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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 cohverge 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 produétion. The availability of
nitrogen on the west and south coasts, and phosphofus 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.



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 avlarge 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 int-ertidal communities, the subtidal primary production

is likely to determine t_he 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 évidence 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.



An individual-based model is used for the simulation of the dynamics of an algai-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) investigatev 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 traditional resource management

policies.



GENERAL INTRODUCTION

Since the early 1970s, ecology has increasingly focused on small-scale events and
becorhe experimental in approach. Most of the big questions about community structure
and organization remained elusive, inducing scientists to.concentrate 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 (empifical and theoretical) to conclude that there are some asséfriny,

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

uncover because our inability to "see" overall large-scale patterns and, more importantly,

10 .

past events that have shaped extant biological communities. Nevertheless, insight into-the _ "

potential rules can be gained, using both comparative and experirrienta},gpﬁifo_,q

focusing in the common mechanisms involved in community-'aésemblj} (éalé etal 1989)

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

this variation, their organization and structure often exhibit consistent trends along 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



factors driving the structure of communities (e.g. Hairston, Smith, and Slobodkin 1960;
Paine 1966; Cody and Diamond 1975; May 1975; Caswell 1976; Meﬁge 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
lérge-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 1976; 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.about 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 er 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). .Thjs was early recognfzed 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 Mocambique 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



empirical and/or theoretical and conducted on a small scale to test concgpts 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.rnore 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 biornass data collected at 15 different localities around the coast,
between southern Namibia on the west coast and southern Mocambique 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 speé‘ies 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 irnpértance 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



different biogeographical regions, and that most local variations can be accounted for by

gradients of wave action and shore elevation.

In Chapter 3, I record measurements of in-situ intertidal primary produétion 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 vp‘articularly 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 lirhpets
and kelp, and also investigate their zonation 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 Chaptef 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 ekplore the management of a hypothetical commercial
lirnpét fishery, developing a set 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 syntheSizé 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 delimitation, 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 Mo¢ambique.
The multivariate analyses performed here revealed that the shores of southern Africa
(south of 25°) can be divided into three main biogeographic provincesv; the west coast or
Namaqualand province, the south coast or Agulhas province and the east coast or Natal
vprovince. 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 expoéed
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 cansistently 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 modern biogeographic patterns.

The work described in this Chapter concentrates on ecological biogeography (as
defined by Myefs 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 relatior;ship 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 biota 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
octocoralé). 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
multispecies distribution patterns requires objective and repetitivé 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 joinf
inter-relation.ship of variables in data sets (Whittaker 1973; Pielou 1979 1983; McCoy
and Heck 1987; James and MéCulloch 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 van den Hoek 1936;

Roberts ef 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 ez al. 1981,
McQuaid and Branch 1985; Hugget and Griffiths 1986; Branch and Griffiths 1988; Field
and Griffiths 1991). From these stljdies, 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 énd 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. barnacles 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 Mogambique (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?

- ¢) 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 be

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



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, prbtected
from the Wave action and devoid of kelp forests. All three site-types were present along
the Atlantic west coast, buf 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 (MLWS) 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 m?
were randomly stratified according 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 m?
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 (Mocambique).
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
reprgséntation 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
ANOVA 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 SD 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
Si/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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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 v3.1a (Carr in prep.).



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 L.

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 localities 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=10.6%). 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 sequentiélly, 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 identifizble 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 'r'najorl differences in the faunal 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 bibmass 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 r-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 (ANOVA, 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 =0 ), semi-exposed (SE =& ) and exposed (EX =M ) 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).



shores were the grazers on the west (Fig. 6¢) 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 (ANOVA, 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 (ANOVA,
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 (ANOVA,
p>0.05); d) predatory species in the West province were significantly (ANOVA, 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
localities 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 nurnbér of spécies 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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Figure 7. Dominance curves of three rocky intertidal community-types that characterizes the west and the two that characterizes
the east coasts of southern Africa. Numbers in brackets indicate the total number of species recorded during biomass surveys of

in each- community. All species with a biomass contribution smatler than 0.75% of the total community biomass were not
included (n=193).



coasts. On sheltered shores, nine species made up 75 % of the biamass 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 10’ 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 biornassl."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. S is the average similarity within each
exposure; %Si is the percentile contribution of each species to S_ and STand SD(Si) are the
average and standard deviation of each species to theg, while EUSD(Si) is the ratio between

them. ? 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) SUSD(Si) Y (gm-2) sd %Y
A. West Coast.
Sheltered S=48.24% SD= 11.88%
1 Patella granatina 41.85 2020 6.22 3.25 189.43 56.73 25.44
2 Ecklonia/Laminaria 9.48 460 3.47 1.32 64.57 4634  8.67
3 Porphyra capensis 834 400 565 0.71 94.29 105.66 12.66
4 Gunnarea capensis 6.99 340 4.33 0.78 82.86 9791 11.13
5 Patella granularis 381 180 0.58 3.18 18.00 7.21 2.42
6 Anemones 373 1.80 1.89 0.95 28.00 23.18 3.76
7 Aeodes orbitosa 3.65 1.80 0.54 3.23 21.14 1428 2.84
8 Chordariopsis capensis 342 170 0.86 1.93 19.71 12.41  2.63
9 Articulate corallines 284 140 1.10 1.24 26.57 3237  3.57
10 Gymnogongrus 2.60 130 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%
1 Patella argenvillei 26.15 960 935 . 1.03 346.86 34771 25.23
2 Champia lumbricalis 21.26 7.80 8.79 0.89 253.14 265.28 18.42
3 Eckilonia/Laminaria 949 350 5.12 0.68 116.00 138.36 8.44
4 Aulacomya ater 934 340 457 0.75 101.71 9793 740
5 Gunnarea capensis - 694 260 4.70 0.54 108.00 120.24 7.86
6 Gigartina spp. 421 150 0.85 1.83 32.57 2532 237
7 Patella granularis 337 120 044 2.85 17.71 3.15 1.29
8 Plocamium spp. 250 090 1.29 0.71 35.71 42.68 2.60
9 Myrilus galloprovincialis 247 090 0.92 0.99 163.14 365.37 11.87
10 Porphyra capensis 201 070 162 . 046 45.43 76.29 3.3l
Others (23 spp.) 12.27 Total=1374.57
Exposed S= 39.86% SD= 16.65%
1 Aulacomya ater 32.63 13.00 14.30 0.91 530.29 410.46 23.05
2 ' Mpytilus 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 6.65 270 1.98 1.34 108.00 79.29  4.69
5 Plocamium spp. 437 1.70 4.08 0.43 .180.29 25576  7.84
6 Ecklonia/Laminaria 330 130 225 0.58 105.43 129.49 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° 040 045 0.93 19.43 17.12 0.84
10 Patella granularis 1.04 040 027 1.51 14.29 8.28 0.62

Others (25 spp.) - 5.29 Total=2300.88




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 575 1.50 1.77 0.88 18.57 25.79 5.00
5 Patella oculus 5.22  1.40. 1.49 0.94 8.00 554 215
6 Patella longicosta 479 1.30 1.45 0.89 11.71 15.03 3.15
7 Perna perna 3.79  1.00 1.79 0.57 19.43 27.29 523
8 Oxystele sinensis 233 0.60 0.84 0.75 4.29 390 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 Perna perna 66.28 29.20 6.71 4.36 595.14 192.01 33.87
2 Octomeris angulosa 934  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 dentarus  2.38 = 1.00 1.45 0.72 35.71 32,83 2.03
5 Articulate corallines 1.98 090 0.80 1.09 30.00 2394 171
6 Gelidium spp. 1.74  0.80 1.18 0.65 51.14 73.20 2091
7 Tetraclita serrata 1.65 0.70 0.99 073 - 44.29 56.31 2.52
8 Anemones 098 040 0.49 0.87 13.14 986 0.75
9 Patella cochlear 085 040 1.14 0.33 20.86 30.70 1.19
10 Crassostrea cucculatc 0.58  0.30 0.92 0.28 55.14 106.32 3.14
Others (47 spp.) 7.00 Total=1757.13




of 353.43 g m2 and representing 15.36% of the total biomass and:fhe 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 other 34
species not listed in Table 2B account for the 16.32% of the group similarity and 38.05%
of the total communitybbiomass. 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 ’comrnunity similarity and had an avérage biomass of 595.14 g m2,
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 zoogeograp’hic 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 Mocambique to just south of Durban. The warm
temperate Agulhas Province stretches from Dwesa to Cape Point. On the west coast there
are two provinces. Ih the south, the cool temperate south west coast province extends
from Cape Point to Liideritz, and is named the Namaqua Province. The cool temperate

Namib province extends from Liideritz 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, rathér 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 resulits.

(V%]
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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 no 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 intertidal 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
generalizationﬁ their biomass is significantly higher on sheltered and semi-exposed shores

(Fig. 6¢), 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 eonsistent 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 exairu'ning
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



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
(mpssels) 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 Qf 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 o'f 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 biomaés
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 ngmber 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 cléarly 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. 75). 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 productivity 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 coastvhave 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 uséful in determining the contribution of
indiQidual species to both inter- and intra-community comparisons (élarke 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 bjomass (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 geographicai localities, and point not treated here), is the use of
the ratio between the species average contribution to the overall community similarity(r??)

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 Si/SD(Si) in sheltered (3.18), semi-exposed (2.85) and
exposed situations (1.51). 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 theée 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 terfestrial), 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
éontrol 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 forms 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 sessile 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

_Pattérns 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 fvariables. 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 g;radient analyses: a)
indirect gradient analyses, in which environmental gradients are inferred from the
communify-data (latent variables), and b) direct gradient analyses, in which each species'
abundance is described as a function of measured environmental variables. The latter
analytiéal 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), sq}gtida_l assemblages
(e.g. Field et al. 1982; Kautsky and van der Mareel 1990; Castric-Fey and Chassé 1991;
Sanfos 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 of ecological 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 ecologiéts héve
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; Menge 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 strﬁcturing rocky shoré
communities. The majority of these works have dealt with the identification of particular
factors, including several biotic influences (Branch 1985; Brarich 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.1). They concluded that physical factors control the abundance and vertical zonation
of the dominant species, whereas the subordinates are biological controlled. Axﬁong 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 and regulation can be

sensibly erected. -

The effects of the environment (leading to physiolog'ical 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 ahd rock
temperature, oh 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

physical 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 (Liideritz, Port Nolloth, Tweepad,

. Rooiklippies, Spoegrivier, Groenrivier, Paternoster, Cape Infanta, Mosselbaai,

Tsitsikamma, Port Elizabeth, Dwesa, Ballito Bay and Cape Vidal, see Fig.1 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) were 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 m? eaéh)

were randomly placed, and the biomass contribution per-species (converted to g m2 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, althotigh the presencev-of small cryptic:";spec'ies 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 meﬁsured with dynamometers, using a modified version of the
Jones and Demetropoulos (1968) apparatus, described and tested by Palumbi (1984). At
each quadrat, a seric_:s 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 recor&ed 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, alfhough 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 G;r';oenrivier 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 m?) 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 m2).
Consequently, in the analyses the biomass data were standardized and logarithmically
transformed [logio(x+1)]. The ordinal environmental variables (elevation, temperature

and wave action) were entered as continuous variables.

.To detect trends in vertical distribution of biomass and total number 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 associatéd 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 (ANOVA by
ranks) with a-posteriori mean comparisons of main effects (Bonferroni z-test) were
performed for the comparison of shore elevation, rock temperature and wave exposure
between and within localities. All ANOVAs and regressions were performed using

Generalized Linear Models, GLM (SAS® 1986).

To explore the joint feiationship between the biomass of }ocky intertidal species
assemblages and the selected environmental variables, a rﬁultivariate (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

60



X 61
and shore elevation. The computer package CANOCO v2.1 (ter Braak'1986) was used to

perform CCA (ter Braak and Prentice 1988).



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 s‘hore this pattern 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 m2 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 MLWS

(Figs. 3A and 4A).

A second generai 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 (i16-8) and 3726 (£150) ¢ m-2 for serni-
exposed and exposed shores respectively, while the biomass on south-east exposed
shores never exceeded 2500 g m2 (Figs. 3 and 4). On the west coast, the upward extent
of the interﬁdal communities of the semi- and exposed shdres 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 z-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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Bonferroni ¢-test, p<0.05) (Fig. 4). Above 150 cm, the community biomass 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 also 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 followvthose 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 (ANOVA,

p<0.001; Bonferroni #-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 expeeed 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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shores, the species richness decreased exponentially from low to higH'Ehoré. 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 (15'00'(-) N m2) 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 mr2). The vertical distribution of wave force at
expos.ed sites followed a similar trend to that of community biomass and species richness
(see Figs'. 3-5 and 6-8), i.e.'medium forces oﬁ the low shore (0 fo 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 sefni-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).

Thére 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 (ANOVA, p<0.049)
between the localities of Groenrivier (23.1°%£8.54) and Port Elizabeth (30.9°%9.25), but
no differences were found betwqen their respective wave force habitats (ANOVA,
p>0.810). No great significance can be attached to these differences, however, since
Jprevailing 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 maximum Wave force
(Fig. 10A) and the maximum rock temperature (Fig. 10B) 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. 10A). Conversely, the
average community biomase-per—unit—area was -negatively correlated with the rock
temperature, at both Groenrivier (r=-0.601; p<0.01) and Port Elizabeth (r=-0.606
p<0.02) (Fig. 10B). 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 taka (Table 1). These were the kelps Ecklonia maxima and Laminaria
pallida (combined .15.01%), the limpet Patella granatina (18.59%), 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 alga Porphyra 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 monospecific 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 much 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 (<3%, Table
1). The most frequenf 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 polyéhaete 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 co’ntributed little to the overall biomass. The most frequent species, however, were
| grazers - i.e. two species of winkle (Oxystele variegata and O. 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%), Burnupena 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 factérs are presented in Figures 11 and
12. These figures display the combined 2D-biplot of species (abbreviations), samples
(numbe;s) 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 vthe total community
variance respectively (Table 3A). Similarly, in the ordination for Pdn Elizabeth the same
axes accounted for 36.4% and 29.5% of the total commhnity 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
permutation 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, with 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). The y-

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 ifnportant 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 Liitorina, Oxystele
and S iphonaria 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. perna and the barnacles
T. serrata and O. 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 infertidal 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 over large and local
geographical scales (Figs. 3-5). These findings reveal two verticalv 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 (Fig. 1) cold-temperate shores by McQuaid
and Branchv (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 fillly equivalent data set available in the literature to compare with
the abc;ve 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 thi; work seems generally
comparable with those described for équivalent 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 (either 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 lafge 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 experiénced 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; Men’gé 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 (é.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; Suc;haneck 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 species 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 patterns (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 gradienfs (rock
temperature, elevation and their interaction) on the spatial distribution of the species
assemblages were consistently éirnilar within localities and only marginally different
betweeﬁ 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—gedgraphical 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.

10A). This relationship agrees with results reported by Leigh et al. (1987) for the
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'northeastem Pacific, were at wave-beaten sites, the sea palm Polstq{sid palmaeformis
produce extraordinary quantities of dry matter per unit area. In sum, they conclude that
wave energy enhances the production of intertidal systéms. 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 wa?e 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 biomaﬁs (regardless of wave exposure) was
negatively correlated with the rock temperature (Fig. 10A). Field and Robb (1970),
using a quantitative indirect gradient analysis, have previously shown that this vertical
gradient is significantly correlated to the biomaés 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 muéh more limited

- geographical scale, their results coincide with the findings of this work. Unfortunately,
there are few equivalent multivariate community anaiyses 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 important 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 er 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).1
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. serrara and O. 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 take.n from the mid shore (2 to 4, wh_ich correspond to 50-120 cm above
MLWS) were alllplaced close to the end of the wave force vectors (Figs. il and 12).
Additionally, rﬁussel 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 fhe 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
interticial 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'prirnarily 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.sit'e, 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, ovérriding 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 are 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.é. 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 theré are frequently striking differences in the physical
environment and the communities a.mong 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 v_idation 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“yvith 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 more 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 |
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 gradients of in-situ intertidal primary production and nutrient concentratron exist
\/\,\/\\/ N N N '/\./\..,_,_/—-\/""'\__/\/\'/ . e

around the South African coast, h10her values be1nc recorded on the west and the loyvest

A NP NI N A N e e T e g T
on the east coast. Primary productron was correlated w1th nutrrent t availability ar and could
N S N e P ST Tt N T

also be related to the nearshore phytoplankton production. A clear change of the
A _ N e

",

dominance patterns of different functlonal-forms of macroalgae was also found around

the coast, with foliose algae prevalent on the west coast and coralhne aloae 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-fe‘eders 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
Kjtchell 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; Me’nge 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, successi‘on_ 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 have also been restricted to
local geographical scale and to interactions with particular speéies (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. beybnd 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, bacterizi, 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 chloro?hyll 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 structure 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 chlorophyli-a accumulation as an index of intertidal in-

situ primary production to explore large-scale patterns in epilithic micro- and macroalgal

90



production around the South African coasts. I also correlate this productivity 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 determihed) and nearshore primary
productivity patterns (obtained from published data). Similarly, the local abundance of
the .grazer guild will be related to intertidal epilithic primary production. 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 prirnary
production and then to seek possible correlations which may suggest the degree fo 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 grﬁzer

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 (ANOVA), 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 m?2 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 acryiic plates of 25 cm? each were glued down within each plot -

simultaneously at all localities. The plates were roughened by sand-blasting both surfaces
~ 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 measurerﬁents of the total
chlorophyll-a contents extracted from the algae settled on each acrylic plates were
undertaken by spectrophotometric techniques, using hot méthanol 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 was 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 abéve the boiling point of
methanol (65-70°C). The sample was allowed to bbil 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 crﬁ
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 g cm-2) was calculated using

the equation

: A-V-139
Chl-aq]=—--"S"",
! I “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).
Macroalgal standing stock

The standing stock of macroalgae 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 MLWS to MHWS, were

permanently marked, and along them between nine and twelve 0.25 m? quadrats were



randomly placed, covering the full infertidal zonation. Every three moﬁths, 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
r¢1ationship between the algal wet mass (WM) and its dry mass (DM) was described by
the significant linear function DM= 0.2535 * WM (n=470, r?=0.86, p<0.0001),with the
intercept forced through zero (a=0). The algal species was classified into three functional
groups according to their respective form: a) ﬁlamentoﬁs or foliose and corticated forms
(referred to thereafter as 'foliose algae'; b), articulated and crustose corallines forms

(‘corallines'); and ¢) 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 th.en wrapped in aluminum foil and stored vertically

" frozen at -20°C.

The concentrations of nitrite- and nitrate-bound nitrogen (NO7 -N, NOj3 -N),
phosphate-bound phosphorus (POg4 -P) and silicate-bound silica (SiO3 -Si ) were
automatically determined using a Technicon Automated Autoanalyzer II (Mostert 1983;

1988). Nutrient concentration was expressed in pmoles per liter (moles I-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 Chapter"s; 1 and 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.
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Results

Intertidal Productivity
Chlorophyli-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 west coast localities showed great

variation, the average production was high. Even the minimum achieved never dropped

below 10 pg Chl-a m2 m-1, whereas at the south and more obviously at the east coast

localities, the majority of the monthly average values were below 10 pg Chl-a m2 m-!

(Fig. 2).

The major source of variation on microalgal productivity was due to radical
differences between biogeographic provinces, between seasons and sites within
prbvinces, i.e. west, south and east coasts, and due to seasonal changes (ANOVA,
p<0.0001, Table 2). Conversely, within each locality little variation existed between the

production plots (ANOVA, p=0.2590, Table 2).

The average monthly prpduction at each site is expressed in Figure 3. The average
produétion of the west coast loéalities, i.e. 28.8%23.0 ug Chl-a cm-2 mo-!, was
significantly higher (Tukey #-test p<0.05) than that of south_and east coasts. Similarly,
the monthly average at the south coast localities (15.2+18.0 ug" Chl-a ¢m™ mo-1) was
significantly higher (Tukey z-test, p<0.05) than the east coast (3.9+3.9 pg Chl-a cm2

mo-1). The localities of De Hoop and Port Alfréd (Fig. 1) had production levels only

slightly lower than to those of the west coast, exhibiting mean values of about 30 and 20

g Chl-a cm2 mo-! respectively, but even their combined monthly average was still

significantly lower (Tukey #-test, p<0.05) than that of the west coast (Fig. 3).
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thwithstanding the apparently random monthly variations in‘fhe 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.<0.000I) 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 provinces, while in the
east province differences between sites and the interaction with seasonal variation
explained more than 40% of the total variance (Table 3). Variafions within localities were
not signifi.cant on the west or east coasts (p>0.1, Table 3) but were significant in the
south (ANOVA, p<0.0001, Table 3). Variations between plate_s (within plots) were never

significant on any of the coasts (Table 3).

Macroalgal standing stock

The monthly average standing stock of macroalgae found at the west coast localities

showed a clear biomass dominance by filamentous, foliose and corticated forms ('foliose
. o ~

{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 at the south coast localities, where corallines V;}ere more ab.undant than
foliose algae, exhibiting averages about 62 and 5 g m2 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 were not signiﬁcantly
different (Tukey r-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 #-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 major source of variation
in the average nﬁtrient concentrations was that produced by differences between

- biogeographic provinces (ANOVA, p<0.0001, Table 4). Monthly variations, as well as
the interaction between months and province, were significant for nitfateé, 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 (ANOVA, p>0.2, Table 4).

Significant linear relationships existed between all four nutrients and the intertidal
prbduc'tion index (ANOVA, 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 2 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 39 115.247 0.0001
Silicates 0299 0498 59 59.519 0.0020




Patterns of community structure

Grqzer biomass decreased significantly from west to east (Fig. 7A). Both the average
biomass for,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. 7A). The maximal values of grazer biomass
found on the w‘est, south and east coasts were significantly different (one-way ANOVA,

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 distahce around the coast (Fig. 7B). As
a consequence, the maximal biomass values of filter-feeders species in the east, south and
weét were not significantly different (one-way ANOVA, 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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Figure 7. Relationships between biomass (mean + 1 SD and maximum
values) and distance around southern African shores, for grazer (A), and
filter-feeder biomass (B). The zero distance corresponds to Liideritz
(Namibia). Trends are indicated by a least squares fitted lines.
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Figure 8. Average (+ 1 SD) of the 100 biggest P. granularis recorded at 9
localities around the southern African coast. Zero distance was set at
Liideritz (Namibia). '



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 water 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

100



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 Hartnoll 1983; Steneck et al.
1991). However, horizontal gradients of abundance at a larger geographical scale are
seldom reported. Macroalgal standing stock has been used as a 'productivity potential'
index (senéu 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 répresents 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 algaé to two basic
regulating factors, i.e. herbivory 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 (Littler

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 invertebrate 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 intefaction may determine the algae 'landscape' aﬁd
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 lkilomet.ers, 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
ecosyétems, 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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Figure 9. Nitrogen to phosphate ratio (N:P) on samples of intertidal water.
Error bars indicate 1 standard deviation of the mean, and values above the

- number of samples. Statistics indicate *=p<0.05, NS=p>0.05 in a-posteriori

comparison of means (Tukey z-test).



This is based on the uptake ratios for carbon, nitrogen and phosphorus (principally) by
ocean plankton, which are (by atom) 106 C:16 N:1P. In this context, significant
differences (ANOVA, 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 ¢-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 avérage level of primary
production (Figs. 10A and 11A), which are in turn 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 consumers (predators).

In the present casé, 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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Figure 10. Relationships between filter-feeder biomass and (A.)
intertidal productivity, and (B.) nearshore productivity (data
from Brown et al. 1991, and Brown 1992). West=0, south=0,
and east=@ coast localities.



influences grazer dynamics is reinforced by the fact that the maximuwm size achieved by
Patella granularis is directly correlated with pﬁmary production (Fig. 11B). 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
the upper limits of herbivore carrying capacity (Fig. 11A) angalso has an influence on
individual body size (Fig. 11B). 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 éverage biomass of filter-feeders. also correlates with intertidal
productivity around the coast, this relationship is cert;ﬁnly indirec't, due to the fact that
filter-feeders depend on 'importation’ of phytoplankton'z.md 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 likeiy 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 trophic 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
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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 aﬁother 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 (Jergensen 1990).

105



f—
—g Subtidal Macrophytes and Trophic
5= “Nearsho gic Productivit $
= arshore Pelagi y Subsidy
=
w2
N IR, BN
%3 Intertidal in-sie  [3% - Detritus and
LA . : i
% Primary Production [k . Phytoplankton Producers
s ok

+{ Intertidal Filter-feeders

%] and Suspension Feeders f: Consumers 1

Intertidal

. ! 2
Intertidal Carnivores Consumers 2

—
| Top Carnivores : Consumers 3
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Chapter 4

The Dependence of Intertidal Consumers on Kelp-Derived Organic

Matter on the West Coast of South Africa



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 conﬁections with in-situ intertidal prodﬁction 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 productibn.

I determined the and extent to which kelp detritus contributes to the total particulate
organic'mattér (POM) 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. Phytbplankton was seldom found and contributed no more thén 6% of the total
intertidal POM. 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 seveﬁ times greater than on
sheltered shores; the consequent incréasing in the supply of food may explain why filter-

feeders biomass is high on wave exposed shores.

Fiﬁally, a steady-state model was built to simulate mussel standing stocks as fuhction
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 ez 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 décumented 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 er 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; Eielding and Davis
1989). Unfortunately, no similar development has occurred for the food web dynamics

of rocky intertidal ecosystems.

The enormous prodﬁction of kelp beds rivals the most productive terrestrial
ecosystems on earth (Witman 1988). There is well documented e-vidence that most of this
prodﬁction 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 ez al. 1982) and much of their
tissue carbon and nitrogen i‘s 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 er al. 1989). Each trophic level has a distinctive 'signal' (the ratio of natural
abundance of given isotopes) and the difference in sigrials 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 (;f the more important
consumers. Right around the whole of the southern African coast, exposed shores tend to
be dominated by sessile, sﬁace-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 épecies 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 et 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 appearvto be unique (Cﬁapter 1 and 2). No§vhere

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 céncentrate on more specific questions, somg already advanced
in Chapter 1, that may explain large-scale patterns in 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 ﬁypotheses. 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 éenﬁ-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 nutrienfs 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 biomass and which dominate
exposed and sheltered shores of the west coast (see Table 24, 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.
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Material and Methods

Stable Isotopes Ratios

The rational of stable isotope analysis lies in the fact that most elements bf 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 reflectinvg the relative
abundance of the two stable isotopes (Ehrlinger e al. 1986). These differences are
normally very sfnall 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 (°/,,) from an
arbitrary standard. The implication of this chemical phenomenon ijs 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 fforn the
Groenrivier rocky intertidal to determine their stable isotopes ratios (13C:12C and
15N:14‘N). The target grazer species included the limpets Patella granatina, P. argenvillei,
which are the most abundant grazers on sheltered and semi-exposed shores respectively
ahd 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 moré generalized feeding habits
(Bésman 1988). Data for the subtidal abalone Haliotis mia’aé are also presented for
| compafative 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 Myztilus
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
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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 furhace (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 CO; and N, were measured
on 2 VG Micromass 602E 90° double-collector mass spectrorneter.. 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 measurements 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 CO, 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.1 and N.2. The 815N
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measurements are reported relative to atmospheric nitrogen (Sealy and van der Merwe

1986; Sholto-Douglas 1992).

The equation :

(R -R )
5% = sami}e standard x10009/,.,
standard

was used to express isotope ratios, where 6X = 813C or 815N, and R = 13C/12C or

ISN/I4N.

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,

13 13
[6 " Csample— 6" "Csource, — 1]
id 2 x100 , and

o Kelp — Carbon =
[(513Csource1 - 513Csource2]

15 15
[6" " Nsample — 6"~ Nsource, — 1]
id 2 x100,

% Kelp — Nitrogen = T3 3
[6 Nsource, —5 Nsoyrcez ]
were [ is the average post-photosynthetic fractionation of 8!3C or 815N 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 limpét Patella longicosta to obtain a natural fractionation values () for
carbon and nitrogen. Adult P. longicosta feed virtually exclusively on the encrusting
brown alga Ralfsia verrucosa, which grows inside the limpets' territories (Branch 1971,

1975; Branch et al. 1992). So, the differences between
813C (Alga) - 813C (Limpet),

or 815N (Alga) - §15N (Limpet),



were used as a direct measurement of natural fractionation between the autotroph and the
grazer trophic step. It was assumed that these § increases were applicable to all grazer
species included in this study. For filter-feeder species, the fractionation values of 1 9/,
for 813C (De Niro and Epstein 1978; Rau et al. 1983; Fry and Sherr 1984; Sholto-
Douglas et al. 1991), and 4 °/,, for 815N (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 um 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
pseudqfaeces (mostly from mussels), ¢ other non-kelp macroalgal fragments, d) animal-
derived material (mostly parts of the exoskeletons of crustaceans and molluscs), €)
fragments of terrestrial plants (wood and leaf fragments), and f) phytoplankton (mostly
large-celled diatoms). Due to their small size, it was impossible io physically separate the
different particle types. Consequently, their individual biomass contributions céuld 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 again 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 I-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
rhodamine diluted on 25 1 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 solution of 1.0 mg I-1 of rhodamine 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 I-1,

Consequently, any optical density values below this were considered equivalent to zero

rhodamine in the sea water.
Filter-feeder 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
mode] 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, K7), ingestion rate for an average individual mussel of 50 mm

shell length (expressed in g m-3 day-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

can be sustained (in grams per square meter). Food was divided intoJkelp-derived detritus
and}(phytoplankton, 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 expériment. 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=8s; + Gr— Mo,
where the initial standing stock Ss; 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 Ss; is

Mo=Ss; *M,
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where M is the daily mortality rate (i.e. 0.059 d-!, derived from an anpual figure given in

Bayne 1976).
- Similarly, growth of a give Ss;

Gr=1*K,,

in which I is the ingestion rate for the whole population. and K is the maximum gross
growth efficie'ncy-, 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 / is assumed

to follow a Holling type I 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-! (Bayne 1979), k the saturation constant, i.e. 2.4 ¢ m-3 (van Haren and

Kooijman 1993); and the food supply (concentration) Fis is
Fs=) fi.. %4,

or combined variation of kelp detritus plus phytoplankton through time, in which Zf,.m
is the sum of the different food supply - i.e. detritus plus phytopiankton standing stocks

-, and At is rate of change of food supply.
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Results
Isotopic ratios

The average (1 SD) of 8!13C (Fig. 1A) and 815N (Fig. 1B) values found in 15 taxa
belonging to four trophic functional groups are depicted in Figure 1. The average §13C
values varied between -6.07°/,, and -20.1%/,, (Fig. 1A). There waé no obvious trend
towards trophic enrichment in !3C (i.e., less negative 8!3C, 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 simular species in the Benguela
system (Sealy and van de Merwe 1986; 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°/,, 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°/,, and -7.48°/,, respectively. These two last species |

represent the almost perfect system for the detection of natural §13C fractionation (since

. P. longicosia adults feed almost exclusively on R. verrucosa), and yielded a fractionation

value of 1.41°/, (Fig.1A).

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 3!3C values of -129/_ and -14.19/,, respectively, while the samples of
the rhodophyta P. capensis, the combined samples of the chlorophyte genera
UlvalEnteromorpha and the epilithic diatoms shown 813C values of -16.8%/, -16.9%/,
and -18.99/, respectively (Fig.1A). Detritus (which is known to“ be dominated by kelp -
see below) fell between the values for the two kelp species. The combined average d13C
value for the two species of kelp was significant greater than that of the combined value

for diatoms, Ulva/Enteromorpha and P. capensis (Tukey ¢-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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Figure 1. Mean + 1 standard deviation of the 8'3C and 3!5N values found in the tissues of several animal and plants of the rocky intertidal

communities on the west coast of South Africa. Oval indicate groups of species from which an overall average value was considered. Asterisks
indicate those values taken from previous works.



longicosta, the 813C range within the consumers, which included grazers, filter-feeders
and carnivores, was between -17.6%, and -12.89/_, the rock lobster Jasus lalandii
being the most enriched of all (Fig. 1A). The combined average of the isotopic ratios of

the filter-feeder species was significantly more enriched than of grazers (Tukey ¢-test,

p<0.0001). However, the combined 813C value for the carnivores species Burnupena

spp. and J. lalandii, was not significantly different from that of filter-feeders (Tukey ¢-

test, p>0.03).

The average (£1 SD) values of 815N for the same suite of intertidal seaweeds and
animals are depicted in Figﬁre 1B. At present, there is no available 815N value for local
intertidal phytoplankton, and the values presented in Fig. 1B are the average reported by
Owen (1987) and the range taken from Minagawa and Wada (1984). Excluding the 315N
value for phytoplankton, there was a clear trend towards trophic enrichmént in 15N
moving up through the intertidal food web, i.e. low values of 815N for intertidal
producers (micro and macroalgae), with consumers (grazers, filter-feeders and predators)
showing increasingly higher 815N values. The average 815N values were significantly
different between trophic groups (ANOVA, p<0.001). As in the §13C distribution (Fig
1A), the P. longicosta-R. verrucosa association show a clear trophic fractionation, with a
value of +4.53%/ . Excluding phytoplankton, the producer group (macroalgae, detritus
and diatoms) ranged from +1.5%, to +4.5%,, 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 §!°N values for the primary consumers (grazers and filter-
feeders) was between +6.19/,, to +9.49/ . and as was the case for the §13C
distributions, the combined isotopic value for grazers (excluding P. longicosta) was
significantly lower (Tukey #-test, p<0.0001) than the combined value for filter-feeders
(Fig. 1B). The carnivores exhibited the most enriched values of I5N of all intertidal
samples (Fig. 1B), and their combined value was significatively higher than of filter-

feeders and grazers (Tukey #-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 1A connect the average §!3C 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 8!3C 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 !3C ratios for these two infertidal grazers falls
well between the two carbon sources, but there is more affinity with that of the kelps than
of the intertidal algae (Fig 1A). When two other more generalized grazer species are
considered (H. midae and P. granularis), their §!3C values are closer to the mixture of

intertidal fnicro—macroalgae than of the kelp pfoducts (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 1B. These
lines again connect the average values of 819N for various groups of intertidal producers
(shaded ovals) and their respective consumers (clear ovals). The isotopic position of the
filter-féeders in relation to the 19N ratio of the kelp-derived detritus (solid lines 1, Fig.
1B) shows a fractionation value of 5.6%,, close to the value of 49/, that would be
predicted if they are deriving most of their food from this source. Thus the isotopic
values of the filter-feeders are strongly influenced by the kelp detritus and only slightly
by thaf 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 4.40/60. 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°/  (Fig. 1B, solid line). Similarly, the dashed line 2, which
connects the avérage values vof O15N for the limpets P. argenvillei and P. granatina with
that of the kelps, shows a fractionation value of 4.8%_, (Fig 1B). This implies thaf the
two more genefalized 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
detritusv(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 515N and 813C values, while the remaining 31% can
be explained by a mixed diet of epilithic micro and macroalgae. In contrast, within the
remainihg herbivorous grazers, the mixing model shows that the abalone H. midae
should receive a lower isotopic contribution from the kelp fronds than fforn the nxjxéd
.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 macrdalgae and
epilithic diatoms appeared as its main source of both riitrogen (>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

pefcentage 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-! 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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(Spearman rg=0.48; p<0.038, n=42). During low tide the average POM was 14.33£0.5
mg I-1, kelp contributing 75.5+4.5% of the total POM (Fig. 3B). As during high tide, a
significant correlation (Spearman r;=0.78; p<0.006, n=40) was found between POM and

particulate kelp.

At éheltered shores (Fig. 4) the avérage POM concentration at high tide was
8.29%1.47 mg I-1, and similar average of 9.561.62 mg 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 eithér high tide (Spearman rs=0.42; p>0.075, n=40) or low tide

(Spearman rg=0.34; p>0.059, n=35).

A non-parametric factorial ANOVA (Table 2) indicated that tefnporal 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 (ANOVA, p>0.1). The only
significant factbr was wave exposure (ANOVA, 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 ¢-test, p<0.05).
The Nature of the Intertidal POM

The average relative abundance of the total particulate inorganic matter (PIM), the
rﬁain components of POM and the total POM is summarized for exposed and sheltered
shores in Tables 3 and 4 respectively. The PIM consisted of small silt particles (mostly
quartz and granite fragments) that on average accounted for nolmore 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 invariably 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 § minutes after released into the 'sea, the rhodamine
solution was rapidly diluted by one order of magnitude (from 100 to =10 mg 1-1) 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 I-! (Fig. 5), and after 15
minutes, there waé no detectable rhodanﬁne in the sea water sarnples - 1.e., a rhodamine
concentrations had dropped below 0.001 mg.l‘I (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 decreased further to about

0.01 mg I'! and only after 80 minutes did it decline to undetectable levels (< 0.001 mg I-

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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Filter-feeder model

I simulated the fate of a initial 'seed' population of 200 g m2 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 m2, a value that falls well within observed field values
for exposed’ shores on the west coést (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).

(9]

(93]



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 (Wiencke
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 1.419/,, (for carbon) and 4.53°/, (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 lorig-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 extensivel.y 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 er al. 1985). HdWevér, the trophic
linkage between subtidal productioh 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 maxima 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-phaeophyté (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 A. 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 frac_tionation between these carnivores and primary consumer species (Fig.
i). However, only J. lalandii is trophjéally linked to filter-feeders, specifically A. ater
and G. capensis (Barkai 1987), as'was evidenced in their nitrogen signature (Fig. 1B).
The whelk Burnﬁpena 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 shéwn
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 Ne‘well 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), CIiff (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 ntajor contribution to

the total POM in inshore waters (Newell 1984).

The utilizatioh 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 explanaﬁons 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
(1.39 mg I-1) than on sheltered shores (0.89 mg 1-1) (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 pzifhways 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



Summary: Dense populations of patellid limpets characterize the rrud to Alow 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 cé. 10-13 kg - m2 whole wet biomass, and attain sizes up to 100 mm shell
length. Traditionally tﬁese 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
vmonos;peciﬁc '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 mg:cima 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 captﬁres 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.
granaiina 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 Sf 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

community!z
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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 Hartnoll 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 (Créese 1980; Branch 1981; Hawkins and Hartnoll 1983;
Beovich and Quinn 1992). Specific limpet-kelp interactions have beeﬁ described in many
parts of the world, with special reference to the regulation of the abundance and
'distribution 6_f either the algal or limpet species (Graham and Fretter 1947; Vahl 1971;
Bishop and Bishop 1973; Black 1976; Choat and Black 1979; Branch 1975a, 1985;

Mufioz and Santelices 1989).

A high diversity of limpets occurs on the shores of South Africa, with up to v14
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



biomasses of up to 125 g m2 wet flesh weight (Branch 1975b). Hdwever, 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 grazihg limpet? As was qualitafively 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
iﬁteractions 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 subtidavl
kelp into the intertidal zone provides a vital component of the limpets' diets, permitting
the maintenance of hjgﬁ 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 currént 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 betwéen 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

o)



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 Methods

Study site and species

The study was carried out ét 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 et al. 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 m2;
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
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days in January 1987. A total of 1500 photographs was taken oves 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.€. 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 1=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 m? quadrats
were placed every 3 m apart (n=12), and the density of P. gran&'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 Liideritz 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 Springsv

 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 m? were placed along each transect, and shore height in relation to
MLWS, 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 Fg2)=152.86; p<0.05), but within sites and grades of wave exposure,

no significant differences existed (Kruskall-Wallis Fg 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 m?2 quadrats placed at random in areas where there was a high density of each
limpét 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. argénvillei (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 fecorded

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 r_nicrpscope, 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 presenf in the rintertidal 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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Figure 2. Diagrams showing the layout of the two kelp exclusion experiments.
(A.) Patella granatina. (B.) Patella argenvillei.



0.5 x 0.3 m), with enclosed sides and a roof covered with metallic n-;gsh (mesh size 2.0
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-
effecté 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 potentfal 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 cm? roughened acrylic plates
per plot. No significant difference in the average chlorophyll-a level per plot existed
- between any of the treatments (ANOVA, 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
_(ANOVA, 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 péﬁod,— 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 ke;lp 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 5313 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, measurements of tﬁe relative in-situ
primary production and substratum temperatures were made for each plot, and failed to
reveal any signifiéant differences between the treatments (ANOVA, 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 Liideritz and the Olifants River i.e.

Namaqualand (GM Bra_nch, 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 rg=-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
strongiy correlatéd with the presence of attached kelp (Spearman rank rg=0.78;

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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Figure 4. Relationship between the wet biomass of drift kelp and P.
granatina density at both sheltered shores (open circles), and semi-exposed

shores (solid circles).



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
the coast, with maximum peak of density (338-m‘2)zsigand biomass (13110-m-2) in the
Namagqualand region (see Fig. 1), whereas further southﬂfé;‘st 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 MLWS on sheltered and semi-
exposed focky shores in Namaqualand. Populations of P. granatina were primarily found
betweeﬁ 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 - m2).

Semi-exposed habitats were dominated by P. argenvillei which reached at an average
densities as high as 200 - m2 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 semi-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 rhechanisrns 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 ﬁormally varies from S 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 lehgths 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 (r?=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 apI'JeAars 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 thﬁn 1%. Activity rose sharply
with tﬁe 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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