es

 i
s 

an
 i

nd
ic

at
io

n 
o

f 
th

ei
r 

re
la

tiv
e 

ab
un

da
nc

e 



Univ
ers

ity
 of

Cap
e T

ow
n

days in January 1987. A total of 1500 photographs was taken ovef. about 300 km of 

coastline (from Tweepad to Olifant River, Fig. 1). Flying at a height of 3-10 m, it was 

possible to identify the limpet species accurately down to a size of 30 mm. Both limpets 

species form monospecific stands on the mid- to low-shore (see Figs 6A, C, E and F), 

which aided our aerial identification of species. I verified that the aerial identification of 

the two limpets was correct in all cases by undertaking intertidal ground-truth transects 

between Rooiklippies and the Olifant River (Fig. 1). The relative abundance of limpets in 

each of 100 randomly selected aerial photographs was quantified as the percentage cover 

of monospecific stands ('belts') of limpets within the zones that can potentially be 

occupied by the two species (i.e. mid to low shores only). For both limpets were defined 

as 'high density' between 30 and 250 · m-2, and 'moderate density' between 10 and 30 · 

m-2. For the same 100 aerial pictures, a 4-level kelp-abundance ranking was developed, 

according to the abundance and accessibility of attached plants to each of the limpets: 

O=absent l=present, 2=abundant but not all accessible ('accessible' being defined as 

attached plants which were within the reach of the limpets), and 3=abundant and 

accessible. Spearman rank correlation coefficient between the ranked scores of the kelp 

and the percentage cover of limpets was performed with the data obtained from the 100 

randomly chosen aerial pictures. 

The accumulation of drift kelp (both E. maxima and L. pallida) was measured 

monthly, over a 21 month period, at sheltered and semi-exposed shores at Rooiklippies 

and Groenrivier (Fig. 1). Three permanent transects, each 36 m long were set parallel to 

the shoreline in the low- and mid-intertidal zones. Along each transect, 0.5 m2 quadrats 

were placed every 3 m apart (n=12), and the density of P. grana"tina and the wet mass of 

drift kelp accumulating each tidal cycle were recorded. The coast experiences a semi

diurnal tidal cycle, so that drift kelp can be deposited twice a day; during each high tide 

the drift is re-suspended and re-distributed. 

The density, biomass and shell lengths of both limpet species were determined at 12 

localities between Ltideritz and Port Elizabeth, thus covering most of their geographical 
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range (Fig.1). At each site the distribution and abundance data were:derived from eight 

transects running perpendicular to the coastline from MLWS (Mean Low Water Springs 

·tide), to the upper end of the zonation of the limpets. The transects were placed at regular 

intervals (ca. 30 m apart) at sheltered and semi-exposed habitats and their lengths varied 

from 30 to 60 m, depending on the slope of the shore (> 15° and< 45°). Between six and 

ten quadrats of 0.5 m2 were placed along each transect, and shore height in relation to 

ML WS, and limpet densities (number per m-2), wet mass, and shell lengths were 

recorded. Limpet biomass was obtained directly by removing all limpets from the 

sampled quadrats and measuring their wet whole mass and their wet flesh mass. For both 

limpet species, significant differences existed in biomass between transects at different 

grades of wave action (semi-exposed versus sheltered), and between different sites 

(Kruskall-Wallis F(6,2)=152.86; p<0.05), but within sites and grades of wave exposure, 

no significant differences existed (Kruskall-Wallis F(6,2)=4.78; p>0.05). As a result, the 

data for semi-exposed and sheltered transects were separately averaged for each site. I 

compare these data (densities, mass and sizes) with published figures and unpublished 

data gathered by GM Branch for other limpet species elsewhere in the world. I include all 

comparable data available to me. 

Feeding behaviour and activity rhythms 

Limpet feeding behaviour was observed at Groenrivier and Rooiklippies over a tidal 

cycle. Direct observations were made during low tide when the limpets were exposed, 

and by SCUBA diving during high tide. The activity of animals was quantified hourly 

within 0.25 m2 quadrats placed at rando_m in areas where there was a high density of each 

limpet species. Shell lengths, numbers of limpets elevating their shells off the 

substratum, numbers trapping kelp beneath their shells, numbers sharing a piece of kelp, 

and the wet mass of each piece of trapped kelp were recorded. 

Limpet activity was considered as the proportion of individuals lifting their shell up or 

'mushrooming'. Success was defined as the proportion of limpets holding down a piece 

of drift kelp or pinning down a frond of a nearby attached kelp plant. The feeding activity 
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of both limpet species was monitored during spring tidal cycles. In the. semi-exposed and 

sheltered habitats respectively, 107 P. argenvillei (all> 40 mm shell length) and 70 P. 

granatina (all> 50 mm) were individually tagged using rapid setting epoxy glue, in four 

randomly located plots within the high density limpet belts, positioned at least 3 m apart. 

Every 0.5 h, starting 1.5 h before MLWS and ending at high tide (7.5 h later), I recorded 

the proportions of active, resting (shell down), and successful limpets. 

Gut contents 

In both sheltered and semi-exposed habitats approximately 50 individuals of each 

species with shell lengths greater than 40 mm were collected along their full intertidal 

range. Stomachs were dissected and the contents removed using forceps, identified under 

stereoscopic microscope, and dry weighed. Gut contents were classified into four food 

items, according to coloration and texture; viz. kelp, ephemeral greens, fleshy reds, and 

calcareous (this item includes mainly encrusting corallines and traces of sand and shell 

remains). These four categories included a variety of intertidal seaweed species, but for 

this work, I concentrated on the importance of the kelp species in the limpets' diets. The 

kelp category included both kelp species available to the limpets (L. pallida and E. 

maxima). Other brown seaweeds present in the intertidal are rarely found in the limpet 

beds. Diatoms were seldom detectable in the gut contents and were not quantified. The 

analysis of intertidal water described in Chapter 4 indicates that also planktonic diatoms 

are seldom common and often absent. 

Exclusion experiments 

The importance of kelp as a food item for both limpet species was experimentally 

tested as described below. However, differences in feeding behavior, food supply and 

the relative survival of the two species after transplantation forced us to use different 

experimental designs for the two species (Fig. 2). 

The effects of an absence of drift kelp on the survival of P. granatina was tested in 

cages under constant natural density (averaging 35±3 limpets per cage). Five cages (0.5 x 
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A. Patella granatina 

/ '\ 
Kelp Exclusion Controls 

/ I"" Cages 
(0.5 x 0.5 x 0.3 Ill) 

Control Cages ("roof') 
(0.5 x 0.5 x 0.3 Ill) 

B. Patella argenvillei 

I \ 

Control Plots 
(0.5 x 0.5 Ill ) 

Kelp Exclusion Control 

I \ 
Cages 

(0.5 x 1.0 x 0.3 Ill) 
Kelp Reilloval Plots 

(0 .5 x 1.0 Ill) 

\ 
Control Plots 
(0.5 x 1.0 Ill) 

Figure 2. Diagrams showing the layout of the two kelp exclusion experiments. 
(A.) Patella granatina. (B.) Patella argenvillei. 
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0.5 x 0.3 m), with enclosed sides and a roof covered with metallic mesh (mesh size 2.0 
·1•1 • 

cm), were used to enclose limpets and exclude drift kelp (Fig. 2A). All cages were placed 

at Rooiklippies (Fig 1) in five randomly situated areas within the mid-low intertidal zone 

normally occupied by this limpet. Individuals of P. granatina were removed from 

adjacent rocks and translocated to the cages. Translocation had no deleterious effects on 

limpets, which survived for at least 2.5 years after the experiment was terminated. 

Several potential confounding effects ('artifacts') induced by the use of 

cages/enclosures have been reported in the literature (e.g. Hayworth and Quinn 1990; 

Quinn and Keough 1993). By using cage controls, I controlled for the potential side-

effects of caging on in-situ primary production, temperature, limpet movements and 

survival. For this purpose, five roofed cage controls (0.5 x 0.5 x 0.3 m), with open sides 

and a metallic mesh 'roof were employed. These allowed potential limpet movements 

and permitted drift kelp to enter, but shaded the plots in a manner comparable to the 

exclusion cages (see Fig. 2A). Measurements of relative primary production were made 

by measuring the monthly growth of microalgae on six 25 cm2 roughened acrylic plates 

per plot. No significant difference in the average chlorophyll-a level per plot existed 

between any of the treatments (ANOV A, p>0.05). The mesh used for the exclusion and 

control cages only reduce 1-5% of photosynthetic active radiation (PAR). Similarly, no 

significant differences in substrate temperatures were detected between the treatments 

(ANOV A, p>0.05). Thus, differences in. primary production caused by shading or 

temperature are unlikely to have confounded the experimental results. P. granatina is 

relatively sedentary when it occurs at high densities: only 3% of the labeled experimental 

limpets moved out of the open cage controls and control plots in spite of the fact that their 

movements were not constrained. 

Five plots (0.5 x 0.5 m) containing uncaged translocated P. granatina were used as 

controls. All limpets in exclusion cages, cage controls, and control plots were tagged 

with epoxy putty. Any limpets which died during the course of the experiment were 

replaced by distinctively tagged live ones of similar size taken from the areas immediately 
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adjacent to the experimental plots. Over the entire experimental period; tag loss was 

recorded for only four individuals from a total of 525 tagged limpets. Survival and dry 

body masses at the end of the experiment were recorded for each of the treatments, based 

only on the limpets originally included in the plots and cages at the start of the 

experiment. Initial body masses were measured for limpets in areas adjacent to controls 

and experimental plots. 

High mortality of P. argenvillei (almost 100%) occurs when individuals are detached. 

This constrained transplantation and replacement of individuals. Experiments on this 

species were therefore done without replacement of dead individuals. The kelp exclusion 

experiment (Fig. 2B) was done using five cages (1.0 x 0.5 x 0.3 m) covered with 

metallic mesh (mesh size of 4.0 cm). Such cages were placed over naturally dense limpet 

stands (averaging 53±13 per plot). Five plots (1.0 x 0.5 m) with uncaged limpets were 

used as controls. Cage controls (roof only) were attempted. However, the fronds of 

nearby attached kelp plants became massively entangled on the frame of the open cage 

control. This situation precluded the use of such cage controls. Instead, an additional 

method of excluding kelp was used, which did not make use of cages. In an area of ca. 

10 m2 around each of five plots ( 1.0 x 0.5 m) all live kelp plants were removed to deny 

the limpets access to attached kelp (Fig 2B). All individual limpets in the three treatments 

were tagged. The cages, kelp removal and control plots were randomly situated within 

the limpets' belt. The exclusion experiments were monitored four times during a six 

month period (at 0, 31, 96, and 160 days). On each occasion a census was taken and 

initial and final body masses were recorded for each treatment as outlined above for P. 

granatina. Using the protocol described above, measurement~ of the relative in-situ 

primary production and substratum temperatures were made for each plot, and failed to 

reveal any significant differences between the treatments (Al"\J'OV A, p>0.05). None of the 

507 tagged P. argenvillei moved out of the open control or kelp removal plots, being 

restricted by the presence of surrounding high-density conspecifics. No tag loss was 

experienced. 
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Results 

Distribution and abundance 

The limpet P. argenvillei has a wide geographical distribution, from the Cunene River 

in the west, to Transkei in the east, while P. granatina is constrained to a narrower range, 

from Cape Frio in the west to Cape Infanta in the south (Fig. 1). For both limpet species, 

the area of maximum abundance lies between Ltideritz and the Olifants River i.e. 

Namaqualand (GM Branch, unpubl. data). The geographical distribution of P. granatina 

is coupled with that of kelp, in particular L. pallida. P. argenvillei extends north and east 

of the range of the kelps, but dense populations only occur in areas where kelp occurs. 

The relative abundance of limpets in Namaqualand (percentage of the substratum 

covered by dense monospecific stands of limpets) in relation to the ranked abundance of 

kelp (as estimated from 100 intertidal aerial pictures), is depicted in Figure 3. P. granatina 

shows a negative correlation (Spearman rank rs=-0.67; p<0.0001) with the abundance of 

attached kelp. In aerial pictures, sheltered boulder-bays supported the densest stands and 

greatest cover of P. granatina but appeared devoid of live kelp. P. granatina had no direct 

access to living kelp, but drift kelp frequently accumulated in these bays in large 

quantities (up to 12 kg wet mass m-2: see Fig. 4). In contrast, P. argenvillei density was 

strongly correlated with the presence of attached kelp (Spearman rank rs=O. 7 8; 

p<0.0001) in semi-exposed habitats (Fig. 3). 

A positive asymptotic relationship was found between the density of P. granatina and 

the biomass of drift kelp (Fig. 4). This relationship was significant at sheltered shores, 

where the most of the drift kelp was deposited each tide, whereas at semi-exposed shores 

the relationship was non-existent and very little drift settled (Fig. 4). 

The maximum values of size, density, and whole wet biomass achieved by the two 

limpet species between Port Elizabeth and Liideritz are listed in Table 1. P. granatina 
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populations were found at only 9 of the 12 sampled sites (i.e. from Cape Infanta to 

Liideritz, see Fig. 1), and maximum sizes and biomass values were achieved in central 

Namaqualand (see Fig. 1), where up to 91 mm shell length and 7788 g · m-2 were 

recorded. Density increased progressively from south to north, from 10.0 up to 288 · m-2 

(Table 1). 

The populations of P. argenvillei showed a clear unimodal distribution pattern along 
A 
. ·(" 

the coast, with maximum peak of density (338·m-2}~,.and biomass (131 lO·m-2) in the 
\i, ·~~ 

Namaqualand region (see Fig. 1), whereas further south-east and north their abundance 

decreased (Table· 1). At Port Elizabeth, Tsitsikamma and Cape Infanta (where kelps are 

absent) and at Liideritz, where kelps begin to decline, P. argenvillei achieved only low 

maximum values of size, biomass and density. 

A marked spatial segregation existed between the two limpet species. Figure 5 depicts 

their average (±1 SD) density in relation to height above ML WS on sheltered and semi

exposed rocky shores in Namaqualand. Populations of P. granatina were primarily found 

between the low- and mid-shore of sheltered boulder-bays (Fig. 5), reaching a peak in 

average density of 180 · m-2. Individuals were found up to 80 cm above MLWS (in the 

mid intertidal), but only at low densities of ca. 10 · m-2. By contrast, very few 

individuals of P. granatina were found in semi-exposed habitats, even on the low shore 

(about 3 to 10 · m-2). Higher on semi-exposed shores (>0.75 m above MLWS) P. 

granatina was confined to sheltered gullies and tidal pools, but still at relatively low 

densities ( < 10 · m-2). 

Semi-exposed habitats were dominated by P. argenvillei which reached at an average 

densities as high as 200 · m-2 low on the shore (Fig. 6C). In sheltered habitats P. 

argenvillei was rare and confined to the very low shore. 

In summary, the geographic range of P. granatina did not extend beyond that of kelp 

forests, and P. argenvillei achieved its maximum size, density and biomass in the region 

where dense kelp beds are present (Table 1). On a local scale, both limpets had similar 
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zonation patterns. However, P. argenvillei was most common at ~.~mi-exposed sites 

where attached kelp was abundant and accessible to the limpet, whereas P. granatina 

predominated in sheltered boulder-bays where attached kelp was absent but drift kelp 

deposited. 

Feeding behavior 

Both P. granatina and P argenvillei graze epilithically on sporelings and diatoms 

(Branch 1971) but also have the capacity to feed on kelp, although the two species 

employ different mechanisms to do so. Patella argenvillei reaches its greatest densities 

low on semi-exposed shores adjacent to the kelp beds, a habitat it often dominates, 

forming an almost monospecific belt (Fig. 6A). In these situations it traps fronds of 

attached kelp during the low-tide period. The shell is lifted up from the substratum (Fig. 

6B) and once fronds of nearby kelp plants are washed under the shell, touching the foot 

of the limpet, the animal responds immediately with a quick downwards movement 

(about 1 to 2 sec.) and firmly pins down the kelp frond. The shell has a sharply serrated 

edge, forming numerous teeth which help maintain purchase on the blade (Fig. 6G). The 

combined effect of the serrated shell and wave movement may then break the trapped 

frond off, leaving the animal with a piece of kelp that normally varies from 5 to 150 g 

wet mass. Consumption starts immediately after kelp is trapped. 

In the sheltered bays where P. granatina occurs at high density (Fig. 6C) it 'catches' 

drift kelp underwater during incoming tides, which bring large quantities of drift kelp into 

these bays. It lifts its shell and the front of the foot, splaying the anterior lobes of the 

foot, which secrete abundant mucus making them very 'sticky' (Fig 6D), and waits until 

drifting kelp sticks to the foot. Limpets with trapped pieces hold their kelp fragments with 

their foot and consumption starts while the shell is still elevated. The edge of the shell is 

smooth and lacks any serration or structures resembling teeth (Fig. 6G). When 

downward shell movement does occur it happens slowly, over 15 - 20 sec. 
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P. granatina and P. argenvillei are large limpets, attaining shell lengths close to 100 

mm. Both only begin to actively trap kelp when they reached 40 mm. Above this size, the 

proportion of animal trapping kelp increases with shell length and all individuals > 85 

mm feed in this manner (Fig. 7). In the case of P. granatina 30% of the entire population 

or 52% of animals> 50 mm trap drift kelp during each tidal cycle. About 33% of all P. 

argenvillei, or 62% of those> 50 mm, trap fronds of attached kelp each low tide. 

For P. argenvillei, a significant positive linear relationship (r2=0.81; p<0.0001) was 

found between the wet mass of a kelp fragment trapped by a limpet, and the number of 

limpets feeding on each piece (Fig. 8). Once an individual limpet trapped a large piece of 

kelp frond, the surrounding limpets were then able to feed on the same piece. This 

relationship can be interpreted as 'sharing' or collective feeding. Contrary to this, P. 

granatina shows no significant relationship (r2=0.03; p>0.5). It appears that the capture 

of drift kelp most often occurs individually in this species; the number of limpets feeding 

on a single piece of kelp was usually one or two and was independent of the mass of the 

kelp fragment (Fig. 8). 

Activity rhythms 

The proportions of limpets raising their shells or catching kelp during a 7 .5 h diurnal 

period are shown in Figure 9. An hour before low tide no more than 5% of the monitored 

P. argenvillei were active, with a success rate of no more than 1 %. Activity rose sharply 

with the incoming tide. Between 2.0 and 2.5 h after low tide, 33% of the limpets were 

active and success was about 12%. Once the P. argenvillei population was completely 

covered by the inflowing tide (4.5 h after low tide), activity and"success decreased to 5% 

and 0% respectively. 

In the case of P.granatina, no activity was recorded for the first 3.0 h of observation 

(until 1.5 h after low tide), but as soon as the limpets were covered by the incoming tide, 

activity rose steadily to 58%, with a maximum success of ca. 45%. Over a period of 1.5 
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to 2.0 h before high tide virtually every individual was active or had s~cces_sfully trapped 

kelp. Thereafter, a drastic decrease in activity and success was observed. 

Gut contents 

The gut analyses for both P. granatina and P. argenvillei included only individuals 

greater than 40 mm (Fig. 10). These analyses show that kelp represented the largest 

component in the overall diet, contributing 50.1 % and 54.3% of the total diet for P. 

granatina and P. argenvillei respectively. Ephemeral greens, red algae and calcareous 

items were also significant for P. argenvillei. The remainder of the diet of P. granatina 

was made up largely of ephemeral green algae ( 42.1 % ), while red algae and calcareous 

items together comprised <3% of the diet. Neither species ingested detectable amounts of 

epilithic diatoms. The amount of food material extracted from P. ~rgenvillei stomachs 

was twice that from P. granatina, averaging 0.367±0.06 g (dry mass per limpet) as 

compared to 0.175±D.08 g for P. granatina (Fig. 10). 

Kelp exclusion 

The percentages of limpets surviving in controls or in treatments where they were 

denied access to kelp is shown in Figures llA and llB. Without access to kelp, both 

limpet species experienced significantly lower survival rates, whether their density was 

held constant (P. granatina) or allowed to decline as mortality occurred (P. argenvillei). 

In the latter case this result is conservative, because mortality would probably have been 

even higher if the density had been held constantly high. 

In the P. granatina experiment, exclusion of drift kelp by cages resulted in significant 

decreases in limpet survival compared with control plots and cage controls (F= 12.59, 

df(12, 92); p<0.0001). In the cages, only 40% of the initial population survived after 170 

days. A significantly higher mortality relative to both limpet controls (Tukey's t-test, 

p<0.05), was found from 45 days onwards after initiation of kelp exclusion (Fig. 1 lA). 

On the other hand, in both control treatments (plots and roofs), P. granatina showed a 
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survival of ca. 95%. Survival of limpets under roofed conditions (cas~ co~trols) showed 

no significant differences from that of undisturbed control limpets (Tukey t-test, p>0.05). 

In the case of P. argenvillei (Fig. 1 lB), individuals subject to either form of kelp 

exclusion (by caging or physical removal of adjacent attached plants) showed a 

significant decrease in survival relative to controls (F= 18.03, df(9, 46); p<0.0001). These 

differences were only detected after 95 d of kelp exclusion (Tukey t-test, p<0.05), 

although they could have been manifested at any time between 30 and 95 d (Fig. 1 lB). 

At the end of the kelp removal and caging experiments, the survival of P. argenvillei was 

ca. 75%, while in the control plots their survival was ca. 95%. No significant differences 

in the survival of limpets existed between the kelp removal and cage treatments (Fig. 

llB). 

In the case of both P. granatina and P. argenvillei, the initial average body masses of 

limpets taken from areas adjacent to the experimental treatments (cages and control plots) 

were not statistically differents (F= 1.37, df(l4), p>0.26 for P. argenvillei and F= 1.27, 

df(l2), p>0.24 for P. granatina: Fig. 12). However, exclusion of kelp - or denial of 

access to kelp - led to a significant decline in mean body mass relative to the control 

values. The animals in controls retained the same mean body mass as that recorded at the 

beginning of the experiment (Fig. 12). This provides evidence that exclusion of kelp led 

to starvation and that this was the most probable cause of mortality. 
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Discussion 

Dense limpet populations have frequently been reported elsewhere in the world (e.g. 

Creese 1980; Parry 1982a, b; Hawkins and Hartnoll 1983; Workman 1983; Blankley and 

Branch 1985; Guerra and Gaudencio 1986), but although biomass, density and size 

should be simple well-documented population parameters, differences in methods and 

data presentation make comparisons of the data difficult. Table 2 shows reported and · 

calculated average values of wet flesh biomass, density and size of 18 limpet species at 

several localities around the world. It is clear that South African limpets exist at densities 

comparable with other species, but because they combine high density with large size, P. 

argenvillei and P. granatina have biomass values approaching ari order of magnitude 

higher than those recorded elsewhere (Table 2). It is this phenomenon that prompted the 

investigation reported here. Of the six highest values of biomass per unit area recorded 

for limpets, two are territorial and/or gardening species (Lottia gigantea and P. cochlear), 

while three of the other four species make use of drift kelp (P. argenvillei, P. granatina 

and Nacella delesserti, see Table 2). 

Several associations between limpets and kelps are known (for review see Branch 

1981), but biogeographic relations between them have not been well addressed. The 

geographical distributions of the kelps E. maxima and L. pallida and the limpets P. 

granatina and P. argenvillei overlap in a suggestive manner (Fig. 1). In particular there is 

a clear match in distribution between P. granatina and kelps and a notable decrease in 

maximum values of P. argenvillei size and abundance be.yond the geographical 

distribution of the kelps (Table 1). The case of P. argenvillei is particularly interesting, 

for at a smaller geographical scale (about 500 km of Namaqualand coast), its abundance 

is strongly correlated with the abundance and accessibility of attached kelp plants (Fig. 

3). The populations of P. argenvillei are narrowly constrained in the low shore (Figs. 

SA) and the overlap between limpet beds and subtidal kelp forests is limited to the 
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infratidal margin (Fig. 6A). But even this marginal overlap is of vital"impcirtance for the 

limpet population. For example, at any one feeding time during low tide, ca. 35% of the 

population will be engaged in trapping fronds of nearby kelp plants (Fig. 9). 

Several species of marine invertebrates feed principally on kelp. For example, the kelp 

Ecklonia maxima represents more than 52% of the overall diet of the South African 

abalone Haliotis midae (Barkai and Griffiths 1986; Tarr 1989). On the shores of 

southern Chile (Beagle Channel), Castilla and Moreno (1981) found that the sea urchin 

Loxoechinus albus feeds almost exclusively on drifting fragments of kelp Macrocystis 

pyrifera. Gut contents of P. argenvillei and P. granatina show that kelp is the main item 

(> 50%, Fig. 10), although the analyses include only limpets greater than 40 mm shell 

length (and preliminary results of gut contents show smaller limpets do not contain kelp 

in their guts). These results are consistent with the kelp trapping behaviour exhibited by 

both species of limpets. Only large animals (> 40 mm shell length) are found feeding on 

kelp, whether drift or live attached plants (Fig. 7). 

Capture of drift seaweed, especially drifting kelp, is a well known feeding behaviour 

for sea urchins (Castilla and Moreno 1981; Buxton and Field 1982; Dayton 1984; 

Harrold and Reed 1985), the sub-Antarctic limpet Nacella delesserti (Blankley and 

Branch 1985) and abalone species (Poore 1972; Shepherd 1973; Dayton 1984). 

Tutschulte and Connell ( 1988) describe the capture of loose drift algae, or sometimes the 

fronds of nearby kelp plants, by three North American abalone species. Elevation of the 

shell ('mushrooming') and capture of drifting seaweeds are also known for the Australian 

and South African abalone species, Haliotis laevigata and Haliotis midae respectively 

(Shepherd 1973; Tarr 1989). In some respects the intertidal abalone from the coast of 

California, H. cracherodii, is an ecological equivalent to the limpets considered here, 

being capable of microalgal grazing as well as trapping kelp. It is thus of interest that it 

too achieves high biomass values in areas where it is unexploited, e.g. a whole wet mass 

of up to 8662 g · m-2 (B. Tissot, pers. comm.). This value rivals the highest recorded for 

P. argenvillei and exceeds that for P. granatina (Table 1). 
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The feeding behaviour of P. granatina and P. argenvillei appears to"be similar in terms 

of their main food item (kelp) and the postural behaviour employed, but significant 

differences exist if they are compared in detail. The main features of feeding behaviour 

and activity rhythms, shell morphology, and habitat segregation of the two limpet species 

are summarized in Table 3. It is clear that spatial segregation is a major difference 

between the two limpet species, with P. argenvillei associated almost exclusively with 

semi-exposed rocky shores and P. granatina with sheltered boulder-bays. Branch and 

Marsh (1978) have suggested that wave action constrains their local distribution, and 

demonstrated that the force required to dislodge P. argenvillei is 1.72 times that required 

to dislodge P. granatina. Arising from this, spatial differentiation between the two 

intertidal limpets is more likely to be related to their ability to survive in environments 

with different degrees of wave action than to any notions of inter-specific competition. 

The trapping the fronds of attached kelp by P. argenvillei can be considered as a more 

specialized feeding behaviour than that of P. granatina. The presence of 'teeth' in the 

shell of P. argenvillei (Fig. 6G) is a morphological characteristic which aids kelp trapping 

and cutting in a high energy environment. Furthermore, P. argenvillei has a rapid tactile 

response to trap kelp, and in dense limpet stands collective feeding may take place (Fig. 

8). This specialized feeding behaviour of P. argenvillei demands low mobility and a 

'sedentary' way of life. Tagging experiments show that P. argenvillei is indeed extremely 

sedentary when it occurs at high densities (S. Eekhout unpubl. data). A similar situation 

occurs when P. granatina occurs at high densities(> 80 m-2). Only 3% of the tagged P. 

granatina moved out of my control plots, and moved no more than 2 or 3 m; the rest 

remained at exactly the same site for ca. 3 years. 

The results of this Chapter shown that the collective mode of feeding exhibited by P. 

argenvillei (Fig. 8) may result in a reversal of the negative relationship between density 

and body size normally exhibited by intertidal invertebrate grazers (e.g. Branch 1975b; 

Creese 1980; Branch and Branch 1981; Ebert 1982; Leviatan 1988). Indeed, analysis of 

the data in Table 1 reveals a significantly positive correlation (r=0.645, n=12, p< .02) 
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between maximum density and maximum body size. This leads'"to the interesting 

prediction that there will be more energy flow per-capita as density rises, assuming all 

other factors are equal. Conversely, P. granatina, which does not feed collectively, 

exhibits the more usual negative relationship between density and size (see Table 1; 

r=-0.599, n=l2, p< .05), implying that intraspecific competition increases with density. 

Sheltered bays act as natural collectors of drift seaweed (principally kelp fragments). 

Some estimations in California show that the rate of accumulation of drift kelp in 

sheltered bays exceeds the net production of Macrocystis kelp forests ( 1.6 times higher), 

because bays concentrate fragments that were produced over a large area of subtidal kelp 

forests (Tutshulte and Connell 1988). For P. granatina, a square meter of sheltered 

boulder-bay on the Namaqualand coast receives a daily input of drift kelp (mainly fronds) 

that can range from 0 to 12,000 g wet wt m-2 day-1, with an average (±SD) of 

960.0±991 g m-2 day-1 (Fig. 4). This mean figure greatly exceeds the average 

productivity of the local subtidal kelp forests, which has a mean frond production of 76.0 

g wet wt m-2 day-1 (estimated from Dieckmann 1978 and Mann et al. 1979). 

The asymptotic relationship between drift kelp and P. granatina (Fig. 4) indicates that 

a plateau is reached, above which further increases in food supply do not yield increases 

in this limpet's density. This raises the intriguing probability that primary space becomes 

the ultimate limiting constraint. I know of no other grazer for which this has been 

suggested. Nevertheless, I am convinced that space is the major limiting factor for high 

density populations of both species. Supporting evidence comes from the extraordinary 

packing of P. argenvillei and P. granatina (Figs. 6A, C, and F); their almost completely 

sedentary life-style (as evidenced by the virtual lack of movements out of control areas), 

and the fact that juveniles are largely confined to refugia on the shells of adults (Eekhout 

et al. 1992). 

When intertidal grazers coexist at high densities (or biomass) the potential for strong 

competition always exists, provided there are limited resources (Underwood 1978; 

Creese and Underwood 1982; Branch 1985; Fletcher and Creese 1985). In the case of 
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these two South African intertidal limpets, food resources appear s·uper-·abundant and 

include a high micro- and macroalgal in-situ intertidal production, fueled by the rich 

upwelled Benguela system (Shannon 1985), and an abundant supply of subtidal kelp. At 

one of our sites (Groenrivier) I recorded values for intertidal primary production of 

53.3±17.6 g dry wt m-2 day-1 during peak season (converted from Branch et al. 1992), 

an average daily input of drifting kelp fragments of 240.0±247.8 g dry wt m-2 day-1 in 

sheltered rocky bays (wet to dry conversion 0.25), and on semi-exposed shores a 

production by attached fronds of nearby kelp plants of 141.6±34.5 g dry wt m-2 day-1 

(R. H. Bustamante unpubl. data). The sum of these figures gives a total intertidal 

production on sheltered shores of 293.3 g dry wt m-2 day-1 available to P. granatina, and 

on semi-exposed shores a total 194.9 g dry wt m-2 day-1 available to P. argenvillei. 

Results of feeding experiments in the field, under unlimited supply of food, have shown 

average per-capita consumption rate of 0.73±0.12 and 0.62±0.07 g dry wt day-1 for P. 

argenvillei and P. granatina respectively (Chapter 6). A simple calculation shows that to 

maintain an average limpet density of 180 m-2 of P. granatina (Fig. 5A), at least 120 g 

dry wt day-1 of food is needed (using aper-capita consumption of 0.67 g m-2 day-I), 2.3 

times more than the observed intertidal epilithic algal production on sheltered shores. 

Similarly, in semi-exposed habitats, a total production of 134 g dry wt m-2 day-I is 

required in order to maintain a P. argenvillei density of 200 · m-2 (Fig. 5B), about 2.5 

times the in-situ algal production. However, when the kelp input is added to the intertidal 

production, the potential availability of food exceeds the limpets requirement by a factor 

of 2.4 in sheltered shores and by a factor of 1.5 in semi-exposed shores. The 

experimental kelp exclusions demonstrate that the availability and input of kelp play a 

critical role in the survival of both P. argenvillei and P. granatina at high natural densities. 

Kelp exclusion led to high mortality in both species relative to controls (Fig. 11), 

indicating that in-situ micro- and macroalgal production is inadequate to meet the needs of 

the limpets when they occurs at high densities. My belief is that in the absence of kelp, 

the increase in mortality is caused by starvation, rather that any other side-effects, such as 

increased desiccation or predation that might inadvertently be associated with the 
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experimental kelp exclusions. This contention is supported by the fad that the surviving 

limpets had significantly lower body masses in the treatments that deprived them of kelp, 

compared with the control animals (Fig. 12). 

Several important roles have been described in the recent literature for subtidal 

macrophytes and kelp forests in marine systems. For instance the abundance of drift kelp 

in open water has an important influence on the distribution, and potentially the 

movements, of some fish species (Kingsford 1992). Similarly, the availability of drift 

kelp as food determines the size of the onuphid polychaet worm Diopatra ornata (Kim 

1992). Kelp-derived carbon is found throughout the nearshore food web and this has a 

wide-ranging and long-lasting influence on the productivity of coastal systems. For 

. example, seaweed detritus appears to be utilized very effectively in coastal food chains 

leading to shellfish production (Stuart et al. 1982; Mann 1988; Duggins et al. 1989; 

Menge 1992). The composition of biota of sandy beaches on the west coast of South 

Africa is powerfully influenced by the deposition of drift kelp high on the shore (Koop et 

al. 1982; Griffiths et al. 1983). 

My data also provide quantitative evidence of a strong trophic link between the 

subtidal production of kelp and intertidal standing stocks of grazers. It is quite clear that 

the bottom-up effects of kelp are vital for the maintenance of high-density stands of P. 

granatina and P. argenvillei. They, in turn, exert powerful top-down effects on in-situ 

algal growth, totally preventing the development of foliose macroalgae by continuously 

grazing on propagules. Experimental or natural catastrophic elimination of these limpets 

results in profuse macroalgal beds (Branch et al. 1990; Eekbout et al. 1992). Most 

experimental removals of other intertidal limpets have led to a similar proliferation of 

algae (e.g. Jones 1948; Creese 1978; Underwood 1980; Branch 1981; Hawkins and 

Hartnoll 1983; Moreno et al. 1984; Underwood and Jernakoff 1984), and in systems 

where limpets are held at low densities by predators, comparable development of algal 

beds takes place (e.g. Bosman and Hockey 1988b; Hockey and Branch 1984). Both 

phenomena imply that limpets have the potential to exert a powerful top-down effect on 
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algae. At least in the case of P. argenvillei, grazing indirectly enhances crustose 

corallines; which are practically the only algae to frequent rocks in the 'argenvillei zone' 

and are smothered by foliose algae and decline if P. argenvillei is removed (Branch et al. 

1990; Eekhout et al. 1992). High density populations of P. argenvillei also retard or 

prevent invasion of primary rock space by the alien mussel Mytilus galloprovincialis 

(Eekhout et al. 1992) and those of P. granatina check the reef-building polychaete 

Gunnarea capensis (Branch et al. unpubl. data). No visible macroscopic organisms grow 

within dense patches of P. granatina (Fig. 6F). 

The trophic subsidy that maintains high densities of P. granatina and P. argenvillei 

thus has profound implications for the structure and functioning of the intertidal 

communities, influencing macroalgal abundance and diversity, encrusting coralline cover, 

and space occupancy by filter-feeders. These indirect interactions correspond to 

'interaction chains' (sensu Wootton 1993) in which, for example, kelp has an indirect 

negative effect on macroalgae by way of its direct positive effect on limpets. In the case 

of P. argenvillei, the interaction chain extends one step further, with kelp indirectly 

promoting crustose corallines via this indirect suppression of macroalgae (Eekhout et al. 

1992). 

The above points emphasize the importance of trophic subsidy: The results presented 

here show clearly that the extraordinary biomasses attained by limpets on the west coast 

of South Africa would never be maintained if it were not for the subsidy gained from the 

subtidal zone in the form of kelp. This effect corresponds to the magnification of 

secondary production by the input of kelp detritus, described by Duggins, Simonstad and 

Estes (1989). 

Much ecological theory predicts that as productivity rises, grazers biomass will not 

necessarily rise in response, because predators may increase and control the herbivore 

trophic level (e.g. Oksanen et al. 1981; Oksanen 1991). ·wootton and Power (1993) have 

tested this hypothesis in manipulated channels of a river and upheld these predictions 

when the system consists of three trophic levels. In the interaction I have explored, 
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primary 'production' occurs at extremely high levels, due to the subsidy" provided by 

kelp, and in this case the biomass of secondary consumers (mainly limpets) is 

correspondingly high. Limpet predators do exist in this system, the most notable being 

the Oystercatcher Haematopus moquini (Hockey and Branch 1984) and the giant 

clingfish Chorisochismus dentex (Stobbs 1980; Lechanteur and Prochazka in prep.) but 

both are incapable of attacking large limpets (> 50 mm). In the narrow context of the 

examples I explored, the zones dominated by limpets are thus converted into ones that 

functionally consist of only two trophic levels (producers and grazers), since predators 

have no known controlling influence on the density of large P. argenvillei and P. 

granatina. For such even-numbered trophic chains, high production is predicted to yield 

high herbivore biomass (Menge and Olson 1990; Power 1992; Hairston and Hairston 

1993). 

This discussion highlights the difficulties of determining the numbers of trophic levels 

in a system; one of the reasons why some authors (e.g. Peters 1977; Polis 1991) regard 

trophic levels as "non-operational concepts with no useful correspondence to reality" 

(Power 1992, p. 733). Species that change their diet (and even trophic level) during 

ontogenetic development are a contributing problem (Werner and Gilliam 1984). The 

present case raises an analogous but different issue: species that change their vulnerability 

to predators during ontogeny. Such species may shift the local system from three trophic 

levels .(when small and controlled by predators) to two tropic levels (when large and 

functionally immune to predation). Large size may thus be a contributing factor 

explaining the high density of P. argenvillei and P. granatina,.aIIowing them to surpass 

sizes within the 'window of vulnerability' to predators. 

Many of the issues discussed above arise because of local species-specific 

characteristics, endorsing the pleas of Paine ( 1988), Hunter and Price ( 1992) and others 

for food web and trophic analyses to be based on species, rather than lumping them, thus 

allowing considerations of the rich heterogeneity that arises from differences between 

organisms. The limpet-kelp interaction described in this Chapter illustrates specializations 
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Chapter 6 

The Dynamics of an Algal-Kelp-Limpet Interaction: an. Ecological and 

Resource Management Simulation 
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Summary: Two key ecological and physiological processes underfi'e the dynamics of 

biological populations: resource extraction and resource conversion. Extraction, also 

know as predation or consumption, is the process of biomass flow from one species to 

another, and biomass conversion from one species to another is the process that accounts 

for the biomass growth of populations. Because these processes involve the whole 

population, they are regarded as 'metaphysiological' in scope. This simplified view of the 

interaction of biological populations is highly relevant in the case of marine benthic 

invertebrate speeies subjected to exploitation, because enough ecological manipulations 

can be done in order to obtain the empirical data needed for the construction of reliable 

management models. I have used this metaphysiological modeling approach to simulate 

the dynamics of a algal-kelp-limpet system, using empirical data gathered specifically for 

the model and also data presented in the previous Chapter. I ·also determined the 

production curve of epilithic algae in relation to their biomass, the input of drift kelp into 

the system, and the field consumption rates of individuals of the limpet P. granatina 

feeding on both algae and kelp. I test whether the model is able to predict the population 

growth of P. granatina reasonably well in two ecological situations, (a) in the presence 

and (b) in the absence of kelp, and over a range of observed limpet and algal population 

densities. I then discuss the development of a potential limpet fishery, using the model to 

predict limpet stand growth under various harvesting regimes, and I develop a maximum 

sustainable yield policy for the harvesting of limpets. Finally I suggest how this 

ecological modeling approach can be combined with other 'standard' approaches to 

obtain a more reliable and applicable model than either method on its own. 
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Introduction 

In the Chapter 2 it was shown how important the biomass contributions of the patellid 

limpets Patella argenvillei and P.granatina are to the general composition of west coast 

intertidal communities on semi-exposed and sheltered shores, respectively. Pristine 

limpet populations of these two limpet species currently exist along the sparsely 

populated northern west coast of South Africa (Fig. 1). These species are both large (up 

to 100 mm shell length) and occur in dense populations that achieve extraordinary 

biomasses. These limpets are primarily found between the low and mid-shore of 

sheltered boulder bays (P. granatina) and semi-exposed shores (P. argenvillei). P. 

granatina, the focus of this Chapter, forms monospecific stands tha:t can reach densities 

up to 200 m-2, representing a biomass up to ca. 8 kg m-2 of whole wet body weight 

(Chapter 5). This high limpet biomass, among the highest in the world, can be explained 

partially by the fact that the west coast intertidal habitat is highly productive (see Chapter 

3), being fueled by the nutrient-rich Benguela upwelling system (e.g. Shannon 1985; 

Brown and Cochrane 1991; Brown 1982) which supports a rapid growth of the epilithic 

micro-and macro-algae (hereafter referred to as algae) on which limpets graze intensively 

(Branch 1981; Bosman et al. 1987; Branch et al. 1992). Notwithstanding this high in-situ 

intertidal primary productivity, limpets do utilize other sources of food. As was shown in 

Chapter 5, during each tidal cycle the sheltered bays of the west coast act as natural 

collectors of significant amounts of drifting fronds of the kelps Ecklonia maxima and 

Laminaria pallida. Field observations on the feeding ecology of p. granatina, show that it . . 

has developed behavioral and morphological adaptations for capturing drifting kelp as 

source of food (Chapter 5, Fig. 6D). Thus, although the intertidal habitat is highly 

productive (see Chapter 3), P. granatina relies on the unorthodox source of food 

provided by the subtidal production and subsequent daily deposition of drifting kelp. 
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What are controlling factor(s) for the limpet populations? There is evidence that 

predation does take place on small-sized limpets ( < 50 mm shell length). Two main 

predatory species have been identified: the African Black Oystercatcher Hamatopus 

moquini (Hockey and Branch 1984) and the Giant Clingfish Chorisochismus dentex 

(Stobbs 1980; Lechanteur and Prochazka in prep.). Nevertheless, these predators do not 

appear to affect large P. granatina, which are free of predation, and which represent more 

than 70-95% of the population biomass. However, prehistoric human predation was 

substantial. Archeological evidence indicates that this intertidal limpet species was an 

important part of the diet and a significant component of the protein budget of early 

coastal inhabitants of south western Africa (Parkington 1976; Buchanan 1988; Noli 1988; 

Webley 1992). Modem human utilization of P. granatina is minimal, although they have 

been recent applications for permits to commercially exploit the species (Bosman et al. 

1990). 

Given that there are no natural predators known to be capable of influencing the 

populations of adult P. granatina, the factors limiting them remains an open question. 

Intertidal limpets are regarded as generalized grazers, in-situ epilithic micro- and 

macroalgal production providing their conventional source of food (e.g. Underwood 

1980 1984; MacLulich 1986a, b; Bosman 1988; Hill and Hawkins 1990). In Chapter 3 it 

was demonstrated that a high primary production does exist on the west coast of South 

Africa.Csee Figs. 2-4, Chapter 3), but it has been empirically demonstrated in Chapter 5 

that this high intertidal production is not sufficient to sustain dense populations of P. 

granatina. In this Chapter a different approach is taken to the same problem -that of 

developing a metapopulation model to explore the relative importance of in-situ algae and 

kelp as energy sources sustaining dense populations of P. granatina. 

Recent advances in ecological modeling have stressed the need for individual-based 

models, in recognition of the importance of local interactions between individuals 

(between and within species) in ecological systems (e.g. Getz 1980, 1991, 1993, in 

press; Lomnicki 1988; DeAngelis and Gross 1992; Judson 1993). These models have 
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sometimes proved to give more realistic results than the traditA~nal_ models (i.e. 

demographic models). The local interaction between epilithic algal production, subtidal 

kelp, and intertidal limpets is one such system that can be successfully modeled using an 

individual-based approach. 

The biomass dynamics of a population (e.g. a consumer) can be modeled by treating 

the population as a single meta-organism. That is, their dynamics can be determined by 

the rate that the population consumes resources and by the efficiency with which these 

resources are incorporated into the population's biomass: this is a metaphysiological 

approach (Getz 1993). 

In contrast to many fisheries, the algal-kelp-limpet system is one that can be 

manipulated and used to test harvesting strategies, using both thepretical analyses and 

experimental manipulations. This is because limpets are relatively sessile, and individuals 

can be measured and counted with virtually no impact on their well-being. Similarly, the 

dynamics of the limpet's main sources of food, i.e. kelps and algae, can be 

experimentally determined. Thus, the accessibility, and relatively simple trophic 

characteristics of this system, make of it very attractive and suitable for modeling studies. 

During the last five years, private fishing companies have begun to show an interest in 

starting a commercial fishery based on this limpet's populations, especially because of the 

existence of an expanding Asian market (Blankley 1988). This situation has created an 

imperative need for a better understanding of the ecological role of these limpets and the 

potential impact of future commercial exploitation of their populations. A preliminary 

harvesting analysis of P. granatina, based on experimental manipulations of limpets along 

this coast, has already been undertaken using a demographic approach, in which a size

structured model was developed, with growth, survival, and recruitment process 

parameters selected to fit output from the model to empirical limpet size distribution data 

(Raubenheimer 1991; Eekhout et al. 1992). The difficulty with this approach is that these 

parameters reflect population processes at high pre-exploitation population densities, 

while they are likely to be very different at lower, post-exploitation densities. 
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Consequently, although it is desirable to incorporate size-structure in models of resources 

where size-structured harvesting policies are easy to implement, a more accurate 

assessment of the productivity of the resource might be obtained from an ecologically

oriented model that is able to incorporate changes in the rate of population processes as a 

function of population density. 

Sufficient ecological data are available for P. granatina and P. argenvillei to allow the 

development of an individually-based, stand-growth model simulating the algal-kelp

limpet system. This modeling approach can also be used to analyze the potential effects of 

exploitation if the limpets are treated as a commercial resource. This modeling approach is 

used here in three different ways. Firstly, it is used to simulate the algal-kelp-limpet 

interaction to explain the relative roles of algae and kelp in maintaining the limpet 

populations. Second, the performance of the model is tested by manipulating the input of 

kelp to validate the model's prediction output against the empirical results described in . 

Chapter 5. Finally, having tested the model, it is employed to obtain a maximum 

sustainable yield policy based on the exploitation of limpets of specific size on a rotational 

basis. I also use this model to discuss alternative strategies derived from the size

structured model mentioned above, and conclude that these strategies may well lead to 

overexploitation of the resource. Since both non-ecological size-structured models and 

lumped ecological models have serious shortcomings, I discuss the type of data needed to 

construct a model that has both the size-structured and ecological elements required for a 

more reliable and comprehensive sustainable management of limpet populations that can 

be achieved by either approach on its own. 
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l\tlaterials and Methods 

Metaphysiological model 

The metaphysiological approach was proposed by Getz (1991, 1993, in press), as an 

alternative to modified Lotka-Volterra or Tilman-MacArthur equations, to model the 

biomass density of consumer-resource populations interacting in simple food webs. This 

approach is based on the idea that each population is subject to two metaphysiological 

processes: (i) a biomass conversion process that determines net growth rate (which can 

be negative) in terms of a per-unit-consumer consumption rate of other populations 

regarded as resources, and (ii) an extrac,tion rate for the cases where. the consumer acts as 

a resource for other populations. 

As can be justified from empirical biological data presented in the previous Chapters, I 

model a limpet population consuming both a logistically growing algal resource and a 

constant flux of kelp resource. A logistic growth pattern emerges in a population that is 

exploiting a constant flux of food and has a hyperbolically shaped biomass conversion 

rate response (the simplest response satisfying the necessary properties of increasing 

rates of decline as resources go to zero, as well as saturating growth rates as resources 

become unlimiting) (Getz 1991, 1993, in press). In this case the biomass densities xa and 

xz of the algal and limpet populations respectively satisfy the dynamic equations 

(1) 

where the limpet biomass conversion rate,/, and the per-unit-limpet consumption rate of 

algae ga, and kelp, gk have appropriate forms, and the parameter q reflects the relative 
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nutritional value of the algae as against that of the kelp, and whe,~e K. and r are the 

carrying capacity and intrinsic rate of growth of the algae. 

Here I will assume a hyperbolic form (logistic) for limpet consumption ratef(g), with 

the total consumption of both algae and kelp g= ga+qgk, is represented by the function 

f(g) = ~(1- ;), (2) 

where the parameter p bounds the per-unit-limpet growth rate and the parameter K: 

represents per-unit-limpet resource extraction rate required for maintenance alone (Getz 

1991; 1993; in press). I will also assume that the consumption functions ga and gk are 

Holling type II response functions generalized to incorporate a self-interference term. The 

importance of this self-interference term is fully discussed by Getz (1991; 1993), and can 

be interpreted as an intraspecific competition parameter, i.e. the' limpet biomass that 

reduce the per-capita consumption to a third (Da+IC/3). This self-interference parameter is 

particularly appropriate for species such as limpets, with limited movement and where 

space plays an important role in determining their abundance, where at low resource 

densities, the amount of resources per-unit individual is more important than absolute 

resource density in determining resource extraction rates (Akc;:akaya 1992; Arditi et al. 

1991; Arditi and Safah 1992). Specifically, letting k represent a constant level of kelp 

available to the population, I assume that 

- Da(l- p)xa 
ga - f3a + YkXt + pk+(l- p)xa, (3) 

and 

(4) 

where 8a and 8K are the maximum or satiation consumption rate of limpets eating 

respectively algae or kelp, f3 is a half-saturation parameter (the level at which algae or 

kelp consumption is o/2 when consumer densities are very low), y is an interference 
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parameter that can be estimated from data that evaluate consumer .. \iensity dependent 

effects on resource extraction, and p is a preference parameter that allows us to account in 

a simple way for any propensity that the limpets have for feeding on one type of food 

more intensely than another (a preference model that accounts for dietary switching 

would be much more complicated - see, for example, Houston and McNamara 1985; 

Mangel and Clark 1988; Real 1990). 

I have not incorporated a seasonal component into the model, although there is some 

justification for so doing (Branch et al. 1992). Since a potential limpet harvesting is 

considered on a seasonal basis and is incorporated as a impulse function that is imposed 

on the system at an appropriate time of the year, to a first approximation the seasonal 

component can be replaced by average rates over the season. I do not simulate complete 

removal of the biomass at harvesting time, but only removal of a certain percent of the 

biomass, with the remaining stock playing the role of a "seed" population from which the 

stand is then naturally regenerated. 

Limpet population parameters 

The data used to estimate the theoretical per-capita population parameters p and 1( of 

function (2) were obtained empirically from individual limpets growing in three 

experimental plots (ca. 6.0 m2 each) placed in areas where limpets occurred naturally at 

high biomass density (i.e. at around their environmental carrying capacity, see Fig. 6F, 

Chapter 5). Growth was then determined using individually labeled limpets, all greater 

than 20 mm, and of different initial sizes (data reanalyzed from Bosman et al. 1990; and 

Raubenheimer 1991). The parameter p was initially estimate9, by informally fitting a 

hyperbolic growth curve by eye to growth rate data as a function of per-capita food intake 

(see Getz 1991, Fig. 2). The data were obtained after experimentally "thinning" 

unexploited limpet stands (Bosman et al. 1990). Specifically, the densities of stands were 

reduced to 50, 33, and less than 1 % of their original biomass density, and individual 

growth increments were recorded in each treatment over a period of three years. 
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An annual growth increment in length of individual limpets was determined for each of 

the thinning treatments and subsequently converted to a daily base and expressed in terms 

of dry body (flesh) weight using the allometric equation 

W = 2. 731x10-5 L1201, (5) 

where the dry flesh mass W is in grams and the length L is in mm. This procedure 

assumes that a reduction in limpet density represents an increase in the amount of 

resources that can be extracted per individual, which is the functional argument of 

expression (2). The parameter Kwas then estimated using the expression 

(6) 

where i 1 and ia are a pair of limpet and algal densities at which limpet stand growth 

appears to be zero under the experimental exclusion of kelp (i.e., at this pair of kelp and 

algal densities, k = g in function (2) and g is expression (3) evaluated at the densities i 1 

and ia in question, assuming the parameters K' = p = 0), and f3 and y have the values 

discussed below. These initial estimates of p and K' were then modified (through a 

sensitivity analysis) until the model was able to reproduce simultaneously observed 

biomass levels of unexploited limpet and algal stands, also as discussed below. 

The pristine populations of P. granatina were assumed to be at their carrying capacity 

(K), so the initial population values entered in the model were those of observed natural 

densities. These density values were expressed in dry flesh biomass per square meter 

using an average modal size of the adult population of 55 mm shell length, with adults 

being defined as limpets > 35 mm shell length. 

Epilithic algal production 

The dynamic growth of the epilithic algae, measured as grams of dry matter per meter-

squared per day (g m-2 d-1 ), was experimentally measured for a mid-low intertidal shore 

at Groenrivier on the west coast of South Africa (Fig. 1). Production in-situ was 
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I , 

A. 

B. 

Figure 2. (A.) General view of limpet exclusion "corral" for measurement of the 
primary production placed on the mid-low shore in the middle of a limpet bed. Each 
col um of rock strips represent one month of production. (B.) Close-up of the rock strips 
showing some rock strips with two (first from left) and with one (second from left) 
month of production. 
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determined by using four 0.5 m2 plots, which were cleared of all biological growth, and 

fenced in order to stop invasion by vagrant grazers. Every month, for a period of seven 

months, a row of 24 rock strips (each about 50 cm2 each) were removed from 

surrounding substrata, sterilized, and 6 of these were glued down in each of the four 

cleared plots (Fig. 2). Thus, after seven months, I had rock strips on which algal growth 

was anywhere from one to seven months old. This allowed calculation of the rate of 

production per unit area per month, which in turn was converted to daily production rates 

as a function of the accumulated algal biomass measured in g m-2 of dry matter. 

In order to verify the daily production of algae, a short-term experiment was 

conducted at the locality of Oudekraal (Fig. 1). In each of four 0.25 m2 cleared plots, 30 

sterile rock chips were glued down; each plot was fenced to stop invasions of invertebrate 

grazers. The rock chips were lifted at 1, 4, 6, 12, 16, 19, 22, 33, and 37 days after 

commencement of the experiment. On each rock strip, the total content of Chlorophyll-a 

was determined (see Materials and Methods of Chapter 3). Subsequently, the total 

chlorophyll-a was converted to dry biomass using the relationship presented in Chapter 

3, where the intercept was forced through zero (a=O), and described by the linear 

equation 

DM = 0.0049l*Chl-a, (7) 

where DM is the dry algal mass per cm-2 and Chl-a is the amount of chlorophyll a in µg 

per cm~2. 

Drift kelp input 

The average daily amount of drift kelp biomass (g m-2 d-1) available for limpet 

consumption, as represented by the parameter k in expressions (3 ) and ( 4) , was 

determined over a 21-month period at the localities of Groenrivier and Rooiklippies on 

the west coast (Fig. 1) . Kelp accumulation at different intertidal levels (i.e. low, mid, and 

high shore) was recorded each month over a three to four days during a tidal period. At 

each of the intertidal levels, a fixed transect about 30 m long was placed parallel to the 
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A. 

B. 

Figure 3. General view of a plot for the measurement of consumption of epilithic algae 
(A.), and (B.) close-up of a individual cage. 
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sea, and 15 quadrats of 0.5 m2 each were chosen randomly along eac;h of the transects. 

In each quadrat the wet biomass of accumulated drift kelp was recorded, and this value 

was subsequently converted to dry biomass. The west coast of South Africa has a semi

diurnal tidal regime that allows kelp to be deposited in large quantities during low tides 

occurring roughly twelve-and-a-half hours apart. The daily variation in kelp biomass 

available to limpets is greater than any seasonal or interannual fluctuations (Kruskall

Wallis F(df=20,2,3)=23.8, p<0.0001). For the 21 months series, I recorded a running 

mean of at least 100 g m-2 d-1 of drift kelp is deposited daily, and this value was used as 

the constant kelp flux in expressions (3) and (4). This figure might be conservative as 

wet biomasses up to 12000 g m-2 d-1 are commonly found during low tides (see Fig. 4, 

Chapter 5). However, when the input of kelp is large, most of it is surplus to the limpets' 

needs, so the assumption of constant k seems reasonable. However, all deposited kelp is 

re-suspended at high tide and redistributed over the same and/or different areas, so the 

exact amount available to limpets for grazing is hard to estimate. Although this 

approximation has been employed, the parameter k can be "tuned" until the values of 

limpet and algae biomass predicted by the model under a variety of appropriate conditions 

match those observed. 

Limpet consumption 

Epilithic algae 

The maximu.m (saturation) consumption of epilithic algae by individual limpets in the 

field was determined by using a series of 15 ground-glass settlement plates, on which 

algae were grown for one to two months in the absence of limpets. After this period, 

average-sized adult limpets (50-60 mm shell length) were starved for a 5 days, and single 

starved limpets were introduced onto the plates for a 6-day period (Fig. 3). Daily 

consumption was calculated by measuring the area of algae cleared by the limpet per day, 

and subsequently converting area to dry biomass. For that purpose, a photograph was 

taken each day of each glass plate with a feeding limpet on it, digitized, and the area 

cleared by the feeding limpet was measured. Each plate was divided into two halves, one 
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half with the limpet and one ungrazed. The ungrazed area was scrapped to provide an 

estimate of the algal mass per-unit-area available to the limpet. The other (grazed) half 

allowed estimation of how much alga the limpet removed. _At the end of the feeding 

experiment, the maximum per-capita consumption rate Oa of epilithic algae in equation (3) 

was obtained from these data by plotting consumption as a function of feeding time (i.e. 

per day) and expressed as grams of algae per day (g d-1). 

Drift kelp 

Similarly, the per-capita consumption of kelp by individual limpets was determined in 

the field, by offering kelp fragments of pre-determined area and biomass to a series of 

individually labeled limpets. The premeasured kelp pieces were removed hourly over an 

8-hour period from beneath the limpets, and their area and mass measured. The same 

procedure was repeated on three different days in two different localities (Groenrivier and 

Rooiklippies, see Fig. 1) and used to derive an average rate of consumption of kelp per 

limpet. 
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Results 

Algal production 

A parabolically shaped (logistic) curve was obtained for the rate of algal production as 

a function of the biomass accumulated (Fig. 4). The rate of algal production rose sharply 

until it reached a plateau or maximum production rate of Kr/4 = 49 g m-2 d-1. After that, 

the available space for algal settling becomes limiting (saturation), leading to a decline of 

the rate of production as the system approaches the carrying capacity (Fig. 4). Thus, the 

production curve was described by the logistic parameters of the algal equation in system 

(1), were the values estimated from the field data are r = 0.55 g m-2 d-1 and K = 195 g 

m-2 (intercept on algal biomass axis) which corresponds to the algal carrying capacity. 

Kelp input 

Large quantities of drift algal material were found in the sheltered bays along the west 

coast. Kelp fronds were by far the largest component of the total algal drift (Fig. 5), 

achieving up to 2000 g m-2 of dry matter (Fig. 5). The dry biomasses of drifting fronds 

of kelp were on average an order of magnitude greater than those of the other groups of 

algae (i.e. other phaeophytes, rhodophytes, and chlorophytes), whose biomass never 

exceeded 150 g m-2. During the 3 years of monitoring, there was a clear seasonal trend in 

the drift accumulation, the summer-autumn seasons having significantly (Bonferroni t-

test, p<0.05) larger amounts of the kelp (700-1200 g m-2), than winter-spring (about 200 
. . 

g m-2) (Fig. 5). The variations of drift kelp were significantly explained by monthly 

(ANOVA, p<0.0004) and seasonal variations (ANOVA, p<0.0015), but no significant 

differences were found between years (ANOVA, p>0.4787) (Table 1). The average 

deposition of the other drift algae was highly variable (Fig. 5), being significantly 

explained by variations between years CANOVA, p<0.0001), between seasons (ANOVA, 

p<0.0004) and between months (ANOVA, p<0.0028) (Table 1). There was a inverse 
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correlation between the biomass of drift kelp and the biomass of,pther algae, being 

consistently negative throughout the different seasons and years (Table 2). 

Limpet consumption 

Given an unlimited supply of kelp, P. granatina initially fed at a maximum intake 

(±1.37 g d-1) but decreased the rate of intake thereafter, until it reached a level in which 

individual limpets grazed at a stable rate(± 0.68 g d-1, see Fig 6). A similar pattern was 

found when the limpets fed on epilithic micro- and macroalgae, i.e. a ma"\.imum intake ate 

the beginning (about 1.52 g d-1) and followed by a stable intake (Fig. 6). The high 

ingestion at the beginning of the experiment appears to be a reflection of the 5 days of 

starvation time. During the feeding experiment, individuals of P. granatina fed slightly 

more on kelp fronds, than on epilithic algae. 

In (3) and (4) the parameters ba and bk. which represent the saturation consumption 

rates, in the field, of algae and kelp respectively. The running average of individual 

consumption were calculated, being 0.73 ± 0.10 g d-1 and 0.81 ± 0.05 g d-1 for algae 

and kelp respectively. Because both consumption rates were similar in magnitude and 

variability I used the same average value ba = bk = 0.78 g d-1 for both in resource 

extraction rate expressions (3) and (4). 

Parameters tuning 

The .feeding rate experiments were not specifically designed to help estimate the 

searching efficiency parameters f3a and f3k and the self-interference parameters Ya and }k. 

Feeding rate experiments performed with lone individuals, as was done with the limpets, 

cannot be used to estimate interference which is a group feeding effect. Given the 

limitations of the experimental data, for the sake of simplicity I assumed f3a = f3k = f3, 

and Ya = }k = y. 

A sensitivity analysis was done in order to evaluate the performance of the model 

under different values of parameters f3 and y, and by consequence, suitable values of 
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Figure 7. Predicted limpet biomass levels from the· kelp-algal-limpet model 
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(equations (1) - (4)) under a sensitivity analysis of (A.) half saturation paramete,.B 
and (B.) thej self-interterfef:tce parametery. Values of the sensitivity scenarios are 
indicated on the right hand-side. . · 
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these parameters. The searching efficiency parameter f3 (or the concentration of food that 

reduces the grazing rate 8 to half) was tested over a range of four order of magnitudes 

(from 0.01 to 25 g m-2), while the self-interference parameter r (or the limpet density 

that diminish the per-capita consumption 8 to a third) was tested over variations of three 

order of magnitudes (from 0.01 to 5 g m-2). 

The model turned out to be relatively insensitive to the value of /3, but over the tested 

range the best fit to observed data was obtained at f3 = 3 g m-2 (top of the shaded area in 

Fig. 7 A). When the parameter /3 was increased from 0.05 to 25 g m-2 the limpet biomass 

was reduced only 13% relative to the original carrying capacity (226 g m-2), and stable 

populations were always obtained at the end of simulation (Fig 7 A). 

Changes in the value of self-interference parameter y, yielded sub.stantial variations on 

the predicted limpet biomass. That is, increasing limpet biomass has deleterious effects 

on individual consumption efficiency, resulting on drastic decrease in the population 

biomass (Fig. 7B ). However, the parameter value that seemed to fit the time course of the 

observed data the best was r= 0.55 g m-2 (top of the shaded area in Fig. 7B). 

The preference parameter pin models (3) and (4) was set at 0.6, which represent the 

observed proportion of kelp in the limpet's diet, whereas algae occur in a proportion of 

0.4 (see detailed in Fig. 10, Chapter 5). To account for nutritional differences between 

algae and kelp, a food quality factor q was included (see equation (1)), based on the 

average C:N ratio (Carbon to Nitrogen) of both algae and kelp. The average C:N ratios 

for several species of algae and for the fronds of two kelp species respectively have been 

estimated at 10:1 and 22:1 (Levitt 1991; S. Tugwell pers-: comm.). Therefore, I 

considered that one unit of epilithic algae corresponds nutritionally to two units of kelp 

and so set q =2, giving more nutritional value to the epilithic algae. 
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95% confidence intervals estimated from observed limpet and algal levels in the 
field. 



Univ
ers

ity
of 

Cap
e T

ow
n

l 
Model verification 

J 
J 

Once I had obtained initial estimates for .all parameters associated with equations ( 1) -

(4), I then evaluated the performance of the model of the algal-kelp-limpet system under 

consideration by comparing model output with empirically obtained data on limpet and 

algae biomass levels presented in the Chapters 2 and 3 (which were obtained 

.independently of the data used to obtained the parameter estimates). This also provided an 

opportunity to tune certain parameters of the model (see previous section) to improve its 

fit to the data, so that the model could be more reliably applied to the analysis of various 

ecological and management questions. Confidence in a model is increased if it can be 

shown to simulate the behavior of a real system under a variety of conditions. I was able 

to verify that the model performed reasonably well in two situations: a) in the presence of 

drift kelp input, set at a conservative average observed level (k = 100 g m-2 d-1), and b) 

in the complete absence drift kelp input into the system, i.e. the limpets relying only on 

the in:..situ micro- and macroalgal production (k = 0.0 g m d-1 ). The latter condition was 

set to vedfy whether the model is able to reproduce the empirically-determined effect of 

kelp exclusion (see Figs. 11 and 12, Chapter 5). 

First, I compared limpet and algal population levels predicted by the model with data 

obtained from an unexploited system (Fig. SA). The model predicts that limpet and algal 

populations should reach stable equilibrium densities of 226 g m-2 and 0.01 g m-2 

respec~ively, both being within the range of values observed in the field (shaded areas of 

the 95% of confidence intervals in Fig. SA). The predicted limpet biomass is equivalent 

to average recorded values at a density of about 200 m-2 (see Fig. 5, Chapter 5), while 

the prediction of algae biomass corresponds to the background level of primary standing 

stock that remains after limpet grazing ( endolithic algal standing stock, see Hill and 

Hawkins 1990). 

Second, I compared model simulations of another scenario, in which input of kelp into 

the system is zero, with data obtained from manipulations done in the field where drift 

kelp was experimentally excluded from the system (see data presented in Chapter 5). In 
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this case, the model predicted a rapid initial reduction of the limpet biom.ass to a minimum 

level of ca. 30 g m-2 (about 34 limpets per m-2), followed by an increase to a stable 

equilibrium at 65 g m-2 (Fig. SB). This represents a 71.3% decrease in the limpet 

population relative to the equilibrium level predicted under natural conditions (shaded area 

in Fig. SA). The reduction of the limpet biomass in turn results in diminishing grazing 

pressure on the epilithic algal growth. This produces an initial "bloom" of algal growth 

during the first 45 days that is subsequently reduced to an equilibrium level of 55 g m-2, 

as the limpet population approaches its equilibrium, consequently increasing grazing 

pressure. Note again, that the predicted algal levels are also within (but at the high end of) 

the 95.5% confidence interval of observed algal levels (as indicated by lower shaded area 

in Fig. SA). Thus, under two sets of contrasting conditions the model simulates values of 

limpet and algal standing stocks within the range of values empiric.ally measured in the 

field. 

Management analysis 

An exploitation regime for intertidal limpet stands can be compared with that of a 

plantation management regime for a forest stand of same-aged trees (even-aged stand 

management - see, Clark 1976, or Getz and Haight 19S9). This consists of harvesting all 

trees in the stand at the end of each rotation cycle and then planting the stand with 

seedlings. The optimal rotation period can be calculated, if the trajectory of the value of 

the stand from time of planting onwards is known, and if every rotation cycle is assumed 

to have the same biological and environmental parameters (e.g., no depletion of nutrients, 

no change in climate averaged across the seasons). A stand of limpets can be regarded in 

the same way, except harvesting consists of removing all limpets over a certain size and 

letting the smaller (and immigrant) limpets form a "seed" population for the subsequent 

growth of the limpet stand. 

First, the model was used to simulate the growth of a bare stand, assuming average 

empirically observed recruitment conditions of 200 individuals with an average shell 

lengths of less than 20 mm (Bosman et al. 1990), which in turn represents a flesh dry 
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Figure 9. S~ocking-up of a P. granatina population. The thin and thick curves 
respectively represent the simulated growth of limpets on a stand (appropriate 
intertidal rock substrate) and associated algal density levels over a 1400 day 
period. The maximum production of biomass per unit time is achieved around 
645 days and the stand density saturates at 226 g m2 a little after 3 y~ars. 
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mass of S g m-2. Allowing the limpet biomass to grow freely ('sto.cking-up'), after a 

hypothetical removal of the adult biomass (in the absence of density dependent effects), 

the initial limpet biomass of S g m-2 rises to a saturation level of around 220-230 g m-2 

after about 3 years (Fig 9). Over the 3.7 year simulation period, the model predicts that 

the initial low limpet biomass permits a rapid algae growth during the first 45 days (as in 

Fig. SB). Once the limpet population has built-up its biomass, thereby increasing its 

grazing pressure, the algae biomass is rapidly reduced to a minimum equilibrium level of 

0.01 gm-2 (or background levels) over a period of around 9 months. After the first two 

years the biomass growth rate of the stand declines rapidly as the system approaches its 

limpet carrying capacity. The maximum biomass produced per unit time occurs at around 

lSO g m-2, which is reached around 645 days (Fig. 9). 

The results of this simulation imply a two-year optimal rotation p~riod for total-stand 

harvest policy (i.e., when all limpets are removed regardless of size). 

Second, I used the model to analyze predicted sustainable yield levels under annual 

and biennial (two-year) pulsed harvesting policies that remove a fixed proportion of the 

population (all limpets over 40 mm) at the beginning of each cycle (Fig. 10). In 

unexploited or virgin limpet stands 60 to 90 % of the total biomass density is represented 

by adult limpets (Bosman et al. 1990). The first year's yield from a virgin stand (Fig. 10, 

curve a) is always more than can be obtained in subsequent years, even under equilibrium 

conditions (Fig. 10, curve c). Note that the "equilibrium" value, plotted in Fig. 10, was 

obtained from the model after 15 years of annual pulsed harvesting of a fixed proportion 

of the available stand biomass starting with a virgin stock .of 226 g m-2 (Fig. 10, 

horizontal dotted line--and see Fig. SA). This value is an upper estimate of the 

equilibrium in the sense that it represents less than a 0.01 % decrease from the values 

obtained after 14 years. 

Third, I compared pulsed harvesting on an annual (Fig. 10, curve c) and a biennial 

basis (Fig. 10, curve b) with the annual average of the latter (Fig. 10, curve d). The 

biennial yield (curve b) is close to first-year levels for all levels of proportional harvesting 
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below 90%, and then drops off dramatically between 90 and 100%. A.t this.high levels of 

harvesting, insufficient seed population is left behind to initiate stand growth. 

Immigratfon should contribute to a slow recolonization, but this is not ta.ken into account 

in the model. Annualized biennial yields (curve d) result in harvests that are considerable 

smaller than the annual rate except for proportional harvesting levels above 85%. The 

sustainable pulsed annual yield is maximized at around 70% proportional harvesting, 

representing a biomass of around 130 g m-2, and corresponding to about two thirds of 

the limpet first-year harvesting under this policy (compare curves a and c at 70% 

proportional harvesting). On the other hand, the biennial maximum sustainable yield 

(MSY) is as much as 93% of the total limpet biomass, but on an annualized basis this 

only yields a little less than 100 g m-2 (maximum value for curved in Fig. 10). Although 

the model predicts that the annualized MSY from the biennial policy is 30% less than the 

MSY of the annual policy, the costs of harvesting are not included. Since I might expect 

the harvesting costs associated with the annual policy to be almost double those of the 

biennial policy, the biennial policy may compare favorably with the annual policy from a 

net profit point of view. Further, biennial exploitation of different areas in alternate years 

would smooth out the market on an annual basis. Finally, although stand growth 

simulation from a seed population (Fig. 9) predicts an optimal rotation period of almost 

two years, greater yields are obtained on a one-year rather than two-year basis if the 

harvesters are free to remove any fixed proportion of the population that they may choose 

(Fig. 10). 
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Discussion 

The predictions arisen from the metaphysiological model developed in this Chapter 

re-emphasize that the input of drift kelp into the intertidal system (Fig. 5) is the limiting 

factor that sets the carrying capacity of P. granatina populations (Fig. 8). Despite the fact 

that intertidal epilithic algae production is high (Fig. 4), it is clearly insufficient to 

maintain dense stands of limpets (Fig. SB), a finding that agrees with the empirical 

evidence that resulted from experiments in which kelp is excluded (see Chapter 5). 

The dynamics of intertidal primary production ( epilithic micro- and macro algal 

production) has been one of the most consistently neglected components in studies of 

marine benthic communities, mainly due to technical difficulties (e.g. Underwood 1979; 

Hawkins and Hartnoll 1983; Hill and Hawkins 1990; 1991). However, the results 

presented in this Chapter (in addition to those presented in Chapter 3), show that the 

dynamics of intertidal primary productivity (per-unit-area) can be assessed in a simple 

way, and more important, its trophic relationship with herbivore consumers can be 

established and modeled using a predator-prey, or better, a consumer-resource approach 

(i.e. Lotka-Volterra-Gausse systems). 

A hyperbolic curve has been predicted for autotrophic productivity as a function of 

accumulated biomass (Oksanen 1981). The production data show that the per-unit-area 

dynamics of the intertidal algal production do have a logistic growth (Fig. 4). This is in 

line with the findings of terrestrial pastures were logistic-shaped curves have been also 

reported (Brooke 1989; Dyer et al. 1993) and rivers (Hart et al. 1991). The significance 

of these results is that intertidal systems can be successfully compared on similar basis, 

according to their intrinsic productivity dynamics. Furthermore, large-scale comparison 

can be made across systems (e.g. subtidal/intertidal) and the impact of herbivore 

consumers can effectively evaluated. 
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The input of subtidal kelp (drift) into the intertidal system constitute a super-abundant 

food supply for P. -granatina, whose populations can be successfully maintained by an 

input of 100 g m-1 d-1 drift into sheltered bays; the total input generally greatly exceeds 

this figure (see Fig. 5). This and the findings of the previous Chapters demonstrate the 

importance of two processes in the maintenance of high grazer biomass on the west coast 

of South Africa. First, this is another clear example of secondary magnification of a 

intertidal system by kelp subsidy (e.g. Dunton and Schell 1986; Duggins et al. 1989; 

Simenstad et al. 1993), in which the in-situ intertidal productivity is insufficient to sustain 

a dense herbivore population. The second is that, given a consistently high food supply 

(in the form of both in-situ productivity and kelp subsidy) the carrying capacity for P. 

granatina is set by limitation of the space available to them (see also Fig. 4 , Chapter 5). 

The 'bloom' of epilithic algae growth following reduction of limpet grazing pressure is 

a well known ecological phenomenon that has been extensively documented by field 

experiments (e.g. Jones 1948; Underwood and Jernakoff 1984; Bosman 1988). The 

model that I have applied to the algal-kelp-limpet system clearly shows this phenomenon, 

with a reduction of the P. granatina population leading to a rapid growth of epilithic algae 

(Fig. 8B). 

Similarly, the model was able to reproduce another ecological phenomenon that has 

been empirically demonstrated, i.e. the reduction of limpet biomass that occurs if the 

input of drift kelp is set at zero (Fig. 8B). The empirical results arising from the kelp 

exclusion experiment (see Chapter 5) revealed that limpet mortality increase significantly 

when limpets were denied access to drift kelp, and limpets that survived to the end of the 

experiment, lower body mass than control animals that could feed on drift kelp (Figs. 11 

and 12, Chapter 5). Theoretical supporting evidence for the importance of food supply 

comes from the results of the sensitivity analysis performed to the model, which show 

that slight increases (0.55 to 1.0) in the self-interference parameter r (i.e. intraspecific 

competition) result in a ca. 65% decrease in the limpet biomass (see Fig. 7B). 
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The validation of the model under two contrasting scenarios gave, some confidence 

that the simulations of the ecological processes at work were reasonable. In future 

experiments, however, it would be desirable to obtain direct estimates of the limpet 

growth parameters p, Kand the consumption parameters f3 and r so that the ecological 

assumptions in the model can be tested in a formal statistical evaluation of the fit of output 

from the model to observed data. 

The advantage of functionally modeling populations, especially using the 

metaphysiological approach, is that with a knowledge of simple processes (e.g. 

production and consumption) it is possible to set a theoretical scenario based on sound 

ecological principles (e.g. predation and competition). Another advantage is that once the 

general dynamics of the undisturbed natural system have been described and modeled, 

they can be subjected to hypothetical harvesting regime in which a proportion of the 

limpet population is removed from the system and the recovery time is evaluated. 

From a processing and marketing point of view, it is only worth harvesting larger 

limpets (typically the adults which are usually 40+ mm in shell length). Further, a 

reproductive adult core must always be left in place to spawn and generate a new cohort 

of recruits. The latter can be achieved by harvesting only after the spawning season (set a 

'fishing season') or, alternatively, harvesting a fixed proportion rather than all of the 

adult limpets (all those> 40 mm shell length) in a fixed rotation period (years). 

The difference between the first year and equilibrium yields, however, only begins to 

diverge strongly for proportional harvesting above 50% (Fig. 10). This difference 

represents the nonsustainable portion of the resource and, when large, often leads to 

initial overcapitalization of the equipment used to exploit the resource (e.g., boats and 

gear in most marine fisheries). However, in the case of limpet exploitation boats are not 

needed and capitalization is relatively small. 

An alternative strategy to harvesting a fixed proportion of individuals in a population is 

to remove all individuals above a certain size. Further, it has been shown (Getz 1980, 
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1988; Reed 1980; Getz and Haight 1989) that the optimal harvesting strategy for a 

population in which recruitment and size- or age-class transition is influenced by stock 

biomass is one based on two size classes i and} (j ~ i): harvest all individuals as large or 

larger (as old or older) than class j and a given fraction of all individuals of class i. A 

more general MSY result pertaining to populations where immigration of individuals of 

various sizes occurs, as it does to some extent in limpet stand dynamics (Eekhout et al. 

1992), is to remove proportions from several different size classes (Getz 1988; Getz and 

Haight 1989). However, this harvesting strategy impose logistics limitations because it 

requires a knowledge of the total amount taken from each size class (which is labor 

intensive); furthermore, for an intertidal resource, such as limpets, accessibility to the 

resource is limited to relatively short periods of time constrained by tides. 

As pointed out in the introduction, any purely demographic approach such as the size-

based model applied by Eekhout et al. (1992) to P. granatina, fails to take potentially 

critical ecological factors into account. Such size-structured models can be embedded in 

an ecological framework by making the values of the transition parameters Pi} and the 

survival parameters Si dependent on the amount of food resources (gi) removed per-unit-

limpet in the ith size class. In this case, the interference term in the ith size class 

exploitation function gi will depend not only on the value of Xi, but on the other size 

classes xj,j i; i = 1, ... , n (e.g. the effects of adult interference may differ from those of 

juveniles and 'recruits'). Furthermore, if Xi measures numbers rather than biomass, then 

the values Xi will have to be weighted in the interference term to bring them to 

comparable units, such as biomass. The dynamics of the algal population can be 

incorporated by using an equation, such as that in system (1); and replacing the term 

xiga with the term L~=l xigi , which represent the sum of the different rates of 

consumption of epilithic algae by the ith size classes. Size-related variations in kelp 

consumption need not be considered because individual smaller than 40 mm do not 

consume kelp (see Fig. 7, Chapter 5). 
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An evaluation of harvesting strategies related to size classes, of cpurse, requires the 

construction of a size class model. Eekhout et al. (1992) used this type of model to 

estimate that MSY is obtained by harvesting all individuals larger than 55 mm every year. 

Their MSY of 13 metric tons is not directly comparable to results derived from the 

present analysis, since my work is calculated on a per-unit-area basis, while the size

based analysis had a fixed population in mind. As Eekhout et al. ( 1992) point out, their 

analysis is contingent on very crude assumptions about size dependent rates of mortality, 

and they also use growth rates that did not depend on density. I obviated these two 

difficulties by using a metaphysiological approach that does not explicitly require 

mortality and size-at-age relationships. However, this approach has a disadvantage in that 

it does not relate the harvesting strategies to size. Obviously, it would be much better if 

size structure could be incorporated into the approach, but the· data are at present 

inadequate to pursue this level of analysis. To do so it would need, at least, empirical 

assessments of the size-distributions (assuming approximate constantly of these 

distributions over the long run) that would arise under contrasting harvesting regimes, so 

that the distributions under intermediate regimes can be appropriately extrapolated from 

data. The more stage-classes present in the model, the more survival parameters and, 

especially, transition parameters that will need to be estimated from field data (Eekhout et 

al. 1992). The situation becomes even more complicated if these parameters are 

themselves, as I might expect, functions of the type of ecological consumption and 

physiological growth processes implicit in model (1). 

Apart from a limited number of multispecies interaction studies, such as the analyses 

of May et al. (1979) and Flaaten (1988), surprisingly little effort has been devoted to 

incorporating ecological information into marine fisheries management analyses. Hilborn 

(1992), for example, in an extensive review of current trends in fisheries Stock 

assessment and management, concluded that fisheries management in the future will 

focus on the behavior of fishermen and on Bayesian decision analysis. Although those 

approaches are highly relevant, they are no more critical than ecological approaches to the 

issue of the sustainable management of marine resources and the preservation of 
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commercially valuable species. I agree with Ludwig et al. (1993) that improved 

techniques for decision-making under uncertainty are essential if we are to manage the 

resources in a more rational fashion. Ecological considerations, however, are neglected 

with a consequent lack of reality. Here I propose a 11 strategic 11 model that has little 

biological detail and hence does not rely on extremely hard-to-get parameters (Holling 

1966; Yodzis 1991). Yet I believe that this kind of modeling still embodies sound 

ecological principles pertaining to population growth and consumptive processes, and 

could be used to provide an ecological complement to more conventional single-species 

studies of population exploitation 

Ideally, the present study should be interconnected with the size-based, single-species 

approach used by Eekhout et al. ( 1992) in developing management recommendations for 

the commercial harvesting of P. granatina. The two approaches are complementary, 

require different kind of inputs, and are constrained by different sort of problems. 
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Introduction 

One of the goals of ecology is to derive general principles· based on the observation of 

repetitive patterns of variation, which may contribute to the understanding of whole 

ecosystems (Steele 1974). In this spirit, a satisfactory line of research on community 

structure and regulation may rely heavily on quantitative descriptions of natural patterns. 

In this thesis I have uncovered and evidenced many of the large (Chapter 1, 2 and 3) and 

small scale geographical patterns and processes (Chapter 4, 5 and 6) involved in the 

structuring of southern African intertidal rocky-shore communities. 

Although the results of this project involve a multitude of ecological phenomena, I 

have concentrated on particular patterns that appear to be relevant for understanding the 

processes (mainly trophic) involved in the structure of southern African rocky-shore 

communities. The time involved in the work prevented equal attention being given to both 

the west and east coasts of southern Africa. This 'imbalance' does not affect the overall 

contributions ·arising from this work, mostly concentrated on the west coast. 

Nevertheless,· the results of this thesis, have led to the creation of new working 

hypotheses which contribute to the general theory of community ecology (e.g. linkages 

between adjacent system, trophic subsidy, magnification of biotic production) and, in 

particular, to knowledge of the scarcely studied west coast of southern Africa. The 

occurrence of equivalent systems elsewhere in the world (e.g. eastern Pacific, southern 

Australia) also suggests that the results reported here may not be specific to the west coast 

of southern Africa. 
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Biogeography 

There are several main objectives in this thesis, among them the re-examination of a 

biogeographic delimitation for South African intertidal rocky shores. The results 

presented in Chapter 1 revealed that on the basis of binary and biomass data for 231 

species identified at 15 localities around the coast, it is possible to justify the division of 

the region into three main biogeographic provinces; the West, South and East. The results 

of that Chapter are the first quantitative confirmation of the earlier biogeographic 

divisions proposed by Stephenson and Stephenson (1972). They also agree with the 

recent zoogeographic division proposed by Emanuel et al. (1992), who found the same 3 

biogeographic divisions, covering most of the Namibian coast (which is not considered 

here). Emanuel et al. employed an extensive binary data set which included all well 

known shallow-water marine invertebrate groups. 

Another large-scale biogeographic pattern revealed in Chapter 1 is the existence of a 

gradient of species richness around the southern African rocky coast, with low values in 

the west, increasing towards the south and east coast. In general, the west coast intertidal 

communities support about half the number of species that occur in equivalent 

communities on the south and east coasts. 

One of the immediate implications of these biogeographic patterns impinges on the 

necessity of establishing priority areas for conservation of the marine coastal biodiversity. 

Unfortunately, conservation biology has focused mainly on terrestrial species and 

ecosystems, particularly those of moist tropical forests, and scant attention has been 

given to marine species and ecosystems. Present marine scientific literature and the press 

report that many marine systems, particularly coastal ones, are severely depleted, 

drastically altered, overfished, and polluted. The above evidence has led scientists to 

define discrete marine biological units for protection. On a global scale, several marine 

ecosystems have been identified (i.e., tropical coral reefs, temperate reefs, kelp forests, 

oceanic vents, etc.), but their geographical variation at regional scales has been poorly 
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studied. The lack of a broadly accepted marine biogeographic scheme.is a serious gap in 

marine conservation and management (Ray 1991; Ray and Grassle 1991; Orians 1993). 

However, even the identification of distribution patterns and the definition of marine 

biogeographic provinces, although essential, are but one step towards conservation. The 

results of Chapter I provide a useful starting point in the understanding of regional 

coastal marine biodiversity, emphasizing that the identification of large-scale biotic 

distribution patterns is necessary. Thus, this thesis is a reminder of how biogeographic 

and large-scale community distribution patterns can be directly related to coastal biotic 

diversity and its future conservation. 

Community Structure 

One of the major goals of community ecology is to determine the causes of spatial and 

temporal variation in community structure. The potential causes can only be identified 

once repeated patterns of variation and composition emerge from a given community. The 

results presented in Chapter I revealed that the trophic structure of the intertidal rocky

shores communities of southern Africa consistently varies over a large scale due to 

differences among biogeographic provinces, while small-scale variation (within localities) 

was explained mainly by local wave action. Higher biomass levels are achieved by west

coast communities relative to those present on the south and east coasts. This pattern was 

consistent across the small-scale variation imposed by a range of wave action. Similarly, 

at a local scale, the levels of community biomass achieved in habitats with contrasting 

wave action were different in a manner that was consistent at all 15 localities investigated. 

At each locality, the main pattern was that community biomass d~creased from exposed to 

sheltered shores. The results presented in Chapter 1 also show that filter-feeders 

dominate the community biomass (and space) of wave beaten habitats, while grazers 

prevail on sheltered habitats. The extraordinary degree to which grazers dominate west

coast semi-exposed and sheltered shores appears to be unique to the west coast of 

southern Africa. The restrictions imposed by the action of waves are not only reflected in 

the levels of community biomass, but also in the species richness. Exposed shores were 
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always dominated by fewer species (mostly filter-feeders), while a.greater number of 

species was found in semi-exposed and sheltered habitats. At this level of analysis, 

generalizations about the structuring of natural communities are still in the earliest stages 

of development, and there are insufficient comparable studies available to test existing 

models of community structure and regulation (Menge and Farrell 1989). As a result, 

descriptions of large-scale patterns of community structure provide an important data base 

to test the applicability of existing models. 

Zona ti on 

Chapter 2 revealed local vertical and horizontal distribution patterns of intertidal 

community biomass and species richness which were consistent over the full 

geographical range examined. Again, it was obvious that the influence of wave action 

determined the horizontal distribution of both biomass and species richness, while the 

interaction between rock temperature and shore elevation strongly influenced vertical 

distribution. Except for the work of Menge and Farrell ( 1989), there is no study that 

compares vertical distribution. patterns in a comparable manner. The vertical 'spread' of 

the community biomass on exposed shores increased exponentially from the high shore, 

reaching a maximum just below the mid shore, while the lowest zone supported 

intermediate biomass levels. Semi-exposed shores at the west coast showed similar 

vertical distribution patterns. By contrast, sheltered habitats protected from direct wave 

action. concentrated the community biomass in the lowest intertidal zone, decreasing 

exponentially towards the high zones. Independent ot' geographical variation, these 

patterns were evident at all localities investigated. For both hori~ontal and vertical patters 

of distribution, species richness paralleled the patterns evidenced for community 

biomass. 

The results of the direct gradient analyses presented in Chapter 2 again emphasized the 

relative importance, at a local scale, of gradients of wave action and desiccation as the 

main determinants of observed vertical and horizontal zonation. The multivariate nature of 

these environmental factors also revealed that in the upper shore community structure 
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converges in species composition and abundance, driven mainly by· the effects of the 

desiccation gradient. On the other hand, communities of the lower intertidal zone diverge 

conspicuously depending on the intensity of wave action. 

Gradients of Intertidal Productivity 

Menge and Olson (1990) have developed models for the role of nutrients/productivity 

in the regulation of rocky-shore communities, predicting a strong influence at both large 

and meso geographical scales. The results presented here support their predictions. In 

Chapter 1, I proposed several working hypotheses to explain the observed patterns of 

abundance of different intertidal trophic groups (Table 3); one of these implied the 
I 

existence of differential levels of primary production around the southern African coast. 

This gradient was clearly evidenced in Chapter 3. The intertidal in-situ primary 

production decreases substantially around the southern African coast, being high on the 

west and decreasing progressively towards the east coast. A clear seasonality in the 

productivity was evident in different biogeographic provinces, peak production for the 

west coast being achieved on the spring-summer, and that for the south coast in autumn

winter. Productivity was low year-round on the east coast. Productivity was significantly 

and positively correlated with the nutrient concentrations in intertidal waters, with a 

parallel gradient of micronutrients in intertidal waters around the southern African coast: 

high concentrations on the west coast, decreasing progressively towards the east. The 

tight correlation between productivity and nutrient concentration led to the conclusion that 

the levels of micronutrients are likely to be the responsible for the corresponding levels of 

intertidal primary productivity around the southern African coast. 

Because the intertidal is an open system, I used the Redfield ratio between 

concentrations of nitrogen and phosphorus in intertidal waters (Redfield 1958) to explore 

the nutrients most likely to control primary productivity. The results suggested that the 

availability of nitrogen is likely to be the potential controller on west and south coasts, but 

phosphorus appears to determine intertidal primary production on the east coast. 
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Intertidal production was closely related to the levels of biomass achieved by intertidal 

primary consumers - i.e. species of invertebrate grazers and filter-feeders. These 

relationships were significant for grazers but not for the maximum values recorded for 

filter-feeders. These simple relationships suggest that the level of biomass achieved by 

grazers is likely to be set by the levels of tin-situ production because grazers consume this 

source of food directly. Another important consequence arising from the existence of a 

gradient of intertidal primary production around the southern African coast is the potential 

effect that productivity has on the sizes and growth rates of grazers. Patella granularis 

was selected as an indicator of these effects because it is distributed right around the 

coast. Its maximal body sizes increased linearly with levels of primary production, 

coinciding with the findings of (Bosman 1988), who demonstrated that maximum size 

and growth rates of P. granularis were detected on islands were primary production was 

enhanced as a result of the input of bird guano. The effect of increased productivity in 

regulating the abundance of primary consumers has been well studied on other systems 

with similar results (e.g. Wootton and Power 1993; Abrams 1993; Hairston and Hairston 

1993; Tilman 1993). However, its potential effects have not been considered in the 

construction of models of evolution of individual body size (Brown et al. 1993). I 

consider this an aspect that needs to be urgently addressed. 

Filter-feeders do not directly consume in-situ intertidal production, but rely on the 

input of 'production' in the water column and, principally, on inputs of subtidal 

macrophyte production (Chapter 3 and 4). The maximum biomass achieved by filter

feeders did not change with geography or with the gradient of intertidal primary 

production around the coast, suggesting that a biomass 'ceiling<is set by the availability 

of space. 

From the results of Chapter 3, it is also clear that mere macroalgal standing stock is a 

poor predictor of the productivity potential of a given intertidal system. Standing stocks 

were highest on the west and east coasts, the two regions spanning the extremes of 

productivity. However, the use of functional-form groups of macroalgae and the 
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variation of their standing stock, revealed patterns of algal composition that are likely to 

be caused by different structuring processes. Foliose forms of algae were prevalent in 

west coast 'while corallines and turfs dominated on the south and east coasts. The 

existence of such patterns of predominance of different functional-form groups of algae is 

a challenge to identify potential underlying causes that generate these patterns. There is 

substantial knowledge of seaweed taxonomy and biology, but the understanding of 

ecological roles of algal assemblages still lags behind that available for rocky-shore 

fauna. Thus, elucidation of descriptive patterns must be combined with future 

mechanistic approaches (including experiments) to accelerate an understanding of algal 

assemblages in intertidal ecosystems (Littler and Littler 1988). 

This thesis also provides a methodological and theoretical basis for the measurement 

and evaluation of the dynamics of intertidal primary production (Chapter 6). For a very 

long time scientists have consistently neglected the effects of primary production on the 

structure and function of intertidal communities. In Chapters 3 and 6, I provide a 

common methodological basis for the establishment of comparative studies at different 

spatial scales, that could contribute to the formal insertion of productivity into causative 

models of community organization. 

The Subtidal-Intertidal Link, and Maintenance of 

Intertidal Primary Consumers 

There are few studies that have demonstrated a significant trophic link between the 

subtidal and intertidal rocky ecosystems. In Chapter 4 I explore potential linkages using 

double stable-isotope analyses for the investigation of the main sources of carbon and 

nitrogen for intertidal primary consumers. The results of the isotopic analyses (Chapter 4) 

of particular species of intertidal filter-feeders on the west coast revealed that more than 

70% of the carbon and nitrogen incorporated into the body tissues of filter-feeders is 

likely to be derived from particulate kelp detritus (which is abundant year round), 

whereas phytoplankton plays a minor role in the maintenance of filter-feeders. Another 
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important trophic linkage evidenced by the isotopic analyses, was between the two most 

abundant limpet species, Patella argenvillei and P. granatina, and the subtidal kelps. On 

the west coast, these two limpet species dominate the primary space on semi-exposed and 

sheltered shores, achieving the highest biomasses ever recorded for limpets anywhere in 

the world. Both of these limpets obtain more than 65% of their carbon and nitrogen from 

consumption of subtidal kelp - either by capture of drift kelp or by pruning the fronds of 

attached plants. 

The two hypotheses I proposed to explain biomass patterns of filter-feeders around the 

coast and across local gradients of wave action, included large- and local-scale processes 

(Table 3, Chapter 1). At the large scales, average biomass of filter-feeders (as distinct 

from maximal biomass) is highest on the west coast, declining eastwards (Chapter 4). I 

hypothesize that this is due to the large-scale effect of the gradient of primary production 

around the coast, coupled with the potential inputs of particulate kelp detritus, which 

together enhance the availability of food for filter-feeders on the west coast. 

Isotopic analyses established that west-coast intertidal filter-feeders depend on the 

'importation' of food from the adjacent pelagic and benthic subtidal ecosystems. 

Although these results are not causative, they agree with recent field and experimental 

evidence that suggested that water column processes (e.g. food concentration, flow 

speed, temperature) can powerfully affect rocky-shore organisms, and that oceanographic 

condit~ons may often leave a strong signature on the distribution, abundance and 

dynamics of assemblages of sessile filter-feeders (Eckman and Duggins 1993; Sanford et 

al. 1994). 

At a local-scale, I hypothesized that the role of water turnover will powerfully 

influence the supply of food sources and thus have a direct effect on filter-feeder 

biomass. The monitoring of west coast intertidal waters exposed that particulate kelp 

detritus accounted for more than 70% of the total monthly particulate organic matter. 

Furthermore, a short-term experiment revealed that water turnover in exposed habitats is 

an order of magnitude higher than of sheltered habitats, with consequent enhancement of 
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food replacement. The results of dynamic a steady-state model based-on empirical 

observations of food availability and water turnover unveiled (at least theoretically) that 

differences in food replacement could sufficiently explain the differences of filter-feeder 

standing stock observed between exposed and sheltered habitats (Chapter 4). 

The congeneric limpets Patella granatina and P. argenvillei were closely related to 

subtidal kelp. These species are a classical example of niche segregation. Both use the 

same food resources, which at first sight appear limited if we makes the assumption that 

the limpets depend on intertidal production (as do most limpets). However, Patella 

granatina and P. argenvillei are spatially segregated and exhibit differences in the timing 

and the behaviour of food procurement. These differences virtually preclude interspecific 

competition. Nevertheless, their populations still occur at a remarkably high densities and 

high biomasses. Thus two question are still relevant: do they compete intraspecifically, 

and how are these dense populations maintained?· Although in-situ algal production is 

high, it cannot be assumed to meet the requirements of the limpets. Conversely, the daily 

inputs of subtidal kelp into the intertidal appear to exceed by far the limpets' 

requirements. Hence, the strength of these trophic links were tested in Chapter 5. A large 

proportion of the adults of both species capture kelp and feed on it. One of the species, 

Patella argenvillei, feeds collectively. Once a single individual captures a blade of kelp, 

others can share it. This leads to an unusual situation in which procurement of food may 

be enhanced at high densities. Indeed, the maximum sizes attained by P. argenvillei are 

positively correlated with density. High density may thus be beneficial rather than leading 

to intraspecific competition. This situation does not apply to P. granatina, which 

generally feeds in a solitary manner on drift kelp. 

Experimental kelp exclusion resulted in significant mortality of both limpet species, 

reducing their original density up to 60%. In addition, the surviving individuals 

experienced a significant decrease of their body mass, providing evidence that starvation 

is the cause of limpet mortality if they are deprived of kelp. Thus, although the intertidal 

primary production is high on the west coast, it is insufficient to maintain the natural high 
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densities and biomasses of these unusual limpets. So, again, what.sets their carrying 

capacity? At least at the adult stage, they do not have any significant top-down control by 

predators, they do not compete for food, and they have an abundant supply of food in the 

forin of kelp. The results presented on Chapter 5 led me to conclude that the mere 

availability of primary space is the factor that ultimately limits the density of both limpets. 

I know of no other case in which space is the limiting factor for a grazer. 

The above results, in addition to the strong linkage between filter-feeders and kelp

derived detritus, provide substantial evidence for a bottom-up effect that regulates the 

abundance of some key functional groups of intertidal rocky-shore communities. 

However, the bottom-up controlling effects doe not work in isolation. The main 

consumers of the in-situ primary production on the west coast communities are the highly 

abundant grazing limpets, and they exert top-down effects controlling the algal 

communities. A similar rational can be applied to intertidal filter-feeders. The availability 

and turnover of food influence their relative abundance on particular habitats and, by 

consequence, the amount of free primary space. Thus, the subtidal production and 

dynamics of kelp detritus modify filter-feeder dynamics and abundance, and are likely to 

trigger cascading effects on the structure of intertidal assemblages. Filter-feeder densities 

are so high on wave beaten habitats that they monopolize most of the primary substratum, 

but on semi-exposed and sheltered habitats the cover of mussels declines allowing the 

establishment of different communities. 

It is clear that the trophic maintenance of many west coast intertidal primary consumers 

is highly dependent on the inputs of an external food supply, ?r trophic subsidy. Both 

filter-feeders and grazers depend on the subtidal' production of kelp. Moreover, the 

magnification of primary consumer production by an input of subtidal macrophytes has 

been reported elsewhere (e.g. Tutschulte and Connell 1988; Duggins et al. 1989), so this 

phenomenon is probably more frequent than previously supposed. Thus, these results 

not only impinge on the trophic functioning and structure of intertidal communities, but 
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on the way that food webs are structured at different productivity levels (e.g. Oksanen 

1981; Abrams 1993). 

Implications for Resource Management 

Good field observations, experimental evaluations and theoretical framework are the 

best combination of approaches for understanding a given ecological phenomenon. The 

work presented in Chapter 6 has this combination. Populations of Patella granatina were 

successfully simulated, based on sound ecological principles (e.g. predator-prey theory, 

intraspecific competition, logistic dynamics) using empirical data. Employing a novel 

metaphysiological approach (Getz 1991), I was able to reproduce theoretically the 

population levels of P. granatina observed under natural and experimental conditions. 

The model also predicted that in-situ intertidal production does not match the trophic· 

needs of limpets when they occur at high densities (Chapter 6). This modelling exercise 

involved a multispecific system, i.e., the simultaneous forecasting of both an exploitable 

resource (limpet) and its main source of food (algae). This approach is seldom used 

during traditional marine fisheries analyses. Using this modeling approach, I developed a 

hypothetical limpet fishery, concluding that it is possible to use ecological and individual

based data to setmanagement policies (i.e. maximum sustainable yields) for a natural 

resource. I am not proposing the replacement of traditional stock assessment management 

strategies by ecological ones, but rather that both approaches can be combined to improve 

mana~ement of a given natural resource. 
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