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ABSTRACT



Rbckyl isl’ands inA Saldanha Bay, | southwestern Cape, South
Africa; suppcrt ag.gregations of seabifds. Guano produced by
the ‘seabirds‘ is washed off the i1slands into inte:r:‘t:idal. and
neéréhore waters, where it provides a source of inorganic
and 'o.rg‘anic nutiien“cs. ' The concentrations of nutrients in
intertidal rockpools at island and mainland sites in the
Saldanha Bay area were measured, and the biological
structures of Vin\tertida‘l communities at these sites were
compared in the light of differences in intertidal nutrient
status. _Monthly measurements were mada of algal production
and of the growth, density, }reproductive condition and
mortality o©f the dominant in’;;ertidal herbivore, Patella

granularis.

The rate of intertidal algal production was enhanced on
shores washed by nutrient-rich waters, and the ‘growth rates
and life-~history pétterns of populations of P. .granularis
{eere, in turn, modified by the increased availabilitf of
algai food. | On unéziriched shores’rates of algal production
and limpet growth and reproduction were slow. Seabi'rds‘ thus
influence trophic relationships between . intertidal
organisms, without themselves being components of the

community.

Islands in Saldanha Bay also support dense populations of
African Black Oystercatchers Haematopus moquini, which
forage intertidally. Predation by oystercatchers on P.

granularis resulted in a modification of limpet densities



arnid popula'tion' | éiée "gtructures, and a ‘reduction in the
‘intensi;tf "of 'gr'azi;ig.' 'Thei impact of predation was, however,
inod;i.fié'd by the preéence, in intertidal waters, of nutrients
fr'c;:m} seabird guano, and the conéequences thereof. It is
prOpoéed that diffefences in the structures of communities
on re#ky shor.es, and in the roles of processes influencing

'stmcf:ure, might be due, in part, to differences in the

nutrient status of intertidal waters.



INTRODUCTION



Rocky shorés supportvassemblages df plants and animals whigh
ofﬁén are mutually sustaining and inte:dependent; These
assemblages of interacting species form communities (sensu
Whittaker '19?5): and display characteristic patterns of
orgaﬁizétion_ based on the spatial distributions and
abundances\ofAthe component species. Ecologisté have long
beén fascinated Aby the patterns of organization of
intértidal crgaﬁisms, and héva consistently sought the
mechanisms whiéh produce these patterns. Both physical and
biological processes have been identified. as influencing
patterns of orgahization (Menge 1976; Paine 1980; Underwood
1985), but the rélative importance of each process varies
Abetween communities (Glynn 1976; Underwood and Denley 1984;
Underwood and Faifweather 1985). Communities in various
parts of the world have been ‘compared in terms éf their
biblogical gtructure, i.e. their species composition and the
abundances, size distribufions and demographies of component
species (Paine 1966, 1980; Menge and Sutheﬁland 1976;.
Bertness et al. 1981; Menge and Lubchenco 1981; Sousa et al.
1981; Ben~Eliahu and Safriel 1982; Choat 1982; Paine and
Suchanek  1983), but no . generally 'applicable" theory
predicting the relative importance of processes inferﬁciﬁg
community structure has been developed (Underwocod and

Fairweather ;985).

Recent research on temperate rocky shores has indicated that
physical factors (such as wave action and tidal range) limit

the vertical occurrence {(or zonation) of intertidal



organismsv(Menge 1976, Connell 1975). Within these limits,
however, 6bsérved~ pétterns: of organization often are a
pro&uctv,of biological processes such as predation and
competitioh for food and space (Luckens 1970; Daytcﬁ 1971;
Conﬁell 1972, 1975; Paine 1974; Newell 1979; Underwood 1979;
Lubchenco 1980; Creese and Underwood 1982). Examples of the
ways in which invertebrate components of rocky intertidal
communities may influence community structure abound in the
literature (Branch 1984; Lubchenco and Gaines 1981; Paine
1969, 1974, 1976; Menge 1974; Paine et al. 1985; Moreno et
al. 1986). Vertebrate components, particulariy birds, have
received much less attention however (Edwards et al.‘l§82),
deépite their common occurrence in the rocky. intertidal
habitat. Birds are unpredictable visitors to inteftidal
sites, and are difficult to observe and  study
guantitatively, although their high metabolic rates and
‘enexgy requirements make them potentially dimportant in
modifying the abundances and size structures of intertidal

prey populations (Feare and Summers 1985).

In this study I examine the biological structuré of fccky
intertidal commuhities on 3 islands off the west coast of
southern Africa. These islands (Malgas, Marcus and Jutten:
Islands -~ Fig. 1) support dense populations of predatory
shorebirds, including resident African Black Oystercatchers
Haematopus moquiﬁi‘and migratorvaaders (Hockey 1983; Ryan
1883). Oystercatchers are common on many of the world's
shores and have been shown +to modify prey pépulation

densities and size structures, and prey morphology, as a
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iesult of their.ﬁredatory’activity (Hockey and Branch 1983;
review bf Feare and Summers 19835). Migratory waders
commoniy forage in flocks in soft-bottomed intertidal
habitats, where they may influence the densities and spatial
distriﬁutiéns of prey (Evans et al.. 1979; Schneider and
Harrinéton 1981: Quammen 1984). Their impact on rocky shore
communities haé seldom been investigated (Feare and Summers
op. cit., Marsh 1986). 1In this,studyAI assess the impact of
predation by shorebirdé on the densities and size structures
of intertidal prey popﬁlations on Malgas, Marcus and Jutten
Islands, and discuss the role of predation by shcrgbirds in

modifying intertidal community structure on these islands.

In addition to populations of shorebirds, islands off the.
west coast of southern Africa support colonies of breeding
seabirds, including Cape Cormorants Phalacrocorax capensis,
Cape Gannets Sula capensis and Jackass Penguins Spheniscus
demersué. ‘The guano produce§ by seabirds is commonly used
~as an agricultural fertilizer and, historically, southern
African islands have been an important source of guano for
commercial export (Speight 1940; Hdtchinson 1950). Guano
washed from the shores of the seabird-breeding islands may‘
provide an enhanced supply of nutriénts to intertidal algae
and‘may thereby modify the rate of primary production. Iin
all coﬁmunities trophic rélatianships are influenced by the
rate of primary production (Tilman 1982), and in this way
seabirds may inflﬁencé the interactions between intertidal
organisms without themselves being components " of the

intertidal community. In this study I measure the



concentrations vof"intertidal nutr;ents and the iates of
primary produétionﬂat sites both with and without colcnies
of éeabirds. I compare intertidal community structure at
these sites in thé light of differences in nutrient

availability and'primary production.

- The availability of nutrients in the intertidal waters hés
seldom been considered an impdrtant environmental wvariable
in the study of rocky shore communities. Since this variable
may be the major factor influencihg the rate of ‘primary
production which may, in turn, affect trophic reiationships
within the community, it is possibie that the impact of
processes such as predation and competition for food may be
mediated by the availability of intertidal nutrients. In
this study I assess the extent +to which differences in
intertidal community structure are explicable in terms of
differences in intertidal nutrient levels, at sites on the
west coast of southern Africa, and alsc in disparate

geographical régions.

Methods involving both observation “and experimental
manipulation are used in this study, with a view to testing

the following specific hypotheses:

- that nutrients from the dissolved guano of seabirds enrich
the intertidal waters around ‘seabird—breeding islands in

Saldanha Bay;
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—;that,fhe rate of‘algal production on nutrient-rich shéfes
is enhanced (aS‘ a direct consequence of the presence of
dissolved guano in the intertidal~region;' |

- that enhanced rates of algal productiod on nutrient-rich
shores affect the growth rates, population size structures
and population reproductive outputs of the intertidal
herbivore Patella'granularis;

- and that predation by shorebirds médifies the species
composifion, abuhdances and population"size structures of

intertidal prey on islands. &

In all instances deductions are made based on comparisons of
island intertidal communities with the commuhities of nearby
mainland shores that do not support aggregations of
seabirds.

The research presenﬁed in this thesis attempts to identify
processes opérational in communities of organisms on rocky
shores in socuthern Africa. With the aim of integrating the
primary and sécondary effects of these'processes, a large
5famcunt _of data from different. rocky shores has been’
collected. The sites chosen represent the minimum range of
variation reguired before any compérisdh betﬁeen sites, and
ény predictions about the'importahce"of diffefent processes
in influencing community functioning, can be made. A
' conseguence of the attempt to investigate a number of
intertidal communities simultaﬁeonsly is that the limitationk

of time has prevented true réplication of the data obtained.



11

Many 6f the data are pseudoreplicated - replicates are not

necessarily independent of oneanother.

The concept of pseudoreplication has made an appearance in
the biological literature only recently, and is cogently -
discussed by  Hurlbert  (1984), who  states  that
pseudoreglication‘is probably the single most common fault
in the design and analysis of ecological field‘experiments.
In an. earlier feview of the aﬁplication of statistical
techniques (particularly analysis of variance)‘ in recent
marine ecological research, Underwood (1981) does not
mention pseudoreplication, nor does he identify it as a
common error in experimental design. At the time that the
experiments described in this thesis were set up (1982), it
was considered that sufficient replication had been
incorporated in the design of the experiments, although it
is now clear that many of these replicates are, in fact,

pseudoreplicates.

The Aapplication of inferential statistics to
pseudoreplicated data is unacceptable, and, where possible
in this thesis, this has been avoided. In many instances
the trends in the data are clear without the application of
statistical ‘analyses, which WOuld be inwvalid anyway.
Hurbert (op. c¢it.) makes an appeal to critics to be liberal
in accepting papers that refrain from using inferential
statistics where these cannot be applied validly. Despite

the flaws in design in several of the experiments discussed
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iﬁ this thesis, I feel that thé results are nevertheless

informative and interesting.

The results of this study are presented as a series of
discrete papgrs; written in the‘fcrmat of an international
journal. This approach allows the rapid communication of
results, Eut also entails a certain amount of repetition,
particularly in the documentation of the methods used. The
concluding sedtioﬁ is synthetic and aims to summarize the
results df this study and to highlight their contribution to
the quest for a genera; theory expléining variation in
cbserved patterns of organization in rocky intertidal

communities.
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The' roie'$oﬁ  seabirds in modlfylng the
nutrlent status of intertidal and nearshore
waters

Summary. Levels'of«soluble inorganic nutrients present in
fresh, and in older, accumulated seabird guanc on seabird-
breeding islands were measured. In addition, levels of
these nutrients and of the organic nitrogenous compound

urea, were measured monthly in intertidal rockpools at sites

both with and without permanent aggregations of seabirds.

It was found that seabird guano contains large quantities of
nutrients which have been shown to be i;;ortant for the
growth and reproduction of intertidal algae. intertidal
rockpools on the shores of seabird-breeding islands had
higher mean levels of nutrients than did rockpools on shores
‘frcm which seabirds were absent. A narrow zone of nutrient
enrichment was apparent in nearshore waterskaround seabird-~
breeding islands, although’the extent and shape of the zone
wera influenced by swell, wind and tidal ccnditions. Guano

deposited on islands entered the intertidal region by means

of wave action, wind and, to a lesser extent, rain.

Seabird guano>enriches the intertidal waters with nutrients
that may stimulate primary production, and thereby seabirds
may modify +the rate of algal growth, without themselves

being>components of the intertidal community.
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Introduction

The  growth of almost all plants is 1limited by the
availabil;ty-quinorganic nutrients. Rates of plant growth
and reproductioﬁ' increase with the addition of certain
nutrients fEllis 1971; Powers et al. 1972: Silvertown 1980),
and competition for nuti:ients is considered to be a major
factor determining the species composition and organization
of natural plant assemblages (see review by Tilman 1982).
W;thin- any community vthe rate of primary production
influences all trophic relationships, and therefore changes
in the rate of primary production may lead to changes in the

organization and functioning of the entire community.

The excrement of colonially-nesting seabirds has long been
recognized as a valuable fertilizer (Voelcker 1877:; Watson
1930; Speigt 1940) and has beeﬁ shown to enhance the

nutrient status of marine, estuarine and inland-fresh waters
(Golovkin 1967; Ganning and Wulff 1969; Golovkin and
Garkavaya 1975; Grobbelaar 1978; Bedard et al. 1980; Tatur
and Myrcha 1983). Terrestrial plants which are manured by
seabird guano exhibit enhanced wvitality, cover  and
production (Gillham 1977; Smith 1978), and research in the
Barents Sea (74°00'N, 36°00'E) indicates that enrichment of
nearshore waters by seabird guano deposited in the sea is

associated with enhanced phytoplankton production (Golovkin



22

'1967; Zelickman and Golovkin 1972; Golovkin and Garkavaya

1975).

Histo:ically the seabird-breeding islands in Saldanha Bay
(33°%3's, vl7°58’E); southwestern Cépe, South Africa, were
important sources of seabird guano for commercial export.
In thé early yéars of exploitation Malgas Island (Fig. 1)
regularly yielded in the region c? 1000 tonnes of guano per
yvear (Hutchinson 1930). Numerous seabirds, including
Jackass Penguins Spheniscus demersus (L.), Cape Gannets Sula
capensis (Licht.) and Cape Cormorants Phalacrocorax capénsis
(Sparrman), breed on the islands in Saldanha Bay (Cooper et
ai, 1982; Crawford et al. 1983; Shelton et al. 1984) and the
guano accumulation rate on Malgas Island continued to
warrant annual commercial collection until 1986, when the

islands were incorporated into a national park.

This study aims to asseés thevextent to which seabird guano
enhances the nutrient status of nearshore and intertidal .
waters around seabird-breeding islands, and the significance
of this enrichment- for intertidal primary production.
Intertidal and nearshore nutrient levels were measured
monthly at sites where seabirds aggregate, and the results
are gompared with those from sites where seabirds are
absent. | The mechaﬁisms of transport of guano into ﬁhe

intertidal region are discussed.
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Materials and methods

| Study sites

Seven intertidal study sites in the Saldanha Bay area (Fig.
l.i) were'visited monthly between December 1982 and April
1984. ‘Two sites were on the shéres of seabird-breeding
igslands (Malgas and Jutten Islands) ana a third was on the
shore of Marcus ISland, a seabird—breeding island which is
joined to the mainland by means of a causeway, completed in
1976 (Fig. 1.15. A further 2 sites were on mainland shores
outsidekthe Bay, where no aggregations of seabirds occﬁrred
(Mauritz Bay and Cape Columbine), and 2 more wefe on
mainland shores within the Bay (North Bay and Bomgat).
These last 2 sites, although having no regular aggregations
of seabirds, were considered to be within the possible zone
of influence of guano run-off f£from the seabird-breeding
islands. Such bsites were expected to show features
intermediate befween the 'nutrient-rich’' island sites ahd
the unenriched mainland sites.  All sites were in the
'Bénéuela Current region‘(Shannon and Stander 1977), and the

direction of the prevailing wind was SSW (Hockey 1982).

At all sites the shore was of gently sloping granite, and
was éxposed frequently to strong wave action. The
intertidal zone was considered to extend from the upper
limit of the low~shore mussel bed (Stephenson and Stephenson
1972), and at each site the zone was divided into avlow-,

mid- and high-shore region of equal horizontal width.
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Intertidal nutrients |

A iow—, mid- and high—shora rockpool was chosen at each site
and‘thése_were,sampled monthly, 2 water samples being taken
from gach'pcolvdhring a spring low-tide. The high-shore
pools weré chosen at the upper limit o©f the occurrence of
the limpet Patellé granularis L., the dominant invertebrate
‘herbivore (Stephénson and Stephenson op. cit.). Although
the pools were not of a uniform size, they were flushed
during each tidal c¢ycle, thus keeping Vcontamination by
organisms growing in the pools to a minimum. Thers were
macro-algae growing in mahy of the rockpools, particularly
on the island shores. The upfake of nutrients by algae
‘could have affected nutrient levels in these pools, although
fegular flushing of the pools would keep this effect to a
minimum. Water samples were filtered using Whatman glass-
microfibre fiiters,Aand then wrapped in aluminium foil and

stored frozen.

Concentrations ~ of nitrite- and nitrate-bound nitrogen-
(NO_"-N, No;-'N), ammonium~bound _nitrogen (NH"-N) and
phosphate~bound phosphorus (POf'—P) were determined using a
Technicon autoahalyser. Levels of urea-bound nitrcgen
(CO{NHZ')Z-N) were determined using ther method of Grésshof
(1976). Only those samples collected after July 1983 werea
. analysed for‘NH‘t-N ahd CO(NHz)z-N levels. The data were
discarded in instances where the nutrient levels from the 2 
replicate samples differed by more than VZG% (6% of

instances).
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Exﬁentjoﬁ‘enricbedfzone

During 1983 surface water samples were collected at three-
monthly interﬁéls from a series of sample stations across
the mouth of Saldanha Bay and around Malgas Iéland (Fig.
1.2§{~ Duplicaté water*samplesvcollected at each site were .
filteréd usihg glass-microfibre filters, and were stored
frozen before beihg analysed for‘ch-N, N03-N, NH4-N and PO4-
P using an autoanalyser. The stations were divided into
mainstream and island stations on the basis of detailed
current flow patterns in the Bay (Huizinga 1982). The
mainstream stations are those to which guano run-off from
the islands i1is unlikely to be transported under the
influence of normal currents. The island stations 1lie in
the path of durrénts deflected past islandsvunder normal
weather and wind conditions. Nutrient levels at mainstream
and island stations were compared using Kruskal-Wallis

statistical tests (Sokal and Rohlf 1981).

Nutrients in seabird‘guano

The quantities of nutrients potentially available in fresh
cdrmorant guano from intertidal rocks on Marcus Island, and
in older, accumulated ('cap') gannet guano from Malgas
Island, were determined. Solutions of cap guano in double-
distilled water and in seawater were incubated at 10°C for
24 h. Thereafter 10 replicate 2 ml subsamples were removed
and prepared for nutrient analysis in an autoanalyse:. The
effect of rain on the leaching of nutrients from fresh and
cap guanc was simulated in the laboratory using a spray-gun

with an adjustable nozzle. The spray-gun was connected to a



27

. &
w15 w23 Marcus Is.
. ‘»il 4 .

w7 wt 3wl 2

Maigas s,
A 9:_ S 12 a21

MY 520 ati

310 SALDANHA BAY

ag

N

& pravailing wind
dirsction (35W}

ATLANTIC OCEAN

1AVkm

Fig. 1.2. Map of the mouth of Saldénha Bay showing the
positions of island (®) and mainstream (o) water sampling

gstations



28

tép-water éuﬁply' with regulatéd water pressure, and
artificial rain wés sprayed onto an angled stage on which
was. p(ositioned\ a sample of cap or £fresh guano. Over a
petiod of 30 min, 12 mm of 'rain' fell on the sample, and
guano run—of£ wés collected in a plastic beaker. Subsamples

were prepared for nutrient analysis as described above.

The relationship hetween monthly nutrient levels in
rockpools at the study sites in Saldanha Bay and the amount
of rain that fell at each site during the 5 days prior to
sampling was investigated wusing regression analysis.
Rainfall measurements cited are those recorded at the nearby
Cape Columbine weather station (32°49's, 17°51'E) (monthly
weather reports of the Weather Bureau, Socuth Africén

Transport Services).

Results

Intertidal nutrients

On island shores, wherekseabird guano is deposited above the
high-tide level, there is a tendency for nutrient levels
(mean of 2 samples per month) to be higher in high-shore
rockpools than in low-shore pools (Wilcoxon test), but none
of the differences is statistically significant. At Mauritz
Bay and Cape Columbine there is a similar lack of
significant difference between high- and low-shore nutrient
ievels except for the levels of Noz-N and Nos-fN which are

significantly higher in low-shore pools than in high-shore
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pools’(Wilcoxon teéts:‘Noé-N: n = 29, T m'llz.S,AP < 0.05;
Noawa n = 19, T =.19.0, .P < 0.01). In view of the
comparability of nutrient levels in the 3 shore regions,
ﬁonthly mean nutrient levels for the whole intertidal zone
at each site were calculated using the mean of nutrient
levels measufed in the low-, mid- and high—shore rockpools
at each site (6 samples per site pér month). These monthly
mean intertidal nutrient wvalues are used in subsequent
tanalyses and are‘shown for selected sites in Fig. 1.3 with’
the wvalues for NG;N, ‘NO3-N, NH4~N~ and CO(NHz)z-N combined

~ and expressed as total nitrogen.

Monthly mean levels of NOZ—N, NOj-N, NH4-N, CO(NHZ)Z-N and -
PO4-—P at study sites in the Saldanha Bay area vary
significantly ‘be’cween months (Friedman tests: NO'Z-N: b

15
45.29, P < 0.001; NO,_-N: ‘x215'=.38.39, P < 0.001; NH -N: ng

i

47.‘82, P < 0.001; CO(I:IHZ)E——N: Xza = 35.70,_XP < 0.001; PO;P:
X215 = 26.77, P < 0.05). However, there is no consistent
patternpf variation, suggesting that ‘stochast'ic rather than
\seasonal factors are the cause. The dissimilarity of months
" makes the statiétical, testing of monthly meah nutrient
levels invalid (Hurlbert 1984), and consequently Wilc;axbn

;te,sts, have been used to identify the differences in nutrient

status between sites (Zar 1984).

Intertidal nutrient levels at Malgas, Jutten and Marcus
Islands do not differ significantly for any of the 35
. nutrients consideréd (Wilcoxon tests) and mean nutrient

levels are always higher at these sites than at any others
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‘(Table' 1.1). . vLevels ‘of N03~N, N°3'N and PO4*P are
consistently highér:at Norfh Bay than at Bomgat (Wilcoxon
tests; NO-N: =n = 16, T = 7.00, P <-0.005; NO -N: n = 16,
T = 14.00, P < 0.01, pd4~p: n =16, T = 28.00, P < 0.05),
and ié\iels Qf Noz-N and N03"N are consistently higher at
Mauritz Bay than at Cape‘Coiumbine (NO-N: n = 15, T =
24.00, P < 0.05; NO-N: =n = 15, T = 23.00, P < 0.05).
Although levels of urea do show the expectedV trend of
increased meaﬁ concentrations at island sites (Table 1.1),
thisv is the' only nutrient considered which did not show
significant.diffefences in concentration between study sites

(Friedman test:; Xz‘5

= 5.62, P > 0.25). Intertidal nutrient
status at North Bay and BomgatA generally is intermediate
between that at islands and that at mainland sites outside

the Bay (Table 1.1).

Nutrients in seabird guanoc

Ammonium is the dominémt in:o:g’anicv nitrogen compound -
re‘léased from guano in solution and occurs, in solution, at
100 times the concentration of NOZ-N’ (Table 1.2). Rain
delivered by artificial apparatus to samples of cap guano
and fresh guano causes the leaching of nutrients from ‘the
guano.A However, less thén 1% of the nutrients released from
cap guano after solution in double-distilled water for 24 h
are "‘released by 12 mm oﬁ continuous artificial rain (Table
1.2). Up to 8% of nutrients potential;y available in fresh
guano are released by 12 mm of artificial rain (Table 1.2). 
~In 90% of instances the cumulative rainfall at eachvstudy

site in the Saldanha Baj? area during the 5 days prior to
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Table 1.1. Mean monthly nutrient concentrations (ug at 1

) (+ S.D.) at intertidal study sites in the

Saldanha Bay area. Asterisks indicate significant differences between sites (Wilcoxon tests)

PO ~-P

NO ~N NO ~N NH -N CO(NH ) -N
2 4 2 2 4
STUDY SITES (n = 16) (n = 15,16) (n = 18) (n = 9) {(n = 15,16)"
Malgas Island 1.34  (1.49) 11.81  (7.15)7 20.51  (12.94)] 9.83 (8.78)7 5.15 (3.85)7
Jutten Island 1.23  (6.63) 12.59 (6.81) 22.00 (11.47) 7.97  (4.79) 16.83 (18.13)
Marcus Island 1.97 (4.57). 18.56  (9.04). 18.18 - (21.83) 7.48 (6.70)] 16.94 (50.75).
North Bay 2.75 (0.38)] 9.78  (9.34) 12.24 (5.55)] 4.43  (2,13)] 2.48 (1.508)]
Bomgat .55 (@.35)) 4.89 (4.27)] 18.34 (3.84)] 5.92  (4.39)] 1.58 (1.03)]
Mauritz Bay .54 (P.22)] 7.42  (3.20) 8.70 (4.24) 3.96 (2.13) 1.40 (8.65)
Cape Columbine 6.49 (8.21)] 5.40 (2.68) 12,59 (13.85) 5.57 (3.23)

1,55 (0.50)

w
g
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, ' -1
Table 1.2. Mean (+ S.D.) gquantities of nutrients (ug at g dry

guano) released from cap guano and from fresh guano after
solution in doubie-distilled (ﬁD).water and in seawater (SW) for
24 h, add afﬁe: treatment with 12 mm of artificial rain. The
nutrients released after rain are also'expresse& as a pe:centage
of the nutrients released after solution in double-distilled

water fcr 24 h. wIn all instances n = 14

NO =N NO «N - NH =N PO ~P
2 3 4 4
24 h (SW) 12.2 113.2 2499.8 1648.7
: 33.7 :SS.@ *748.6 +46.0
CAP. , :

24 h (DD) 1.9 98.7 2636.5 384.5
+3.9 +62.3 +666.5 +38.5

GUANO - - : -
12 mm rain g.1 8.2 8.5 o g.5
: +8.8 +8.8 - 8.7 - 8.1
% 1.8% 3.2% 3.3% g.2%
24 h (SW) 15.8 337.9 - 2126.4 137.1
i +5.2 +25.3 +356.9 +51.2

FRESH » :
24 'h (DD) - 12.8 83.9 1988.3 287.6
« o +1.6 +15.6 +433.3 +92.7

GUANO . . )

12 mm rain g.1 1.2 154.4 - 15.6
+8.0 +8.1 +15.8 +8.4
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samgling'was 1ess‘thanA12 mm (weather'reports‘of the South
African Weather Bﬁreau). However, in ohly 19%’éf cases was.
the concentraﬁion of a nutrient in a low-, mid- or high-
shére'island rockpool significantly (é’ < 0.08) related'to
thé éﬁount of réin that had fallen during the 5 days prior
to sampling. . There was no consistent pattern to these
relationships and although one might expect dependence
between rainfall and the nutrient levels in high-shore pools
.to‘be more likely, since nutrients washed from terrestri;l'
guano deposits would reach the high4shore region first, this
was not the case. Significant regressions between rainfall
and nutrient levels wers équally likely in low-shore and in
high-shore pools. In no instance was the 1level of a
nutrient in a rockpool at a mainland site related to

rainfall.

Extent of enriched zone

Nutrient levels at islaﬁd stations across the mouth of
Saldanha Bay generally are higher than those at mainstream
stations (77% of instances - Table 1.3), but this
relationship is seldom statistically significant (Table
1.3). It is noteworthy that the July samples, which do not
showAthe expectad‘trend,‘were collected during a period when
the forces of wind and swell were operating in different
directions, which would lead to extensive mixing of the

water column (Table 1.3).



Table 1.3. Results of Kruskal-wallls stat]stical tests on the meaﬁ nutrient levels recorded at
Island and mainstream stations across the mouth of Saldanha Bay during 1983, and the weather
conditions prevailing at the time of sampling. 'x' indicates whether island (1) or mainstream

(M) stations have the hligher mean

‘ WIND WIND WAVE WAVE
. MONTH NUTRIENT N N STATISTIC P 1 M SPEFED DIRECTION HEIGUT DIRECTION
I M : {Knots) {m)
O [o]
JAN - PO -Pp 11 5 8.03 X 6.6 281  (SSW) 2.9 201 (SSW)
4
[¢) [o]
APR NO -N 17 g 4.580 <9.085 X 1.2 246  (SW) 8.3 288 (SSW)
NO ~N 17 ] 9,53 C<B.0085 X
3 : -’
NIl -N 17 8 '8.82 , X
4
poq—p 17 8 1.38 X
. ‘.. 0 0
JUL NO —N 6 7 6.087 ® 13.4 358  (NNW)} 2.5 252  {WSW)
.2
NO -N 16 ? 1.78 x
3 .
NH N 16 7 - B.67 X
4
PO -P 16 7 0.71 X
4 .
) ) o) [+
ocr NO ~N 15 6 p.12 X 17.5 194 ({sSswW) 3.4 232 (SW)
2 ‘ ‘ ’ -
NO -N 15 6 8.30 <8.0085 X
3
N -N 15 6 - 8,81 X
4 .
vpoqmp 15 6 4.83 <@9.85 X

&€



Discussion

Intertidal nutrients
Seabird guano has long been recognized as a ‘powerful

fertilizer; comprizing some 14% (dry weight) soluble organic
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compounds, and 3% soluhie.mineral salts such as salts of Mg,

K, Ca and Na (Galkina 1974). The composition of seabird
guano is comparable between species (Burger et al. 1978;
Bedard et al. 1980; Fugler 1985), the dominant soluble
organic compound being wuric acid which is converted,
invariably totally, to ammonia by the action of aerQSic and
anaerobic &icrobes (Lindeboom 1984). Certain bacteria form
urea as a product of uric acid metabolism (Barker 1961;
Kaltwasser 1971; Stanier et al. 1976), and this may be
hydrolysed to form ammonia (Metéler 1977). Although some of
the ammonia subSequently volatilizes from the deposit, much
is converted into nitrite and’ nitrate by nitrifying
bacteria. Solutions of cap and fresh seabird guano from the
islands in Saldanha Bay contain large amounts of inorganic
nutrients in forms available to algae.

A}

The availability of nitrogen and phosphorus are particularly

important for marine primary production (de Boer 1982)..

" Marine algae absorb nitrogen in inorganic form (as nitrite,
nitrate and ammonium) as well as in organic form (as amino
acids and proteins, such as urea - Mohsen et al. 1974).
Ammonium and nitrate are most readily absorbed (de Boer
1982) and the experimental enrichment of growth media with

nitrogen in these two forms, as well as with phosphorus in
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the form of phosphate, enhances the growth rates of benthic
and intertidal algae in the laboratory (Waite and Mitchell
1972; Prince 1974; Steffensen 1976; Topinka and Robbins

1976; 'Chaprhan and Craigie 1977).

In Saldanha Bay: the intertidal and nearshore waters afound
seabird~breeding islands are enriched with nutrients from
seabird guano. Mean intertidal levels of NOz-N, Nos-N, 1\&14-—
N, CO(NHz)z-N énd PO4~P are. always higher on the shores of
seabirgjmbreeding islands than on adjécent mainland shores.
Levels of CO( NHz)z-—N, although showing the same trend; are
not significantly differezit between sites, due pcss;i.bly to
the derivation of intertidal urea from sources other than
uric acid metabolism, such as from the excretory products of
rockpool organisms. Although such excretory products might
contaminate nutrient samples, this was hopefully kept to a
minimum by éhoosing rockpools which | are flushed out
regularly -during eachA tidal cycle. - Shannon and Stander
(1977), in their assessment of the chemical characteristics
of the waters of Saldanha Bavy, Areport mean NO3-N and 904-‘9
levels, taken over a period of 18 months at 18 s‘am@le
stations, of 5.6 + 5.1 ug at 17" (n = 190) and 1.4 + 1.0 ug

at 1t

(n = 191) respectively. The low-shore rockpools on
Malgas, - Jutten and Marcus Islands contain mean
concentrations of these nutrients which are almost double
the mean‘background levels; viz 10.3 #* 5.5 ug at NO-N 1™t (o
= 39) and 2.2 * 0.8 ug at PO-P 17 (n = 37). Although a

sampling frequency of once a month is not sufficient to

characterize +the nutrient field at each study site, the



elevatedﬁlevels of’selected nﬁtrients in the waters around
 the seabird-b:eeding islands are indicative of generally
‘elevated levels of nutrients which are potentially available

to enhance the growth of intertidal algae.

The means of entry of guano into +the intertidal and
nearshore waters probably are multiple. Scme guano is
deposited directly into the seaAby birds which fly over the
nearshore, or. béthe close to the islands, but this 4is
probaﬁly hegligible in comparison with the amount deposited
by birds which roost on the islands (the seabird species
considered spend at least 50% of their time on the islands,
and substéntially more when tﬁey are tending chicks), It is
likely that rain is not the overriding mechanism:by which
guano is transported from the land to the sea, particularly
in the case of cap guano which is highly porous. Guano is
probably transported mainly by waves, pafticularl? during
stormy conditions, and dry guano may also be transported by

‘wind.

Extent of enriched zone

Golovin et al. (1976), working near seabird cclonies in the
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Barents Sea, report a zone of nutrient enrichment, the

radius of which-is more than 6 km. In Saldanha Bay the
movement of guano run-off from the shores of ~seabird-
breeding islands is dependent on the directions of the major
tidal currents in the Bay. Analysis of surface current flow
patterns in Saidanha Bay'(Huizinga 1982) shows there to be

transport of surface waters between Malgas Island and North
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Bay under the inflﬁence of normal ebbing and flowing tidal
movement, ‘ané under’ the influence of the prevailing 'SSW»
- wind. Consequentlf North Bay f£falls within the zone of
nutrient enrichment frcm Malgas Island and has nutrient-rich
intertidal‘waters (Table 1.1). Bomgat lies in a sheltered
region on the western side of the harbour breakwater, and
the transport of éurface waters to and from the sife‘
probably is negligible except under abnormal, stdrmy
conditions. Nutrient-rich waters from the shores of Marcus

Island would be unlikely ever to reach Bomgat.

Seabird guanc is a rich‘ source of certain nutrients
essential for plant growth and reproduction; Its entry into
waters around seabird-breeding islands Vleads~ to nutrient
‘enrichment, and provides ‘the potential for enhanced
intertidal primary production. In this way seabirds, which
are not componentsAéf intertidal communities, may modify the.

rate of intertidal algal production.
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PART 2

NUTRIENT ENRICHMENT AND INTERTIDAL PRIMARY PRODUCTION



Thé influence of nutrient enrichment from
seabird guano on the production rate of
intertidal algae

Summary. Nutfient stétusris an important factor influencing
the production rate and structure of many plant assemblages.
‘Production in terrestrial plants and marine phytoplankton is
stimulated by the addition of nutrients in the form of
diésalved seabird guano, and it was hypothesiked‘ that
seabirds may be determinants of .the rate of algal production
in the intertidal zone, where guano transported from
terrestrial deposits into the sea enriches the waters with

nutrients.

Rates of algal production on artificial settlement strips
were measured at sites on rocky shores, using extracted
éhlorophyll‘as an index.~‘Measurements were made on shores
known to be washed by waters enriched with nutrients from
the dissolved guane of seabirds, and the results were
compared with measurements made on nearby, unenriched
shores. Algal productidn generally was higher on nutrient-
rich shores. The hypothesis that seabird guanc provides
nutrients which stimulate the prpduction of intertidal algae
was tested experimentally when dissolved guano was dripped
‘down an unenriched rocky shore. Algal  production was
enhanced in response to the presence of additional nutrients

from guano.
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The combination of énhanced algal production rate and heavy
éredatory pressure by shorebirds qnithe dominant intertidai
herbivore, Patella granularis, leads to the development of
extenéive mats .of foliose altgae on nutrient-rich shores.
These mats afe~absent on unenriched shores. Thus seabirds,
as producers of guano, can modify profoundly the pro&uction
raﬁé, abﬁndance and distribution of intertidal algal

assemblages.

Introduction

Extensive, Qermanent mats of foliosé macro=-algae grow on
the rockg shores of seabird-breeding islands off the
southwestern Cape, South Africa. In marked contrast, such
mats are absent from the shores of nearby mainlana ‘si’ces
where no large aggregations of seabirds'océur. Hockey and
Branch (1984) suggest that on 3 islands in Saldanha Bay
(33°03's, 17°58'E) heavy predétian by African Black

Oyétercatchers Haematopus moguini Bonaparte on theldominant

intertidal limpet Patella granularis L. results in a

decrease in limpet numbers and COnsequently in a reduction

in herbivory on algal sporelings. More algae thus reach the
foliose stage and form intertidal mats. On nearby mainland

shores, where oystercatchers are much less common (Hockey

1983) and limpets numerous, such algal mats are entirely

- absent (Hockey and Branch op. cit.).
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However, in additiéﬁ to the large numbers of oystercatchers
present on these 3 iélands, there aré permanent colonies of
seabirds which number' in total approximately 200 000
individuals (Cooper et al. 1982; Crawford et al; 1983;
Shelton et al. 1984). Guano deposition from these seabirds
is considerable, both terfestrially, where breeding birds
have their nests, and intertidally, where birds roost. The
value of seabird guanc as an agricultural fertilizer has
long been recognized (Speigt 1940; Hutchinson 1950) and its
entry into the sea around seabird-breeding islands in
Saldanha Bay ieads to the enrichment of intertidal and
nearshore waters with inorganic and organic nutrients

capable of enhancing rates of primary production (Part 1).

Nutrients from seabird guano have been shown to enhance
phytoplankton production in the Barents Sea (74°00'N,
36°00'E) (Golovkin 1967, Zelickman and Golovkin 1972) and
terrestrial plant production on islands where seabirds breed
and roost (Gillham 1961, 1977; Smith lé?éa, b, 1978; Allaway
and Ashford 1984). The influence of seabird guane on
intertidal algal production has not been investigated,
although Hansen (198l1) has shown that peak intertidal algal
standing crop on- Ano Nuevo Island (37°07'N, 122°19'W) is
associated with unusually high levels of NH4~N in the waters
surrounding the island. Numerous seals haul out on the
island shores and their excreta are washed from the island
by wéves. Peak b&E-N levels in nearshore waters éorresgond

'with peak numbers of seals utilizing the island.
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Should it be found that enhanced intertidal produéficn in
the ‘field is associated with guano~derived nutrient
enrichment of intértidal and nearshore .waters, then the
prééence of seabirds at those sites could be considered a
factor'influencing intertidal community structure‘_ They may
also modify iinte:tidal ~invertebrate and avian population
dynamics, since enbanced primary production and increased
food availabil;ty for herbivores Qould lead to changes in
herbivore production that could affect their avian

predators.

in this study, algal production on rocky shores enriched and
‘not enriched with nutrients from seabird guano was measured
using 2 techniques. The hypothesis that nutrients from
seabird guano can enhance intertidal algal érdducticn was
tested Vexperimentally' by measuiing produbtion on. a rocky

shore which was artificially enriched with dissolved guano.

Methods and materials

Stu5y~sites

‘Two study areas were used: algal production was measured
monthly at 7 1ntertldal sites in the Saldanha Bay area (Fig
2.1) between December 1982 and April A1984, and a field
experiment to'determine the effects of artificial nutrient
enrichment of a rocky shore was conducted at Menskoppunt, a
rocky promontory onn the west coast of the Cape of Good Hope

penlnsula (Fig. 2.1). 1In Saldanha Bay 3 sites were on rocky
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shoreé'enriched b? seabird guano: 2 were on the‘shorés of
seabird-breeding islands (Malgas and Jutten Islands),“and
the third was on Marcus Island, a seabird-breeding island
that is connected to the mainland by a causeway (Fig. 2.1).
Sites. were aléo established at Mauritz Bay and Cape
Columbihe thch.are on the mainland north of séldanha Bay
and which do not have seabird aggregations or nutrient-rich
interfidal waters (Part 1). Lastly, 2 sites (North Bay and
Bomgat) wera.eétablished on mainland shores within the Bay.
Althéugh neither of these. sites had aggregations of
seabirds, both were within the possible zone of iﬁfluence‘of
guano run~off from the seabird~breediﬁg islands (Fig. 2.1),
and the North Bay site has been shown to’have nutrient-rich
intertidal waters as a result of current movement which
transports dissolved gﬁano from Malgas Island to North Bay

(Pa:t 1).

At all sites the rocky shore was gently sloping and exposed
to strong wave action. The substratum was granite at all
Saldanha Bay siteé, and hard Table Mountain sandstone at
Menskoppunt. The zone between the upper limitvof the léw~
Shore mussel beds and the upper limit of oécurrence of the
limpet Patella granularis was studied. At each)ﬁite the
zone was divided into a low-, mid- and high-shore region of
egqual areé. On the shores in and around Saldanha Bay P.
granularis was the dominant intertidal herbivore in terms of
number and biomass; the limpets P. granatina (L;)\and P.
oculus Born occurred in the low-shore zone, and Siphonaria

capensis Quoy and Gaimard inhabited shallow pools, but no



speciés: was. aé. numerous ‘or ‘as widely distributed as P.
granularis. Low-shore mussel beds, dominated Ey Choromytilus
meridionalis (Krauss.), Mytilus galloprovincialis Lamarck and
Auiaéqmya ater (Moiina), were present at all sites except
Cape‘Columﬁine.~ Exfensive mats of foliose Enteromorpha Sp.
and Porphyra capensis Kuté‘ occurred in the highe and mid-
’shore,regions atifhe island sites and at North Bay, covering
up to approximately 50% of the rocky surface. Algal mats

were absent from all mainlénd sites except North Bay.

At Menskoppunt the small wheik Littorina africana Phillipi
was ébundant on the exposed high-shore, and the dominant
mid-shore grazers "were the limpet P. granularis and the
winkle Oxystele variegata (Anton). The low-shore iegion was
dominated by P. granatina, P. granularis and Oxystele
tigrina (Chemnitz), and the infratidal fringe supported a
sparse populatién of Patella argenvillei (Krauss). There
were féw intertidal macro-algae at Menskoppunt: small
‘patches o©f Porphyra capensis[ vlva sp., Chaetangium
erinaceum (Turh.) Papenf., C. ovale (Suhr) Papenf. and
Gigartina radula (Esp.) J. Ag. were present in the low~
shore region. Enteromorpha sp. was present in rockpools and
gullies together with the moss-like rhodophyte Caulacanthus
ustulatus (Suhr) Papenf. The rocky surface of almost the
entire study site at; Menskqppunt was colonized by
Hildenbrandia sp., a red encrusting alga (see Stephenson and

Stephenson (1972) for detailed shore descriptions).
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kAlgal production

At each study site in the Saldanha Bay area monthly algal

production was measured in the low-, mid- and high-shore.

regions. A herbivore exclusion plot was established in each

region by enclosing a 0.1 m* rectangular area with a strip

of copper-based marine anti-fouling paint. Intertidal

grazers such as Patella spp. are repelled by the chemical

components in +this paint. Initially, after +the rocky
surface had been'scréped»énd burned (with a blow-torch) to
remove settled algae, 8 high~intensity polystyrene
settlement*strips measuring 30 x 50 x 2 mm 'wefe'glued‘to
the zrock inside each exclﬁsion §lot. A rapidiy setting

epoxy (Araldite) was found to be most durable.

After a month 4fstrips were removed from eachvplot, and 8
fresh ones were glued down. The remaining initial strips
were only lified after 2 monthé in pésition. 'Subsequently,
8 strips were lifted each month, 4 of which had been in
position for 1 month, and 4 for 2 months. The 8 1lifted

strips were replaced with fresh ones, after the rock within

the herbivore exclusion plot had been burned and scraped to.

remove settled algae. All lifted strips were wrapped in
aluminium foil to exclude 1light, and stored frozen.
Chlorophyll-a extracted from the algae Qrowing'on each étrip
(Strickland and Parsons 19?2) was used as an indeonf algal
production, both on a monthiy‘and a bi-monfhly basis. The
chlorophyll-a estlmations Qere obtained using the
colorimetric technlques of Jeffrey and Humphrey (1975).

Resultant wvalues were corrected for the'exact area of the
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stfip' and fc;z{ the number of ‘days that the strip had been in
position, such that the final index of algal growth was
expressed in ug chlorophyll-a ém'2 month™>. Each month, and
at each shore level only the chlorophyll-akvalues from the 2
strips with the maximum algal growth (1 from the sample of 4
ona;month stﬁ:ips and 1 from the 4 two-month strips) were
used in analysis,‘as this was considered the best indication

of potential algal production at that shore level.

Montfhly maximum algal production rates at d:':fferent shore
levels within sites were compar_ed us*;ing Wilcoxon matched-
pairs signed-ranks.tests (Sokal and Rohlf 198l1). Since it
was possible that there mighf be a seasonal influence on
monthly algal production, multiple 1linear regression
analyses were used to regress the dependent variables (rate
of algal production in 1 and in 2 months) on a series of
independent variables, and tc';> determine the linear equatiohs
ﬁhich best predict the dependent variables (Sokal and Rohlf
v.1981)'. | it isinof possibie, using this techniqué, to perfo::;m
significance tests between the algal growth rates recorded

at different sites.

Monthly algal production at each site was also measured in
terms of the biomass of algae that developed in a set
7 x 7 cm area wiéhin each exclusion plo{:.k Each month this
area was scraped clean using a stiff brush with plastic
bristl}es, and the algae removed were stored frozen uﬁfil
'they could be oven dried and weighed. Regression analysis

was used to determine the relationship between algal dry



bicmaéS' andt' monthly total chlorophyll (&, b, ¢, and ¢, -
Strickland and Parsons 1972; Jeffrey and Humphrey 1975),
using the mean value for total chlorophyll extracted from
algae growing on eaéh of 4 repzicate settlement strips. The
diffefences in élgal production between island and mainland
sites were hot investigated using algal biomass data as
there were many instances when wave action did not permit

the meticulous scraping and collection of settled algae, and

consequently data are missing.

Field experiment

Concurrently with the collection of data in the Saldanha Bay
area, a field experiment was conducted at Menskoppunt to
‘establish whether a direct relationship exists between
nutrient enrichment from dissolved seabird guano, and the
rate of algal production. A section of rocky éhore from the
upper limit of macro-algal occurrence to the low-shore
mussel bed was enri;hed using a solution of dried, sifted
‘seabird guano (from Malgas Island in Saldanha Bay) and
seawater. Two‘kg of dried, sifted guano were dissoclved in
1350 1 of seawater, thus increasing the nutrient status of
the seawater that &as to enter the intertidal zone such
that, even after dilution by waves, excess nutrients would
be available to intertidal algae. After the first week,
weekly samples of the guano sclution were analysed for
concentrations of NOZ-N, N03-N and PO4-P~ using an

autocanalyser.

56
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The guéhd'soiutioﬁ Was.stored in a 1350 1 ca@aditﬁ asbestos-
cement: tank which‘was installed above the high-tide level.
From this reservoir, the guano solution passed through a
cohstant-preséure‘tank, which regulated the flow, and down a
short length of plastic irrigation piping. At the high-
shore level the piping was joined, using a T-piece, to thé

two arms of the drip-bar which deasured approximately 4 m in
length (Fig. 2.2).  Nozzles inserted in the drip-bar
provided a flow of 2 1 Ifdﬂ of guano solution. Similar
apparatus was used to drip unenriched seawater ’dcwn an
adjacent section of shore appréximafely S m to one éiée of
thé~guéno~drip area. The‘tanks were filled évery week. A
- third section cf,adjacent shore, approxiﬁately 5 m to the
opposite side'of‘the guano-drip area, was é 'dry-control'
which had neither seawater nor guano solution rTunning over

it from the high-shore region (Fig. 2.2).

Algal .gréwth. rates were measured -using ksettlement strips
gluéd to the rock inside herbivore exclusion plbtsl as
‘described préviously. In the guano-drip and dry-control
areaé there werebexclusion piots at the low-, mid~'and high-
shore levels, bﬁt the topography of the shore pfevented the
establishment of a. high-shore plot in the seawater-drip
- area. . vIn this instance algal growth was measured at 2
.leﬁels,oniy (Fig. 2.2). Four strips were giuedVdown inside
each plot and after a month in position-2 were removed from
each sef of 4 andiwefe'repiaced with new strips. After a
further  month all remaihing stripé were lifted.

Relationships- between algal production in each experimental
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area, énd'at‘differenf shofe levels in the same area were

investigated statistically using Wilcoxon tests.

Results

Algal productionv‘
Various algal species settle on the experimental strips:
Enteromorpha sp. 1s the dominant foliocse algae, although’
Porphyra capensis, micro?algae and diatoms also are present.
On rocky shores in the Saldanha Bay area monthly maximum
algal production is consistently greater in the low-shore
region than inA the mid-shore region at the same site
(Wilcoxon test; n = 102, T = 305.0, P < 0.001) and
similarly, mid-shore aigal.producticn is greater. than high-
shore préduction at the same site (n = 99, T = 319.0, P <
0.001 - Fig. 2.3). The relationship (as determined using
multiple linear regréssion) between algél production in 1
month and the independent' variable ‘éhore' level confirms
these rééults, with growth‘inﬂthe low-shore region having a
co-efficient of 0.00 whereas growth in the high-shore regiocn

has the most negative estimated co-efficient (Table 2.1). -

Tﬁe ihdependent variablesvsite and month also influence the
~rate of algal production. Production in 1 mcnthvis'greatest

on 'Jutten and Marcus Islands and least'ét Cape Columbine

(Fig; 2.3, Table 2.1). Pro@ﬁction on Malgas Island, with an '

estimated co-efficient of 0.00, is significantly lower than

that on either Jutten (d.f. = 311, t = 7.28, P < 0.001) or
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Table 2.1.

significance

levels resulting from the multiple
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Estimated co-efficients, standard errors and

linear

- regression analysis of algal production in 1 month at 7

sites in Saldanha Bay (d.f. = 311)

Columbine high-shore

INDEPENDENT FACTOR CO-EFFICIENT §.E. t P

: : (2-tailed)
Constant 1.86 4.40 0.42
Jutten Island 35.09 4.82 7.28 <0.001
Marcus Island - 18.29 4.82 3.79 <0.001
Bomgat - 11.50 4.82 2.38 <0.02
North Bay 9.90 4.82 2.05 <0.05
Mauritz Bay 7.19 4.82 1.49
Cape Columbine -~3.75 4.82 -0.78
‘March 1983 2.10 4.08 0.52
April - 10.16 4.08 2.49 <0.02
May 8.19 4.08 2.25 <0.05
June 7.31 4.08 1.79
July 7.62 4.08 1.87
August 3.81 4.13 0.92
September 3.87 4.08 0.95
October 2.68 4.08 0.66
November 11.38 4.08 2.79 <0.01
December 14.79 4.08 3.63 <0.001
January 1984 2.16 4.08 0.53
February 2.42 4.13 0.59
March . 2.41 - 4.08 0.59
April 2.29 4.08 0.56
Mid-shore -6.43" 4.82 -1.33
‘High=shore -7.51 4.91 -1.83
Jutten Island mid-shore -27.15 6.82 -3.98 <0.001
Jutten Island high-shore -34.73 6.88 -5.05 <0.001
Marcus Island mid-shore =-10.56 6.82 -1.85 . .
Marcus Island high-shore -15.76 6.88 -2.29 <0.05
Bomgat mid-shore -12.29 6.82 -1.80
Bomgat high-shore -11.30 6.88 -1.64
North Bay mid-shore. -9.55 . 6.88 -1.39
North Bay high-shore -3.25 6.88 -1.34
Mauritz Bay mid-shore -4.64 ' 6.82 -0.68
Mauritz Bay high-~shore  -6.76 6.88 -0.98
Columbine mid~shore 3.09 6.82 0.45

3.97 6.88

0.58




Marcus Islands (d.f. = 311, & = 3.79, P < 0.001) and is not

significantly different £from that at Bomgat or Cape
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Columbine. In addition, algal production is significantly

enhanded in the:months of November, December, April and May
'(Table '2,1).‘ élthoughi neither of the 2 mainland sites
within Saldanha Bay has permanent aggregations éf seabirds,
algal production is consistently greater on the‘shores at
kNorth Bay than at Bomgat'(Wilcoxon test; n = 40, T = 89.50,

P < 0.0001 -~ Fig. 2.4).

Although wvariations in sité, shore level and month explain
only 39.4% of the variation in algal pioduction in 1 month,
the results are supported by‘ @ultiple linear regression
analysis of algal production in 2 months (Table 2.2). Algal
.,production is again greatest in the low-shore region and
lowest in the high-shore-‘region. Comparing all months,
~ strips collected in November (i,é. in position auring
‘October and November) support the‘mosf algae. Sites(on
Jutten and Marcus Islandé again have the moét prolific algal
growth, and Cape Columbine has the least. (The rate of
algal growth at Malgas Island is used as a 'yardstick' and
has a co-efficient of 0.00. In this analysis algal growth

at the other sites estimated relative to algal growth on

Malgas Island). However, in this analysis algal production

at Cape Columbine, Bomgat and Mauritz Bay is not
significantly different from production on Malgas Island,
while production is significantly enhanced on Jutten and

Marcus Islands, and at North Bay (Table 2.2). In this
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Table 2.2. Estimated co-efficients, standard errors and

significance levels resulting from the multiple linear

regression analysis of algal production in 2 months at 7

sites in Saldanha Bay (d.f. = 269)

INDEPENDENT FACTOR CO~EFFICIENT S.E. t P

o (2~tailed)
Constant 7.53 2.21 3.40 <0.001
Jutten Island 16.78 2.61 6.42 <0.001
Marcus Island 11.35 2.50 4.54 <0.001
North Bay 5.08 2.50 2.03 <Q.05
Mauritz Bay -0.64 2.50 . -0.26
Bomgat , -1.87 2.50 -0.75"-
Cape Columbine -4.66 2.50 -1.87
April 1983 2.84 1.97 1.45
May 2.68 1.97 1.35
June 3.46 1.97 1.76
July 1.84 1.99 0.92
August 1.46 1.97 0.74
September 1.53 1.97 0.78
October 3.86 1.99 1.94
November 4.00 1.97 = 2.04 <0.05
December ~-0.57 1.97 -0.29
January 1984 ~1.96 1.97 -1.00
February -1.22 1.97 -0.62
March -1.10 1.87 -0.56
Mid-shore ~3.47 2.50 -1.39
High=-shore ~8.686 2.50 -3.47 <0.001
Jutten Island mid-shore =-13.97 3.62 -3.86 <0.001
Jutten Island high-shore -15.43 3.62 -4.27 <0.001
Marcus Island mid-shore -5.67 3.53 -1.61
Marcus Island high-shore -7.06 3.53 -2.00
North Bay mid-shore -0.53 3.53 -0.15
North Bay high-shore -3.87 3.53 -1.10
Mauritz Bay mid-shore 2.50 3.53 0.71
Mauritz Bay high-shore 0.61 3.53 0.17
Bomgat mid-shore -2.81 3.53 -0.80
Bomgat high-shore 1.73 3.53 0.49
Columbine mid=-shore -0.44 3.53 -0.12
Columbine high-shore 4.55 3.53 1.29
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anaiyéisl 50.7% of the wariation in algal production is

explained by variation in the 3 independent variables.

Aigal,prcduction in 2‘monthé is not necessarily twice the
production obtained after 1 month. In instances of wvery
’fast rates of production (e?g. in the lo&-éhoré fagion on
- Jutten and Marcus Islands) the rate of algal growth
decreases during the second month v(Fig. ’2.5). At sites
showing extremély low rates of algal production (e.g. in the
high~shore region at Mauritz Bay and Capé Coldmbine) algal
growth doés not necessarily increase during the extra month

available.

The meah total chlorophyll (a, b, él and cg) extracted from
4'replicateksettlement strips after a month in position is
significantly related to the biomass of algae presént‘on 49
cmé of rock in the same.heibivore e#clusion plot (d4.f. =
280, r2'= 0.14, P < 0.0001). The relationship is linear and
is given by the equation: |

130.79 (g dry algae) + 0.92

tot. chlorophyll (ug cm™’ mo™’) =
o ) ‘ 49

Field experiment v

Levels of NO-N and PO -P (but not of NO3-N') are very much
higher in the guano solution at Menskoppunt than in
intertidal rockpo@ls on seabird-breeding islands in Saldanha
Bay (Table 2.3, Part 15., As was the case at the Saldanha
Bay sites, Menskoppunt éhows a tzend{of inc:easing algai

production from high- to low-shore (Table 2.4).  All
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Table 2.3. Concentration of nutrients (ug at 1) in the

guano solution tank at Menskoppunt each week. Values are

the means of 2 replicate samples

Week NO-N  NO-N* PO,-P
2 151 >15 576
3 171 515 987
4 165 515 991
5 164 >15 800
6 157 >15 - 986
7 156 >15 422
8 150 515 734

* Due to an error in analytical procedure the Noa-N levels

could not be determined accurately.

were greater than mean levels in intertidal‘rockpools'on

seabird-breeding islands in Saldanha Bay (Table 1.1, Part 1)

In all instances they
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Table 2.4. Algal production rates (ug chlorophyll-a cm™
monthq) on settlement strigs from exclusion plots at low-,
mid=- and‘high~shdre levels in the guano-drip (G), seawater-
drip (S) and dry?control (C) areas at Menskoppunt. Each
value is the mean of chlorophyll-a conceﬁtrationsrfrom algae

on 2 replicate settlement strips

. LEVELS
Duration Area

Low Mid '~ High

1 month G 0.34 0.14 ‘ 0.06
(first sample) S - 0.09 0.10 No strips

C 0.14 0.10 0.00

1 month : G 0.49 0.29 0.01
(second sample) S 0.14 0.08 No strips

C 0.23 0.13 0.02

2 months G 0.41 0.48 0.00
S 0.11 0.11 No strips

c 0.10 .08 0.01




69
settlement strips'iemoved from herbivore exclusion plots in
the guano~-drip area show more algal settlement and grcwth
than do strips from comparable positions in the seawater
drip area. Similarly, strips in the guano-drip area show
more élgal growfhythan strips in comparable positions in the
dfy—ccntrol érea.< Algal growth on strips in the seawater-
drip and dry-coﬁtrol areas’ is similar, indicating that -
nutrient content, rather than moisture, 4is the 'stimulus

leading to enhanced algal pfoduction.

Discussion

Algal production rates

The availability of nutrients is likely to be a major factor
regulating the growth rates of intertidal aléae (de Boer
1982; Tilman 1982) and any process which increasés"the
availability of important nutrients is likely to stimulate
algal production, as éxperimental nutrient enrichment of
growth media both in the laboratory and in thé field has
shown (Waite and Mitchell 1972; Topinka and Robbins 19?6§
Chapman and Craigie 1977). Inteitidal valgal production
rates in Saldanha Bay are enhanced on the shores of Jutten
and Marcus Islands and‘at,NOrth Bay, where the intertidal
and nearshore waters are enriched with nutfients from
seabird éuano (Part 1). 'Algél growth on the shores of
Malgas Island does not show the expected trehd,AalthOugh
intertidal nutrient levels at this site and at the other

island sites are not different statistically (Part 1). . In ‘



particular, algal production in ‘the mid- and low-shore
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regions on Malgaév Island is unnsually low, and it is

possible that the herbivore exclusion plcté selected at this

site and at cthérs are not comparable in terms of height and

exposure to wave action. Although the data were

insufficient to indicate a c¢ausal relationship between
enhanced algal production and elevated levels ofvany one
particular nutrient, it is known that the dissolved guano of
seabirds is fich in inorganic nitrégenk and phosphorus
’éompoundé that are iﬁporﬁant for marine primary production

(Hutchinson 1950; Galkina 1974; de Boer 1982; Part 1).

Nutrient enrichment of intertidal waters by the artificial

introduction of dissolved guano produced similar results.

The nutrient Zcompositionk of commercially-available, dried

guano is different from that of ffesh guano,'particularly'in
the nitrogen céntent,'as uric adidfbound‘nitrogen in freéh
seabird guano i1s quickly converted to émmonium~bdund
nitrogen aé the guand dries; and ammonié sooﬁ volatilizes

from the deposit (Lindeboom 1984}.  In addition, the guano

solution at ~Menskoppunt was rich in organic matter,. and

bactefial activity would have made the solution anaercbic.
Under such conditions nitrification is inhibited {(Leentvaar

1967; Knowles 1982) and assimilatory~ and dissimilatory

- reductions of NO,~-N and NO -N occur readily (Atlas and.

Bartha 1981). Nitrate is more commonly reduced than nitrite

due to the more general occurrence of nitrate reductase in

denitrifying bacteria (KnowleS~1982).
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Desgiée ‘differenéhes“ in the exact nature of nutrient
enrichment from commercially—available,' dried guanoc and from
guano run-off on seabird island shores, in both instances
the guano provided sufficient additional nutrients <o
enhant:e interfidal algal ' production. The correlations -
between nutrient levels and rate of primary production on
shores in the Salaanha Bay area, as well as the experimental
evidence from Menskoppunt indicate that the awvailability of
inorganic nutrienés does limit the,v rate of intertidal algal
growth. The lack of true replication in tﬂe experimenfal
design does not allow this limitation to be demonétrated
conclusively, although the response of algae to increased
availability of nutrients is clear. Both on nutrient-rich
shores in the Saldanha Bay area and in the guano-drip area
at Menskoppunt, x;utrient enrichment occurred at all shore
levels. However, the response of algae was most noticeable
in the low-shore region where, in general, settling algae
are subject to the least stress from desiccation and heat
(Jernakoff 1983). Although the seawater-drip area at
Menskoppunt received a continuous flow of water, algal
growth on the strips was not significantly different from
growth on strips in the dry-control area. This result is
contrary to expeactations. Howeaver, the amounts of
- chlorophyll-a involved in this analysis are very small (cf
Figs 2.3 and 2.4) and an experimental design involving
proper replication of resuits would have allowed more
reliable inte\rpretation. After 2 months in position strips

in the seawater-drip area do appear to show more algal
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growth than comparable strips in the dry-control area (Table
2.4). ‘

Severél préviou# workers ha&a found a wvertical gradient of
increasing micro- and macro-élgal abundance towards the
" lower shore regions (Castenholz 1963; Nicotri 1977;
. Underwood 1984) and have attributed this to the shorter
periods of emersion,\ desiccation and exposure to high
femperatufés and light intensities‘experienéed by low-shore
algae. This trend also iS'apparegt in the produétion rates
of maéro—algéa on the shores of sites in the Saldanha Bay
area (Figs 2.3 and 2.4). In addition, thére is a seasonal
influence on algal production at all sites; highest rates of

production occurring in mid-summer (Tables 2.1 and 2.2).

.Influence of shorebirds_and seabirds

"It is 1likely that the removal of large numbers of P.
granularis by African Black Oystercatchers on the shores of
seabird-breeding islands enhances +the survival of algal
‘sporelings to the foliosé stage (Hockey and Branch 1984).
Even on shores not enriched by seébird guano, where settling
algae are rapidly grazed by the large numbers of limpets
(Hockey and Branch op. cit.)}, folicse algae do develcop when
- herbivores are excluded (Dayton 1971). The anti-fouling‘
- paint used in the presentkstﬁdy was an éffective deterrent
to limpets - on dnly.z occasions was a limpet found inside
on of the exclusion ploés. Limpets are able to alter the
distribution and abundance of intertidal algae by their

grazing and ‘bulldoziﬁg’ activity (Jara and Moreno 1984j,
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and the éxperimental removal of limpets from rocky shores
has led to increased abundance and ground-cover of certain
species of intertidal algae (Cubit 1984; Jara and Moreno op.

cit.).

However, in addition +to the effects of oystercatcher
predation on P. granularis on,islands in Saldanha Bay, algal
growfh, rates are faster on most island shores +than on
mainlaﬁd shores outside the Bay, due tcithe enrichment of
intertidal waters ardund» island shores by nutrients ”from
seabird guano. Consequently, algae on nutrient-rich shores
may reach thé foliose stage more rapidly, after which they
are largely immune to herbivory by P. granuléris (Branch
1981, Underwood and Jernakoff 1981; Hawking and Hartnoll |
1883). Foliose algae are abundant at the Norﬁh Bay site
which, although having only approximately 20% the density of
oystercatchers recorded on island shores (Hockey 1983), has
intertidal waters enriched with nutrients from Malgas Island
guano run-off (Part 1). At thé Bomgat site, where
oystercatcher densities are comparable with those at North
Bay, but where intertidal waters are not nutrient-rich (Part
1), algal production is low (Fié. 2.4} and foliose algae

séldom develop.

Algal mats

Both predation by shorebirds and nutrient enrichment by
seabird guano are likely to.ccntribute to the formation of
mats of foliocse algae. These develop, oﬁ undisturbed rocky

shores (including the shores of Malgas Island) and on
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'arﬁificial settlemént'striés, in é~predictablé, sﬁccessional
manner, és‘described»by Brokenh&n and Stephensgn (1938).
The first:phase of this development cdmprises the formation
6f a filmtlager of bacterié and diatoms; after whichAthe
rapidiy growing'green alga Enteromorpha sp. prbliferates.
Enteromorphafmay die back completely within 3-4 weeks, or it
may persisﬁ while Porphgra capénsis and other, less
transient species become established. This succession is
evident when 'cémparing, aigal production on settlement
strips after 1 month and 2 mohths (Fig 2.5). At sites where
kalgal gréwth is very rapid in the first month, growth in the
second month, by which time the slower-gro@ing, more
permanent Porphyra capensis has become established, is much
slower. At sites Qith iess rapid algal production rates the
settlement and proliferation of Enteromorpha continues into
: the second month, and growth- after 2 months may surpass

twice the growth of 1 month.

Algal biomass and chlorophyll concentrations

‘Although é significant positive relationship exists between
‘the amount of chiorophfll extracted from algae growing on
strips in the Saldanha Bay area, and the biomass of algae
produced oﬁ the shore, the relationship between these 2
’parameters is notoriousiy variable, and is‘dependént on the
‘physiologiéal state of aigal’ cells agd Ehe pfevailing
environméntal conditions (Humphrey 1961; Stricklénd and
Parsons 1972). ~Underwoodl (1984) found that chlorophyll
- assavs provided reliable, repeatable estimates of the number

'of micro-algal cells present on and in the surface of
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intertidal rocks. However, it was clear in the present
study that the same technique did not give complete
vextraction of" chlorophyll from foliose 'macro—algae.
Extraction was’ pérticularly inefficient in the larger
samplés, and itAis likely that the differences between algal
prdduction rétes on nutrient-rich and on unenriched shores
have.beeﬁ underestimated. It is proposed that, for the
purposev of "comparison Dbetween sites, the method is
standardi#ed énd{suffices, although no comparison in terms
of absoclute chlorophyll concentrations or aléal biomass is

warranted.
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PART 3

SEABIRDS, SHOREBIRDS AND LIMPETS



Section (1): Primary production - a neglected

83

factor in the consideration of rocky

intertidal communities

Sumﬁary. The rate of primary production iﬁ a rocky
interfidal sysfem may regulate thé'outcome of interéctions
between organisms 1in that system. The importance of
'predation on, andycompetitidn between, intertidal herbivores
'in determining intertidal comﬁunity structure (in particulai

the species composition, density and distribution of

. organisms present) may be éltered wheré algal food supplies

are not limiting to herbivore growth. On the rocky shores
of seabird-breeding islands in Saldanha Bay, South Africa;
the intertidal region is enriched with nutrients from the

dissolved guano of seabirds. The rate of algal production

on nutrient-rich shores in the Bay is enhanced when compared

with rates of production on unenriched mainland shores,

where seabird colonies are absent. Nutrient-rich shores are
- characterized by the presence of folicse algae which have
grown rapidly enough to escape herbiﬁory as sporelihgs and

A which form extensive, permanent algal mats.

The growth rate of the dominant intertidal herbivore, the

limpét Patella granularis, is positively correlated with

- algal production rate and consequently limpet populations on

nutrient-rich and on unenriched shores‘differ in their size

distributions, densities, reproductive outputs and maximum



sizes; Limpgts t?anslocated from an unenriched mainland to
an island shore (and vice versa) soon show life-history
patterns similar to those of the limpets at the new
locality, indicating that these differences are, in part, a

response to local environmental factors.

Furthermore, the species composition and density of
intertidal avian assemblages is affected indirectly by an

enhanced algal production rate. Nutrient-rich island shores
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support dense populations of African Black " Oystercatchers -

Haemétopus moguini, large ’shorebirds which prey on
intertidal invertebrates, on P. granularis in particular.
Oystercatchers are uncommon on adjacent mainland shores
where algal and limpet production rates are low; fﬁus the

biological structure of rocky intertidal communities may be

affected profoundly by differences in the nutrient status of

intertidal waters and the primary and secbndary consegueances

therecf.

Introduction

The maximum adult size attainable by individuals of most
intértidal herbivorous gastropod species is a function of
the rate of growth (Branch 1974b; Lewis and Bowman 1975;
Balaparameswara Rao 1976). Since gamete production in these
species increases exponentially with increment in size
{Branch 1974a), individuals which grow faster will be fitter

in terms of their contribution of gametes tT0 ensuing
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generations. ‘thsequently; factors which ‘influence the
growth rate of intertidal invertebrates will be important in
the consideration of the life-history patterns. and
populationv dynamics of the species involwved. Several
studies have attempted to identify the extent to &hiph the
expression of life-hiétory paraﬁeters {such as growth rate
and reproductive‘output) in intertidal invertebrates is an
- outcome of genotypic or environmental influences (Lewis and
Bowhan op. citu:'Spight and Emlen 1976; McKillup and Butler

1979; Creese 1980; Parry 1982a, b; Fletcher 1984a, b), and

it has been found that local environmental factors can be

important in‘determining~the'lifé-histo:y patterns observed
(Stearns 1976). Indeed, variability in 1life-history
‘patterns between pbpulations of the same species may be at
least as ,lérge as variability between species, when
considered over a similar environmental gradient (Fleicher
19843, b). In particular, differences in growth rate ofﬁen

have been ascribed to differences in the availabilitonf

micro- and macro-algal food (Paine 1969; Stearns 1976;

Creese and Underwood 1982; Creese op. cit.; Underwocod 1984

a, ¢).

It is notoriously difficult to measure the settlement and
availability of intertidal micro- and macro—~algae, and many
studies have neglected direct méasu:ement, relying instead
- on expérimental manipulations of herbivore densities, and
the. consequent increases or decreases in the growth rates of
1ndividuals, froﬁ‘ which to infer the importance of

variations in food availability (Sutherland 1970; Underwood
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1976,‘1978;kChoat‘19?7; Creese and Underwood 1982; Fletcher
1984a). In a few instances direct measurements of food
availability‘have been made using chlorophyll analysis of
micro-algae in rock-surface scrapings (Nicotri 1977; Creese
1980{'Underwood.1984a). Underwood (op. cit.) demonstrated
that growth éf‘fhe intertidal snail Nerita atramentosa Reevé
was correlated with the amount of £food in.the substratum,
and was not influenced by‘the.time available for feeding
(during submersion), whereas growth of another species of
snail Bembicium nanum Lamarck, at the same site, was.not

correlated with food availability or duration of submersion.

The factors affecting growth rate are complex, and it is
possible that monthly or 'one~off’ measuiements of the:
number of algal c¢ells present in the substratum do not
kprovide a realistic index of food availability. after all,
this approach has involved an assessment of the nuﬁber of
spores énd algal cells remaining after herbivores have been
foraging (perhaps‘selectiéely - seé Nicotri 1977) in the
area for a given time. Upderwood (1978) noted that, in
‘ addition to the direét meagurement of food availébility, it
“is important to quantify the rate at which stocks of micro-
algae and sporelings are renewed in areas grazed by
herbivores. The rate of food renewal and production c¢an be
expeqted to modify the effects of bioclogical interactions
(such as predation and competition)‘ on intertidal
herbivorés. This approach involves an assessment of the

rate of primary producticon on rocky shores. .
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In this study i investigate~thevimportance of vaiiaticn’in
algal - production rate in modifying the growth rates,
densities and size distributions of populations of the
dominant 1impet'Patella granularis L. which is a generalist
intertidal grazer (Branch 1971).  The rates of algal
production éﬁ sites chosen are influenced by the nutrient
status of interfidal waters (Part 2). Measurements of
limpet growth rate are made on é monthly basis, and
differences are aiscussed in terms>cffvariations in algal
production, éeason, time available for foraging, and the

biomass of limpets supported on the shore.

Materials and methods

Study sites

Seven intertidal study sites in the S$Saldanha Bay area,
southwestern Cape, South Africa (Fig. 1.1), were visited
monthly between December 1982 and April 1984. Two sites
were oﬁ thé shores o©of seabird-breeding islands (Malgas and
Jutten Islands) and a third was on the shore of Marcus
Island, a ’seabird-breeding island which is join‘ed to the
méihland‘ by means of a causeway. These 3 sites had
statistically comparable mean monthly intertidal nutriént
levels for the duration of the study (Part 1). A further 2
Sites (Mauritz Bay and Cape Columbine) were on mainland
shores outside the Bay (Fig. 1.1), wheteVnovaggregations of
seabirds occur.  Intertidal waters on island shores are

nutrient-rich when compared with the waters washing these 2
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mainléndesites (Pér£ 1). 7Two more sites were on mainland
shores within the‘Bay (No#th Bay and Bomgat) and, although
neither site had regular aggregations of seabirds, both were
within the possible zone of influence of gﬁéno run-off from
the ‘éeabird-bféeding islands. The North -Bay site has
nutrient-rich intertidal waters as a result of current
movement which transports guano run-off from Malgas Island

to North Bay (Part 1).

At all sites the granitic shore was gently sloping and
exposed to strong wave actioh. The zone between the upper
1imit of the low-shore mussel beds and the upper limit of
occurrence of the limpet Patella granularis was studied. At
each sitékthe zone was divided into a low-, mid- and high-
shore region of equal area; The limpet P. granularis was
the dominant intertidal herbivore (in terms of number and
biomass) at all sites (see Stephenson and Stephenson 1972
for detailed shore description). Two species of algae,
Enteromorpha sp. and Porphyra capehsis Kutz., dominated the
algal assemblage‘and formed extensive mats on nﬁtrient-rich
shores. Algal production rate is more rapid on the shores
of Jutten and Marcus Islands and North Bay than on the
mainland shores outside the Bay, enhanced algal growth rate
at these sites being a éonsequence of nutrient enrichment of
the intertidal waters by the dissolved guano of seabirds



Algal production and cover

A herbivore exclusion plot was established in the low=-, mid-
and'hiéh-shcre region at each site, by enclosing a 0.1 m*
fectanglar area with a strip of copper-based marine anti-
fouling péint. - The paint was renewed whenever it becéme
worn. Each month, after the rock had been scraped clean and
kburned with a blow-torch to kill ekisting algal spores, 4
replicate high-intensity polystyﬁene’ settlement strips
(each of 30 x 50 x 2 mm) were glued to the rock in the
~centre of the exclusion plot. After a month in position the

strips were 1lifted, wrapped in aluminium foil to exclude

lighﬁ,‘and frozen for subsequent analysis.

Chloréphylls a, b‘and ¢ were extracted from the algae that
had grown on each strip, Qsing the method of Strickland and
Parsons (19?2), and wete quantified using a Beckman model 285
spactrophcfometer and the equations of Jeffrey aﬁd Hhmphrey
(1975) (seé also Underwood 1984b and Part 2 for details of
- the method). The wvalues obtained were corrected for the
exact area of the setflement strip, and for the number of
days in position, ‘and were used as an index of algal
productioﬁ. The mean monthly production,(of 4 replicate

samples) was used in analysis.

At eéch study site the percentége cover by'foliose algae in
a fixéd transect area was assessed monthly. A vertical
transect at each site was divided into 0.5 m?'quadrats and
the percentage algai cover was assessed visually;_using a

0.05 m? grid affixed to the quadrat. Transects varied in
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width between sites, but all extended from the low-shore
mussel bed to tﬁa ’upper limit o©f the occurrence of P.

granularis, thus including all 3 shore levels.
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Limpet size structure, density, biomass and gonad production

To deteminé the rélationship between shell length and gonad
production in P. granularis, a Sample of 30 1limpets was
collectedk bi-monthly from the low-shore region adjacent to
the Marcus Island study site. Gonadiai, wet mass was
determined for each ’;iv.ndividual and was regressed against
shell length: males and females were considered separately.
In addition, differences in the density, biomass and size
vdistributién of iimpets were measured at each site in June
1984. Limpets in 10 replicate 0.5 m’ quadrats, placed
randomly inreach of the 3 shore regions, were cocunted and
measured. Length measurements were converted to biCmaSS
u’éing an equation derived ffom a dry gonadial and sométic
mass/length regression which was calculated from 100 P.
granularis collected from Marcus Island in June 1984 (viz

dry mass = 1.9 x 10™° length®?; r? = 0.98, P < 0.001). The

2<:af

biomass (and density) of limpets supported per 0.5 m
shore' was ,adjustaci' wherever the sample included sections
'covered/ by algae or mussels (i.e. uninhabitable by P.
granularis),. Thus the values presented représent biomass

~(and density) of limpets per 0.5 m° of vacant rock surface.
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Limpet growth

Adjacent to each limpet exclusion plot, 50 P. granularis
were labelled individually with punched plastic labels and
rapidly‘setting'glue (Araldite epoxy). Each month, for 15
mcntﬁs, the maximum shell length of recovered individuals
was recorded;- Predation and other factors caused mortality
of limpets, and.supplementarg limpets were labelled when
numbers at any site fell below 10. At each locality (a
single shore ievél at a site), in each moﬁth, limpeé growth
rate was determihed using a linear regression of limpet
length in the current month (L§1) on limpet length in the
previous month (La) (Ford-Walford plot). In all instances
these two parameters were significantly related (P < 0.05).
The regression lihg was described by the equation:

Ltol = mLt + 1

where m = rate of increase in shell length and I = increase
during the first month (Balaparameswara Raco 1976; Branch

1981).

The predicted monthly increment of a ‘standard’ 30 mm limpet
was calculated from each regression. Limpets of ca. 30-mm
in length were common at all sites, and the monthly
increment in shell length of a limpet this size was deemed a

useful index of overall rate of limpet growth, gi&en that
absolute growth rate is dependent on limpet’size (Branch
1981). Results of this analysis are presented as the
cumulative predicted increment in shell length of<a limpet

that was 30 mm at the start of the study, and that grew
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aé:cordirig to the predictions, of the monthly Ford-Walford

plots.

Translocation éxperiment

In November 1984, 100 individually labelled P. granularis
were removed from the lcé~shore,region at Cape Columbine,
-and were tranéported to, and resettled on, rocks adjacent to
thé Marcus Island low-shore site. Only 46 individuals
survived the firét tidal cycie at the new locality. The
shell lehgths‘ of surviving limpets were recorded monthly
for 5 months. Similarly, 100 P. granularis from the low;
shore region at Marcus Island were labelled and translocated
to low-shore rocks adjacent to the Cape Columbine site, and
' the shell lengths of Surviving individuals were kmeasurea
monthly for the subsequent 5 months. The predicted monthly
‘shell increment of a 30 mm individual from the translocated
populations was calculated for each month and each site,

using the methods described above.

Statistical analgsié

Multiplé linear regression analysis was used to regress the

debendent variab;e (limpet growth rate) on a series of

independent variables, and to determine the linear equation

which best predicts the dependent wvariable (Sckal and Rohlf

1881). It is not possible, using this technique, to perform
significance tests between the‘limpet growth rates recorded

at different sites.
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. Results

Limpet growth~ratés

AThe predicted growth of limpets on the shores of seabird-
| bréeding islands in Saldanha Bay 4is consistently rapid,
(Fig..3.l), although in all 3 shore levels predicted limpet
growth is faétest on the nutrient-rich shores at North Bay.
At this site a limpet of 30 mm might more than double its
initial length in 15 months. Limpets on the shore at Cape
Columbine have the slowest predicted growth rate, barely

increasingvin length by more than 10 mm during the stﬁdy.

It is not possible to identify, statistically, significant
differences between limpet growth rates aﬁ the different
study sites. However, when the predicted monthly increments
.in. limpet shell .length' are ranked from 1 (lowest) to 7
(highest) the mean ranks (Table 3.1) support the observation
that limpet growth:’rates are consistently higher at fhe
'nutriént;fich island sites than at the mainland sites
cutsidé the Bay (Mauritz Bay and Cape Columbine). it is
noteworthy that when mean monthly algal production is ranked
from 1 (lowest) to 7 (Table 3.2), the mean ranks of the
island sites are again higher than those of Mauritz Bay and
Cape Columbine. Malgas Island is an exception to this.
Although the algal productionvrate generally is lower at the
Malgés Island site than at the other two island sites (Table
3.3), the limpet growth rate is not lower. Several factors
may influence the relationship between limpet growth and

algal production, and multiple linear regression analysis
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limpets in the low-, mid- and high-shore regior;s at study
sites in the Saldanha Bayj area. In each case limpet initial
length is 30 mm and growth is monitored monthly for 15
montﬁs. ‘Divisions on the' abscissé ma:fk three-monthly

intervals commencing in Jéhu’ary 1983
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Table 3.1. Meam ranks (+S.D.)

of a 38 mm limpet at study sites

(lowest) to 7 (highest)

'obtatned when

the monthly predicted growth

in the Saldanha Bay area is ranked from 1

Malgas Jutten Marcus North Bay Bomgat Mauritz Cape
Island island Island Bay " Columbine
5.3 3.4 5.1 3.8 5.3 3.8 2.8
High
+1.2 +1.7 +2.1 +1.3 +1.4 +2.0 +1.9
5.9 4.2 3.7 3.6 4.3 3.3 2.9
Mid .
+1.1 +1.8 +2.1 +1.2 +2.8 +2,2 +2.0
5.8 3.9 5.8 4.8 4.3 2.9 1.8
Low
+1.3 +1.58 +1.7 +1.8 +2,.1 +1.4 1.8

S6



Table 3.2, Mean ranks (+S.D.) obtained when  mean monthly - =
chlorophyllprodﬁction values in 3 ‘Shore regions at each study 5ité aré‘rahked ,

from 1 (lowest) to 7 (highest)

Malgas Jutten Marcus North Bay Bomgatf Mauritz | Cape
Island Island Island o Bay Columbine
3.8 3.7 6.5 4.5 2.7 3.4 3.1
High : , : , ; :
+1.5 +1.8 8.9 +1.9 1.7 +1.5 1.6
3.4 5.7 6.8 4.8 1.8 5.8 1.4
Mid
+8.9 +1.3 +1.0 +1.4 +8.6 +1.3 +0.4
A 2.1 6.1 5.7 4.0 3.6 4.4 1.6
Low
+1.2 +1.8 +1.3 +1.6 +1.9 +1,2 +1.1
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Table 3.3. Mean (+ S.D.) monthly intertidal algal

2

prbduction (ug. chlorophyll cm * month“l) at study sites in

the Saldanha Bay area

LOwW MID HIGH

Malgas Island 4.50 (5.09) 0.66 (1.22) 0.04 (0.03)

Jutten Island 41.81 (31.48) 7.51 (11.44) 0.14 (0.31)

Marcus Island 26.44 (14.52) 6.75 (7.91) 1.85 (4.13)

North Bay 18.01 (34.87)  1.27 (1.56)  0.26 (0.71)
Bomgat 19.43 (43.49)  0.05 (0.04)  0.03 (0.02)
Mauritz Bay 14.41 (17.52)  3.37 (4.24)  0.06 (0.10)

Cape Columbine 2.45 (5.28) .16 (0.47) - 0.08 (0.08)




Table  3.4. Estimated‘co-efficients, standard errors and
significance levels resulting from the multiple linear
regression adalysis of limpet growth rate in 3 shore regions

at 7 intertidal sfudy sites in the Saldanha Bay area

VARIABLE/FACTOR CO~EFFICIENT - S.E. t P
V ‘ (2~tailed)

Constant 2.17 0.49 4.44 <0.001

Algal Production 0.03 0.00 5.81 <0.001

Limpet Biomass ; 0.01 0.01 0.98

Mid-shore 0.19 "0.23 0.85

High=-shore ; - 0.64 0.36 1.77

Bomgat ‘ -0.10 0.30 -0.33

Marcus Island , -0.98 0.38 ~2.61 <0.001

Mauritz Bay -1.07 0.32 -3.38 <0.001
. Neorth Bay , ~-1.11 0.45 -2.46 <0.001

Jutten Island -1.38 - 0.33 -4.13 <0.001

Cape Columbine -1.81 0.29 -6.,23 <0.001

March 1983 -0.45 0.42 -1.08

April -0.15 0.42 - -0.35

May : ~-0.94 0.42 ~-2.24 <0.001

June -0.55 0.42 -1.31

July « -0.38 0.43 -0.90

August ' -0.56 0.42 -1.34

September 0.54 0.42 1.28

October -0.01 0.42 -0.02

November : - 0.09 0.42 0.21

December 2.98 : 0.43 6.98 <0.001

January 1984 0.90 0.42 2.14 <0.001

February -0.14 0.42 -0.32

March -3.31 .42 -3.74

9g



(mid~sh¢fé: 't =0.85 P > 0.05, high-shore: ¢ = 1.77,
P > 0.05). - | |

NoheA'of the study sites has a positive estimated co-
efficient, indicating that the contribution of variations in
attributes uniquely associated with individual sites (such
as shore slope, exposure and aspect) to the explanation of
variation in limpet growth rate is highest on the shores of

Malgas 1Island (co-efficient = 0.00) and lowest at Cape
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Columbine (Table 3.4). Limpet growth is lower in the winter

months (March-August) than in the summer months (September-
February), with the highest growth rates occurring in

December and January (Table 3.4).

Althouth the analysis explains only 46.2% of the wvariation

in limpet growth rates, the results are supported by changes

in the growth rates of translocated limpets.  Multiple

lineafvregression indicates that limpet growth rate dﬁring
the 5 months between November 1983 and April 1984 is
significantly lower at the Cape Columbine site than at the

Marcus . Island site (d.f. = 18, t = -3.98, P < 0.001, Table

3.5). However, limpets translocated from Cape Columbine to-

Marcus Island show a groﬁth rate that(is not significantly
' aifferent from that of the local Marcus Island limpets
‘(Tablg 3.5). Simi;arly,‘limpets translocated from Marcus
Island‘to Cape Columbine are characterized by a grqwfh rate
thaf‘ is significénfly lower than that of limpeté of the

original stock, viz those on the Marcus Island shores

(d.f. = 18, t ‘= -2.88, P < 0.01, Fig. 3.2).
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Table 3.5. Estimated co-efficients, standard errors and
significance levels resulting from the multiple linear
regression analysis of the growth rates of translocated and

local limpets

FACTOR - CO-EFFICIENT S.E. - t . P

: ' (2~-tailed)
Constant o 3.88 1.00 3.88 <0.01
Limpets translo-
cated to Marcus Is .22 1.00 0.22
Limpets at Cape
Columbine -3.98 1.00‘ -3.98 <0.001
Limpets translo-
cated to C. Columbine -2.88 1.00 -2.88 <0.01
December 1983 2.42 1.12 o 2.17 <0.05
January 1984 : 1.65 1.12 1.47
February 0.35 1.12 0.31

March : -0.75 1.12 -0.67
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The growth :atesA of limpets in this analysis ate also
affected by'seaSOn, although the experiment ran for 5 months
oni?.' Limpet growth is again fastest in the months of
December and»Jahuary (Table 3.5). Variation in the factors
study site and month accounts for 61.1% of the variation in
the monthly increment in the shell lengths of transiocate&

limpets.

Limpet biomass, density and size distribution -

At all sites thé-bicmass of limpets supported per 0.5 m”
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of

vacant rock surface is highest in the mid-shore region and

lowest in the high-shore region (Fig. 3.3a). The North Bay
shores support the highest biomass of limpets per unit area
in both the mid- and low-shore regions, while the lowest
biomass per unit area is present in the mid-shore region at
Malgas Island and in the high- and low-shore regions at Cape
Columbine. Limpet density per unit area generally is lowest
in the high-shore region at each site (Fig. 3.3b), while the
mid- and low-shore regions at Cape Columbine support the
most densely~-packed populations of limpets. The
relationship between limpet length and gonad production in
any 1 month is best described by an exgchential curve {(Table

3.6).

At all mainland study sites limpet sizes are normally
distributed about a single modal size class (Fig. 3.4).
Median limpet size is consistently small on the shores at

Cape Columbine and limpets measuring over 30 mm are
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Table 3.6. Equations describing the relationship between shéll

length and gonadial dry mass in P. granularis males and females

Month Sex Equation n r P

M mass = 4.01 x 107 (length)** 17  0.70 <0.01
June -5 2.0

F mass = 5.02 x 10" (length)™ 13 0.70 <0.01

M mass = 2.01 x 107 (length)’® 12 0.96  <0.001
August - -

F mass = 1.09 10" (length)™ 18 0.81 <0.001

M mass = 1.07 x 10°° (length)*® 13  0.88 <0.001
October & 1a ,

F mass = 2.49 x 107 (length)’'? 16 0.91  <0.001

M mass = 8.72 x 10" (length)®’ 14 0.79  <0.001
December ‘ 13 .

F mass = 1.12 x 10" (length)®? 13 0.92  <0.001

M mass = 2.40 x 10™° (length)*’ 8 0.89 <0.01
February 10 5.2

F mass = 4.58 x 107 (length)™® 17 0.77 <0.001

M mass = 8.44 x 10™° (length)*?® 12 - 0.66 <0.02
April : 3 4.8

F mass = 3.66 1077 (length)™ 13 0.69 <0.01




high—shors
40

201

% frequency

mid-shore (o1
2
v
20
Iow—sﬁore _ o 2
L 17
467 ¢ . O 1 1 v ] .
% 36
v
" A 3¢ A
v
201 1 . v 1 . 1 .
sheil length {(mm) 2% 50 75 - 2% S 75 25 50 7§ 25 50 757 2 50 7% 25 56 75
Malgas Island Jutten Isiand Marcus Island North Bay Bomgat Mauritz Bay Cape Columbine
% > 50 mm 7.5 ' 14.9 ' 11.8 ‘ 5.8 1.3 : 5.5 0.0
%> 60 mm = 5.8 | 25 1.8 1.0 0.1 | 0.7 0.0

- Fig 3.4. Patella granularis population size distributions and median sizes (v) in the 1low-, mid-

and high-shore regions at sites in the Saldanha Bay area



unrecorded at this site. Similarly, very few (1.3%) limpets
of greater tﬁan 50 mm are present at Bomgat, whereas 5.5%
and 5.6% of the population at Mauritz Bay and North Bay
respectively are greater than 50 mm in length (Fig. 3.4).
Limpet size distributions on island shores typically are
skewed and/or multi-modal (Fig. 3.4). The shores on Malgas
Island support a_v preponderance of small Ilimpets although
7.5% of limpets are greater than 50 mm in length. Limpets
of over 50 mm'in‘length make up‘l4.9% of the populaﬁion on

Jutten Island and 11.6% on the Marcus Island shores.

Algal cover

Rocky shore communities on seabird-breeding islands and at
the North Bay site are characterized by the presence 'of
extensive permanent mats of foliose algae (Fig. 3.5). Mean
annual percentage cover by algae on the shores of Jutten
Island is 54%. Algal cover is far less extensive on ﬁhe

mainland shores at Bomgat, Mauritz Bay and Cape Columbine.

Discussion

107

It has been shown repeatedly that limpets may influence the

structure of rocky intertidal communities (Lodge 1948; Hay
1979; Branch 1981; Lubchenco and Gains 1981; Hawkins and
Hartnoll 1983; Jernakoff 1983; Cubit 1984; Jara and Moreno
1984). In particular, the method of feeding of patellid
limpets, which involves rasping the rock surface wifh strong

radular teeth (Branch 1985) results in the removal of algal
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sporelings. Limpets may thereby affect the abundance and

distribution of intertidal algae, and in some cases may
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prévent their development totally (Underwood 1980, 1984b;

Bra#ch 1985). In addition, the 'bulldozing' activity of
'limpets moving about on the rocky substratum may crush and
destroy the newly-settled spat of organisms such as
barnacles and muséels (Connell 1961; Dayton 1971; Underwood
et al. 1983), and may ©prevent +the settlement of
conspecifics. waever, the interactions between limpets,
algae and other intertidal organisms are affected by a suite
of physicai environmental factors such as temperéture,
insolation, desiccation and exposure to waves, all of which

may influence the rate of algal production (Underwood 1985).

Systems characterized by slow algal production rates may be
more susceptible to the effects of ?hysical disturbance and
predation (see review by Underwcod 1985) whereas competition
between herbivores is heightened (Creese and Underwood 1982;
Underwood 1984Db, c). Underwood and Jernakoff (1984) show
that during summer, when the rate of algal production in the
high-shore region at Cape Banks (N.S.W., Australia) is held
in check by physical factors such as temperature, insolation
and desiccation, intertidal grazers remove all accessible
algae (see also Cubit 1984). 1In contrast, enhanced rates of
primary production may lead Ato the rapid development of
; foliése algae which are immune to herbivory by limpets
{Lubchenco 1983; Norton 1985) and which may form permanent
mats on the shore (Hockey and Branch 1984; Underwood and

Jernakoff 1984). In these instances herbivory has little



influence on the abundance and distribution of intertidal
algal assemblages, and limpets may even.stérve to death in
the midst of a bed of foliose algae (Underwood and Jernakoff

1981).

BAlgal maés .

The shores df Jutten and Marcus Islands in Saldanha Bay, and
of the North Bay site on the mainland opposite Malgas
Island, are -characterized by vrapid rates of' algal
production (Tables 3.2 and 3.3), associated:with‘enhanced
leQels of intertidal nutrients from the dissolved guano of
seabirds'(Part 23. Permanent maés,of rapidlyrcolonizing
‘algal species (Enteromorpha sp and Porphyra capensis) are
present on these shores and on the shores of Malgas Island,
the algae having escaped herbivory as sporelings and
develcped/ rapidly to the foliose stage (Fig. 3.5). In
éontrast, at Bomgat and the 2 mainland sites outside the Bay
(which do not receive nutrients frcmrséabifd guano) algal
production rates are relatively siow,,and maté of foliose
élgae are‘absent, This difference emphasises the role of
environmental factors in modifying outcomes éf biclogical
interactions, although nutrient Ilevels have seldom been
considered an important environmental wvariable on Irocky

shores.

Limpet growth rate
Multiple linear regression analysis eXplains‘only 46.2% of
the variation in limpet growth rate betwéen sites. This is

due possibly to the choice -of independent variables and
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factors,‘which often represent several variables themselves.
: Foﬁ,example«the'factor 'site' represents the shore slope,
exposure and aspect at a particular study site, without any
of thése éttribﬁtes being measured directly. Consequently
the equation which defines the relationship between limpet
growth and the independeht7variables is of little predictive
value, although the important influence of algal production

rate is clear.

Enhanced‘algal production rates directly affect population
‘parameters of the intertidal herbivore Patella Qranﬁlaris
on nutrient-rich shores in Saldanha Bay. Algal production
"rate is thé most significant correlate of P. granularis
growth rate (Table 3.4). Limpet shell increment is most
significantly correlated with algal growth in the month
prior to (rathér than during) thej month of limpet
measurement, possibly indicating a lag between food
consumption and incorporation of material into the shell.
ﬁnderwood (1984a) recorded a sighificant correlation between
. the growth‘raté of the intertidal snaill Nerita aframentosa
and the concentration of chlorophyll in the rock surface at
Cape Banks (N.S.W., Australia). However, in his study the
monthly measurements of chlorophyll content (during 3
consecutive months) were pdoled and a mean used in analysis,
thus obscuring  the time taken for snails to respond to
- changes in a;gal production réte, as well as the effects of
different months on algal and snail growth rates (see

Hurlbexrt 1984).



Liﬁpeﬁs,translocaféd from Cape Columbine, where the rate of
intertidal algal production is relatively low, to Marcus
Island (and vice wversa) rapidly respond to environmental
conditions at the new site. Although this indicates the

effecf of priméry' production rate on limpet growth, the
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experimental design does not demonstrate the absence of a

genetic influence. Marcus Island limpets translocated to
Cape Columbine did grow more rapidly than the local Cape
Columbine limpeté (Fig. 3.2). In addition, the effects.of
héndling and transport were not controlled fo;, and the more
rapid gfowth rate of both sets of franslocated limpets (Fig.
3.2), albeit slight, may indicate that handling has a
positive influence on limpet growth. Despite these
shortecomings in experimental design, the plasticity of
limpet growth rate, in response to local differences in

primary production, is readily apparent.

Since the rate of algal production is the most significant

correlate of limpet growth rate (Table 3.4), it is perhaps

paradoxical that limpet growth is fastest in the high-shore.

region where the rate of algal production is least rapid

(Table 3.3). Patella granularis forages while emersed and

consequently high-shore limpets have more time in which to
forage than either mid- or low-shore limpets. In additioﬁ,
limpet biomass and density are lowest in the high=-shore
region at all sites (Fig. 3.3a and b). Limpet gréwth rate

also varies significantly with season, the period of fastest

growth being in summer. This is contrary to the findings of:

Branch (1974b) who did -not detect seasonal changes in the



gréwfh rate of P. granularis on the South African west
coast. In fhe present studj fastest limpet growth is
associated with the months in which algal production rates
are  highest (Paxrt 2). Seasonal facfors, in addition *o
algal growth rate, which might cause a decrease in limpet
growth. rate in winter include increased wave action and

lower temperature.

Limpét growth rates are unaffected by the biomass of limpets
present on the shore at each site. This is contrary to what
was expected as it is known that the exﬁerimental deéfease
of limpet density results inva more rapid rate of growth in
remaining individuals, implying intraspecifi¢ competition
‘.for food (Frank 1965; Sutherland 1970; Haven 1973; Underwood
1976; Choat 1977). - However, at sites where mats of foliose
algae do  not develop (Bomgat, Mauritz Bay and Cape
Columbine), it can be assumed that limpets graze all
available algae and the biomass supported represents the
carrying capacity qf>the system. In these cases the biomass
suppérted Qonld be a function of algél production rate and

would not influence limpet growth rate.

Cn the island shores the extensive algal cover (Fig. 3.35)
and the non-normal limpet size distributions (Fig. 3.4)

'suggest'the removal of certain size classes of limpets by

113

predators. The shores of these islands support very high

densities of African Black Oystercatchers Haematopus mogquini
Bonaparte (as many as 78 birds per km of coast - Hockey

1983). These large shorebirds prey on intertidal limpets,



particularly those betwéen,ZG mm and 40 mm in length (Hockey
and Underhill 1984). Hockey and Branch (1984) estimate that
oystércatcheﬁs remove approximately 2.8 million P.
granularis annually from the shores of Jutten Island (with a
coastline of'z.é km), and show that this intense predation
has a marked impact on the size structures of limpet
populations. Thus the bilomass of limpets occurring on
island shores probably represents less than the potential
carrying capacity of these shores. Consequently, on island
shores, limpet growth rate is influenced, not only‘by the
enhanced algalfproduction, but also by reduced inﬁraspecific
competition. The shores of Malgas Island, for example, show
the lowest algal production rate of any of the islands
(Table 3.2) and the very high limpet Qrowth rates (Table
3.1} are doubtless attributable in part to the low density

and biomass of limpets at this site (Fig. 3.3a).

Limpet size distributions and gonad production

High percentages of large limpets (>50 mm in length) occur
on the island shores (Fig. 3.4) where limpet growth rates
are rapid and oystercatchers remove all but the smallest
and largest size classes of limpets. At Cape Columbine,
where limpet growth is slow and oystercatchers seldom number
more than 5 birds per km coast (Hockey 1983), no limpet of
greateinhan 50 mm was recorded. Since the production of
gonadial material by P. granularis increases exponentially
with increasing limpet length (Table 3.6),‘it is apparent
that, although certain sites support similar biomasses of

limpets (e.g. Malgas Island and Bomgat =- Fig. 3.3a), the
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produétion of gonédial materiél\per unit area potentially is
higher at the nutrient-rich island site by virtue of the
limpet size distribution. Hockey and Branch (1984) estimate
thét ‘on average 66% (+ 18 S.D.) of P. granularis female
gametic output on the shores of Jutten Island is accounted
for by limpets of‘over 60 mm in length (between 3 and 23% of

the population). They calculate that total female gamete
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release ranges between 48 and 96 g (wet) per m’° on the

shores of Jutten Island and between 4 and 9 g per m® at Cape

Columbine.

Liméet life-history paﬁterns

Populations of P. granularisrin the Saldanha Bay area have
different growth rates in response mainly to local
difféiences in the rate of primary production. Since size

and gamete production are correlated, it can reasonably be

assumed that these popalations also differ in their ages at .

first reproductionvand in their reproductive outputs. By
6ertain ~criteria these populations may be judgeﬂd to have
different ~ strategies for survival and  reproduction.
However, these 'differencés can be explaihed; to a 1ar§e

exﬁent,. on the basis of the influence of environmental

factors, in particular by wvariations in the rate of algal

production. LimpetsAtranslocated to more prdductive shqres
'soon {(in iess than 5 months) show life-~history patterns
similar ‘to those of local limpets. Fletcher (1984a, b)
notes that 1ntraspec1flc varlatlons in llfe~hlstory patterns

of Cellana tramoserica (Sowerby) in dlfferent habitats can
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be gfeater than Zﬁhosef found between different intexrtidal
species living in the éame habitat. '

The factors inf;uencing interactions between limpets and
algaencn the shores of seabird-breeding islands in Saldanha
Bay':aré comﬁlex, and often intefrelated. Predation by
oystercatchers modifies limpet population size structures

and may influence limpet biomass and density, as well as the
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extent of algal cover on the shore. However, the impact of

predation is mediated by the enhanced rate of. primary
production on.these‘shores. Fast rates of algal‘production
" and food renewal enable limpets to grow fast and to attain a
large adult size. Adults of over 50 mm are not uncommon on
island shores, and because of their refuge in size <£rom
oystercatcher predatibn, they produce a quantity of gametes
which is many times more than +that of similarly-aged
individuals on mainland shores where oystercatchers are

uncommon.

The rate of primary production médiates fhe effects of
biological interactions on rocky shores, but the ultimate
mediating factor; almost entirely neglected by intertidal
ecologists in general, is the availability of organic and
inorganic nutrients in the waters that wash the intertidal

region.
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Séctioan(Z);' . Oystercatcher, predatidn and
limpet mortality: the importance of refuges
in enhancing the reproductive output of prey
populations

sdmmary. On the rocky shores of seabird-breeding islands in
Saldanha Bay, Sogth Africa, limpets Patella granularis are
preyed upon By African 'Black Oystercatchers Haemétopus
médgini; Limpets escape predation as a consequence both'pﬁ
the development of foliose algae on their shells; and of
their rapid growth raté which results in éheir’growing too
large for oystercatchers to handle efficiently. Both these
phenomena significantly enhance the probability of limpet
survival. Although these means of escaping predation are
co-incidental and not evolved adaptations, they probably
.contribute to thé persistence of the limpet population
through the’ reproductive output of large and fecund.
individuals. Fundamental to this relationship is the role
of nutrient enrichment of intértidal and nearshore waters by
the dissolved guano of seabirds which bréed and roost on the
islands. Intertidal algae respond fo nutrient enrichment
with rapid rates of production, and the consequent abundance
of food for intertidal herbivores leads to enhanced limpet
growth rafes; On adjacent mainland shores, where intertidal
waters afe not enriched, algal and limpet production rates
are slow and oystercatchers are all but absent from the

intertidal system.
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Intréduction

Birds are impdrﬁant‘predators.in many intertidal communities
and ﬁheir removal of large numbers qf prey items (Gibb 1956:
Feare 1966; ééird eﬁ al. 198%) may result in sevefe
depletion of the‘food resource (Feare 1969; OQ'Connor and
Brown 1977; G¢ss-cﬁstard 1980; Goss-Custard et al. 1980;
Frank 1982). In addition, the preference of avian predators
for certain prey size classes and morphotypes may modify
prey population demography and reproductive outbut (Giesel
1970:; Ha:twick 1881; Hockey and Branch 1983, 1984; Branch
1983).

In some instances intense avian predation on populations of
rocky interﬁidal invertebrates ‘has contributed to the
‘evolution of adaptations which enable prey ‘td escape
detection and capture. For example, intertidal '1impets
Collisella digitalis Rathke actively seek wvertical and
- overhanging rock faces, inaccessible to avian predators, on
which to - attach in the presence of BAmerican Black
Oystercatchers Haematopus’bachmani Audubon (Haven 1871; Hahn
1985). The activity patterns of Collisella limulata
Carpenter and C. scabra Gould, and the homing behaviour of
many species of gastfopods, have been shown to enhance
survival (Wells 1980: Garrify and Levings 1983). In
addition, many intertidal prey organisms are cryptic and

avoid detection by virtue of homochromy with the substratum
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(Mércﬁrio.et al. 1985), or mimicry of a common but inedible

species (Hockey et al. 1987).

Prey 6rganisms may also escape predation by having refuges
in SQace,‘time and size. Aithough not evolved adaptations,
these means of escape may have a significant impact 6n_prey~
populaticn,éynamibs (Taylor 1984). On the rocky shores of
séabirdwbreeding islands in Saldanha Bay,' South Africa,
African Black O?étercatchers Haematopus moquini Bonaparte
occur at some of the highest densities reccrdéd (Hockey
1983). At the 3 major islands in the Bay (ﬁalgas, Jutten
and Marcus Islands) the densities range from 25 to 78 birds
per km of coast. Intertidal limpets are‘important prey of
these predators (Hockey and Underhill 1984), and their
estimated annual removal of Patella granularis L. from the
shores of Jutten Island is 1.1 million individuals per km of

coast (Hockey and Branch 1984).

However, because oystercatchers prefer limpets of between 20
and 40 mm in length (Hockey and Underhill 1984), larger
" limpets have a refugé from predation; In addition, some
limpets dinevitably settle in, or move to, positions that
render them inaccessible to oystercatchers (e.g. on vertical
fock faces or the sides 6f crevices), tﬁus aﬁtaining a
refuge in space. The shores of seabird—breeding islands in
Saldanha Bay support numercus foliose algae, which have a
rapid rafe oprroducﬁion in response to nutrient enrichment
of intertidal waters by the dissolved guano o©0f seabirds

(Part 2). Folicose algae also develop on the shells of P.
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granuiaris which may,:as a consequence, be totally hidden
from view. This crypticity, althodgh' transient and not
genotyp;c in origin, may be expected to enhance limpet

survival in the presence of visually-hunting predators.

In this study I assess the roles played by crypticity and

refuges in size and space in enhancing the survival of
limpets at siteé with different 1levels of predatory
preséure. Ncné of these means of escaping predation
represents an evolved adaptation and any influence on limpet
survival rates is merely co-ipcideﬁtal. However, the escépe

from predation of certain segments of the prey population

has potential long-term implications for prey population

dynamics.

Methods and haterials

Study é;tes

Seven intertidal study sites in the Saldanha Bay area (Fig.
1.1) were visited monthly between December 1982 and April
1984. Three sites were on the shores of seabird-breeding
islands (Malgasp Jutten and Marcus‘lslahﬁs}. These sites
a;e washed by nutrient—rich water - a consequence of thé

run~off of quantifies of dissolved seabird guano (Part 1).

The rate of intertidal algal production on Jutten and Marcus

Islands is enhanced in reépcnse to this nutrien# enrichment

{Part 2).;
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Survival rates
Each study site was divided into a low-, mid- and high-shore
region of equal area. In‘eaCh region 50 P. granularis were

individually marked usiné punched plastic labels and rapidly

setting epokyf glue. In Subseqﬁent months surviving

~individuals were.relocated. If a limpet was absent in 1
month, but was relocated in a subsequent month, it was
considered to haﬁe been present all the time. If‘é missing
limpet Was‘not reiocated it was considered dead. ‘Marked
limpets suffered mortality from predation and‘bther faetors,
and when numbers in any"shdre* region' fell below 10,
supplementary limpets were labelled. The number of marked
limpets éresent each month was used to estimate the finite
rate of mortality per month and per year, using equaficns
given by Caﬁghley (1978). To test the durability of labels,
50 empty P. graﬁ&laris shells were.\glued to the rock
adjacent to the Marcus Island study site and wére labelled
in situ. The loss of labels was monitéred in subséquent

months,

Influence of limpet Sizé>and éccessibility on survival

Each month the Shel; lengths of relocated 1limpets were
- measured, and subsequently the survival rates of individuals
émaller than 50 mm in length were considered separately froh
those of larger individuals. In aéditionﬁ-from April 1983
onwa;ds;vfhe position of each reiocated limpet was :ecorded,

and the mortality rates of those accessible to avian
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predators. &ere ‘considered separately from those of

inaccessiblé indiﬁiduals.

The influence of size and accessibility on the probability
of a‘vli‘mpet's sﬁrviving for 1 month were determined using a

,geheralize’d linear model (McCullagh and Nelder 1984) with a

binomial error distribution. The number of individuals

present at the start of the month was equated with the
number of trialé, kwhile the number surviving the month
represented the number of successes. 'I‘hé roles of  the
- independent v;ariables in explaining variation in the
probability of survival were expreséed as a linear sum of
the effects of each variable. The form of the model is thus

e

where P is the probability of surviving 1 month and
a = ¢ +§. bixi, where é‘is a constént, bi are regression
co—effig:il.ents calculated by the model, and x are the
explanatory variyablas, in this case study site; shore

region, limpet size and limpet accessibility.

Influence of limpet crypticity

Each month, befween April 1983 and March 1984, the amount of
foliose algal growth on the back of each relocated limpet
was assessed in terms of the percentage of shell that was
obscured from view. Percentages were grouped into
'categoriés 0, 1 and 2, being 0%, 1-50% and »>50% covered

respectively. Seasonal trends in the proportions of limpéts
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'in,eachvcategory*at each site were analysed (with low=-, mid-

and high-shore limpets considered together).

The influence of algal cover on the surv%val of small (<350
mm’in'length), écéessible'limpets also was determined using
a geheralized - linear médel with a binomial error
distribution (see above). In this case the prediction ofA
variation in the dependent variable- (probability of
surviving 1 month) is attempted using variations in the
independent Qariables study site, shére region and

percentage algal cover.

Results

Limpet survival rates

"The plastic labels used to mark limpets were very durablé:
no labels were lost from the~sample of 50 émpty shélls glued  ,
to the rocky shore, although entire shells wéra occasionally
. washedkaway. In some instances live limpets still bore fheir
individuél labels 2 vyears after being marked. ﬁimpet
survival rates<measured'ét the study sites range frbm 94%
month™ (4?% yearﬁ)'in the mid~shore regionS'at Mauritz Bay
and Malgas Island, to 77% month™ (4% year™™) in +the low-
shore region at the Marcﬁs Island site (Fig. 3.86). Limpets
~at the Jutten and Marcus Island sites have the lowest
probabiiity of survival (in all 3 shore regions), while

survival generally is highest at the mainland sites outside
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the Bay (Fig. 3.6). Limpet survival rates recorded on the

shores of Malgas Island are unexpectedly high.

 Influence of limpet size and accessibility
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The generalizediiinear model best explaining variations in

" limpet survival rates (Xzz8 = 38.62, P > 0.10) incorporated
the independenf variables study site, shore region, limpet
sizevand’accessibility, as well as‘factors which accounted
for~interactiohs between site and region, and between site
and limpet size (Table 3.6). The most significant corre%gte

of 1impet survival rate is limpet size (d.f. = 54, t = 5.52,

P < 0.005 - Table 3.6), indicating that limpets measuring SO '

mm or more in length have an enhanced probkability of

survival. The survival of inaccessible limpets is also

enhanced (positive co-efficient), but this relationship is

not significant. The shore region in which a limpet occurs
also influences its probability'of survival. Limpets in the
mid-shore region have significantly enhanced predicted
survival rates (d.f. = 56, t = 2.99, P < 0.002) when
compared with those in the low-shore region. In contrast,

predicted limpet survival in the high-shore region is

significantly reduced (d.f. = 56, t = -1.91, P < 0.05)

when(cOmpared withvSu:vival-in both other regions.

Although the relationships described above are applicable *o '

all the study sites considered, the patterns may be modified
by the unique influence of each study site. For example

(see Table 3.6), the predicted probabilities of survival of

limpets at the‘3 island sites (Malgas Island co-efficient is
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Table 3.6. Estimated co-efficients, standard errors and
significance levels generated when a generalized linear
model is fitted to limpet survival rate data obtained from
accessible and inaccessible limpets of 2 size classes:
large are > 50 mm and small are < 50 mm in length

INDEPENDENT

CO-EFFICIENT S.E. . t P
VARIABLE (2=tailed)
Constant 1.01 0.161 6.84 <0.0005
SITE
Jutten Island 0.627 0.217 2.89 <0.005
Marcus Island -0.225 0.225 -1.00 -
North Bay 0.928 0.264 3.77 <0.0005
Bomgat 0.667 0.227 2.94 <0.002
Mauritz Bay 1.243 0.270 4.60 <0.0005
Cape Columbine 1.449 0.305 4.75 <0.0005
SHORE-REGION
Mid-shore 0.771 0.258 2.99 <0.002
High-shore -0.402 0.211 -1.91 <0.05
LIMPET SIZE AND ACCESSIBILITY
Large limpets (>50 mm) 1.112 0.201 5.52 <0.0005
Inaccessible limpets 0.137 0.171 0.80
INTERACTIVE
Jutten mid-shore. -1.116 0.334 -3.34 <0.001
high~shore -0.788 0.280 -2.81 <0.005
Marcus - mid-shore 0.030 0.339 0.09
high=shore 0.899 0.295 3.04 <0.002
North Bay mid-shore -0.208 0.435 -0.48
high-shore 0.109 0.321 C.34
Bomgat mid-shore ~-0.507 © 0.352 -1.44
high=shore 1.266 0.344 3.68 <0.0005
Mauritz mid~shore ~-0.563 0.397 ~1.42
high-shore 0.578 0.354 1.63
Columbine mid-shore -2.188 0.451 -4 .85 <0.0005
: high~shore 0.011 0.398 0.03
Jutten large limpets -1.017 0.277 ~-3.68 <0.0005
Marcus large limpets -1.027 0.297 -3.46 <0.0001
North Bay large limpets -1.928 0.414 -4.65 <0.0005
Bomgat large limpets -1.942 0.351 -5.51 <C.0005
Mauritz large limpets -1.753 0.386 -4.,54 <0.0005
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O.GO)‘are‘lcwer than‘at any othef site, irreépective»of the'
shore region involved or the sizes of the limpets coﬁcerned.
Conseguently, the predicted survival of limpets in different
shore regions will be affected by the site at which they
occur; Similariy, although larger limpets are predicted to
have a rughér probability of survival, this relationship

will be tempered by the unique influence of the site. This

accounts for the importance of the interactive factors.

The benefit afforded a larger limpet, in terms of enhanced
Survival, décreases (co=-efficient becomes more negati%e)
from disland to mainland sites (Table 3.6). This is
demonstréted clearly when the influences of all wvariables
are taken into account and the survival rates (as predicted
by the model) of limpets at island and mainland sites are
compared (Table 3.7). Large limpets at island sites have
consistenfiy higher predicted probabilities of survival than
do small limpets, whereas At mainland sites large limpets
have reduced probabilities of survival; No limpets
measuring more thah 50 mm in length were recorded at the

 Cape Columbine site.

Influence of algal cover

Oon the‘shbres Qf islands in Saldanha Bay the proportion of
small, accessible limpets which are more than 50% covered/by
foliose algae. péaks in the summer months, particularly
between Nbvember and January (Fig. 3.7). During the winter
months most limpets are free of algal cover, althoﬁgh,there

‘are generally a few individuals that support foliose'algae
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Monthly limpet survival rates predicted by the

generalized linear model fitted to survival rate data from

accessible and

inaccessible

limpets

in 2 size categories

(small are < 50 mm, large are > 50 mm) in 3 regions of the

shore (H = high=-shore, M

= mid-shore, L

low=shore)

SITE SHORE ACCESSIBLE INACCESSIBLE

REGION SMALL LARGE SMALL LARGE
Malgas Island H 0.67 0.86 0.70 0.88
, M 0.87 0.95 0.88 0.96
L 0.75 0.90 0.78 Q.91
Jutten Island H 0.63 0.65 0.66 0.68
M 0.80 0.81 0.82 0.83
L 0.8% 0.86 0.87 0.88
Marcus Island H 0.80 0.81 0.82 0.83
M 0.84 0.85 0.86 0.87
L 0.71 0.72 0.73 0.75
North Bay H 0.85 0.72 0.87 0.74
M 0.93 0.86 0.94 0.87
L 0.88 0.77 0.90 0.79
Bomgat H 0.93 0.86 0.94 0.87
M 0.88 0.77 0.90 0.79
L 0.85 0.72 0.87 . 0.75
" Mauritz Bay H 0.93 0.87 0.93 0.88
- M 0.93 0.87 0.94 0.89
L 0.91 0.85 0.92 0.86

CapekColumbiney H 0.90 % 0.91 *

‘ M 0.76 " 0.78
L .93 0.94
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in all months of the year. In cohtrast, limpets on mainland
shores outside the Bay seldom support any foliose algae on

their shells.

The~'§eneralizedA linear model initially wused to explain
variations in the survival rates of small, accessible
- limpets included the independent variable percentage algal
cover, which was.divided inéo 3 categories, viz 0%, 1-50%
and >50% cover. This model predicted no significant
difference in the probabilit? of survivaing category 0 and
1 limpets (co-efficient = -0.002, d.f. = 56, t = -0.02) and
consequently the data for these 2 categories were combined.
The generalized linear model best fitting the daté (X236 =
41.04, ? > 0.20) incorporated the independent wvariables
study site, shore level and percentage algal cover (0-50% or
>50%) as well as ‘a factor representing the interaction

between site and shore region (Table 3.8).

Limpets which are more than 50% éovered by féliose algae
have a significantly enhanced monthly Asurvival rate in
comparison‘wifh limpets éupporting less or no leiose algae
(d.£. = 56, t = 1.67, P = 0.05). 1In addition, survival rate
is highest in the mid-shore region (d;f. = 56, t = 2;45, P <
0.01) and lowest 4in the high—shore region (d.£f. = 56,
t = Al;??, P < 0.08), as was found in the previous model.
Differences in attributes of study sites explained the
largest amount of &ariation in survival rates (Table 3.8),
with the predicted probability of survival being lowest at

Malgas (CO*effidient =-0.00) and Marcus Islands, and'highest
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Table 3.8. Estimated co-efficients, standard errors and
significance levels generated when a generalized linear
model is fitted to limpet survival rate data obtained from
small (<50 mm), accessible limpets with wvariable amounts of
foliose algae on their shells '

INDEPENDENT CO=EFFICIENT S.E. -t B
"VARIABLE : , (2=tailed)
Constant - 0.990 0.173 5.72 <Q0.0003
- SITE ] .
Jutten Island 0.804 0.232 3.47 <0.0005
Marcus Island -0.365 0.238 -1.583
- North Bay - 0.975 0.251 3.88 <0.0005
Bomgat 0.717 0.236 3.03 <0.002
Mauritz Bay 1.4486 0.280 4.99 <0.0005
- Cape Columbine 0.245 0.325 0.78 ‘ :
SHORE~REGION '
Mid-shore 0.978 0.395 2.47 <0.01
High-shore =0.495 0.280 ~1.77 <0.05
ALGAL COVER : S
>50% cover ¢.231 0.138 -1.67 =0.05
INTERACTIVE :
Jutten mid-shore -1.564 0.466 -3.35 <0.001
high-shore -0.838 0.344 -2.49 <0.01
Marcus mid-shorse 0.114 0.464 0.25
high-shore 1.258 0.365 3.45 <0.0C1
North Bay
mid-shore -0.587 0.517 -1.13
high~shore 0.273 0.374 Q.73
- Bomgat mid-shore -~0.632 0.468 -1.35
high~shore 0.511 0.548 0.93
Mauritz Bay
mid-shore ~Q0.793 0.514 ~1.54
high~shore 0.524 0.417 1.26
Cape Columbine
mid-shore 0.318 0.547 0.58

high-shore 1.3510 0.461 3.28 <0.001




at Madritz. Say.. ~.Eimpets, at  Cape’ Columbine havé an
unékpectedly«,lcw .pfobability of survival, but when all
indépendent variables are taken into account the interaction
befﬁéen site ahd‘shore region compensates for this (Fig.
3.85;‘ timpet SQrvival rate, as predicted by this model for
each shoréfregion‘at each site, is enhanced in the case of
1impet$ whﬁch are more than 50% covered by foliose algae
(Fig 3.8). The predicted benefit to algal»covéred limpets,

in terms of enhanced,sdrvival, is greater at island sites
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than at mainland sites (Fig. 3.8), with the benefit being

least (a predicted increase in monthly survival rate of 1%)
in the high- and mid-shore regions at the Cape Columbine

site.

Discussion

Limpeﬁ survival rates

African Black Oystefcatchers are the major predator of adult
Patella granularis on the west coast of southern Africa.
Other potential predators of P. granularis include Kelp
Gulls Larus 'dominicanus and the Giant Clingfish
Chorisochismus dentex, but limpets only occasionallykform
dietary items in these species (Stobbs 1980; Armstrong
1984). The density of African Black Oystercatchers on

islands in Saldanha Bay ranges from 25 (winter count on

Malgas Island) to 78 birds per km coast (summer count on

Jutten Island ->Hockey 1983). In comparison, the mainland

coast in the area of the North Bay and Bomgat sites supports
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between 2gand 16 birds gei km coast, and mean density of
oystercatchers recorded on mainland shores outside the Bay

;3-2;6 birds per km coast (Hockey 1983).

'Limpef'mortality rates measured in the'Saldanha Bay area
(Fig. 3.6) aie highest on the shores of Jutten and Marcus
Islands, althougﬁ' these rates ~are nof as high as the
mortality rate of Patella vulgata Linnaeus (gd% month™) in
the presence .cf European  QOystercatchers Haematopus

ostralegus Linnaeus reported by Lewis:and Bowmah (1975). In

their study however, large numbers of oystercatchers were

present on rocky shores in Yorkshire on a seasonal and
transient basis, whereas African Black Oystercatchers are

resident on the shores of is;énds in Saldanha Bay. Recorded

limpet mortality rates were lowest on the mainland shores at

Mauritz Bay and Cape Columbine, and intermediate ‘at the

North Bay and Bomgat sites. (Fig. 3.6). Variations‘in“the'

survival rates of P. granularis at different study sites may
be attribﬁtédv largely to wvariations in the dehsity of

oystercatchers, and consequently, in predatory pressure.

Within each study site predicted'limpet~survival is lowest -

in the vhigh-shdrey region, possibly reflecting the more

stressful physical conditions Lprevalént in"that régicn
i(Jernakofﬁ 1983). Limpets in the low-shore ragidn do not
have to cohténd with high temperatures or desiccation as
‘ théy arey submerged ,for‘ a la:gel proportion of #he ~tidal
cycia. ‘  Howeve:;» oystercatchers ,show a peak in foraging

activity at the time of low-tide (Hockey 1984) and‘tend to
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Afofagé‘at.fhe wafer's‘edge (Hockey 1981), rendering low-
shore vlimpets' more likely to be removed than mid-shore

linpets.

Influence of limpet size

The most sighifiéant correlate of limpet survival rate is
limpet size. African Black Cystercatchers select limpets of
between 20 and 40 mm in length, and are unlikely to be
successful 1n~reh0ving individuals of more than 60 mm in
length (Hockey and Underhill 1984). Consequently, larger
limpets have a refuge in size. This is particularly
important on the shores of seabitd~breeding iélands in

Saldanha an where limpet growth rate is rapid (Part 3.1)

and individuals soon reach a size at which they are free

from oystercatcher predation. At these sites lérger limpets
are predicted to havevenhanced survival rates (Table 3.7).
Iﬁ particular, limpets on the‘ Malgas Island shores are
affected by this relationship as the population at this site
is dominated by very small and very large individuals (5.8%
are greater than 60>mm in length, cf. Cape Columbine where
no limpet grows larger than 50 mm - Part 3.1). Small
individuals (<15 mm in length) are not suitable ,fdr
»labeliing and consequently, although limpets larger than 50
- mm were.labelled in proportion to their occurrence in the
population at the Jﬁtten and Marcus Island sites (14% and
13% respectively), the larger limpets constitute 33% of the
individuals labell;ed on the shore of Malgas Island. The
survival rate§ recorded for Malgas Island limpetslare thus

artificially high.
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In\¢ontrast,'limpets on mainland shores do not bénefit by
being lérge, and the predicted probabilities of survival are
lower for Iarge»individuals than for small ones at the same

sité"(Tabie 3.7). Limpets have slower growth rates on

mainland shores than on islands (Part 3.1) and, since

maximum adult size attainable by an individual is a function

of its growth rate (Branch 1974; Balaparameswara Rao 1976),

limpets on unenriched mainland shores never attain sizes

comparable with those on islands. Large limpets on  an
unenriched mainland shore are thus older than ‘similarly-
sized individuals on an island shore, and may experience

higher mortality due to senescence.

vInfluence_of éccessibilitg and crypticity

Limpéts inaccessible to oystercatchers autométically achieve
a refuge from éredation by birds, irrespective 6fv their
growth rate and size. Patella granularis exhibits homing
behaviour and will return to a home scar during peridds of
inactivity and environmental streés; é.g. during the da?-
time lo&etide period (Branch 1971). In this study limpets
" which were recorded‘aé'being inaccessible in a month, and
which sur?ived at ‘leastf 3 subsequent »monthé, had ah 89%
probability of beiﬁg recorded as  inaccessible on all 4
visits, yet the-modei used predicted no advantage {in terms
of limpet suxrvival) to\this\behaviour~(Table 3.8). 'Patella
granularis forages at night (Branch lé?l) and those

individuals recorded as inaccessible during day-time wvisits

to a study site méy have become’acceSSible during the night



{particularly those on'thé walls of crevices in the rock).
Oystercétcheré“‘alsé foiage at night, and Hockey and
Undérhill,(1984) showed that on Jutten Island limpets formed
a‘higher'proportionAof oystercatcher prey items during the
night than they did during the day. Under such conditions,
few limpets in this study‘.were. truly inaccessible to

oystercatchers-

Oystercatchers;fdrage using visual cues and have been shown
to discriminate between the anterior and ‘posteriér shell
'margins when attacking limpets (Hockey 1981; Hockey and
Branch 1983). Foliose algae which develop on the shell of a
limpet and which obscure 50% or more of the individual

render it less likely to be recdgniéed as a prey item and
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significantly enhance its probability of survival. The

probabilities of survival of limpets without algae and those
with 1-«50% cover are not different, indicaéing fhat it is
the escape from predation gfforded by the algal cover;
rather than the amelioration of temperature and desiccation

stresses, that gives rise to enhanced survival rates.

The development of algae on the shells of marine and
intertidal organisms has been documented in several

instances (Sinclair 1963; Bouxin 19864;: Branch 1971) but no

advantages have been demonstrated to accrue to affected

individuals. In the Saldanha Bay area foliose algae develop
on P. granularis shells during the months when rates }of
algal production are fastest (Part 2), and the development

of algal covering is most profuse and widespread on island
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~_shoreSAV(Fig; 3.7). The effect of an algal covering on

limpet survi&ai raté is apparent (albeit very slight) on
maihland'shores,'but is more pronounced on the shores of
iélands, where oystercatcher predatory pressure is intense
(Fig. 3.8), once again indicating that'the primary advantage

| of'an algal ddvering is fhe camouflage 1t provides.

Differential survival rates: their impact on prey population
dynamics
The sélective removal of certain prey size classesabykavian

predators may have a significant impact on the demography

and dynamics of the prey population. Howard and Lowe (1984) .

found that selection by Royal Spoonbills Platalea regia
' Gould of the largest and slowest-moving caridean shrimps in
seagrass beds leads to a disgrdpcrtionately high mortality

‘of adult females. Females attain larger body sizes than

Vmales, and may be hampered, when,attempting to éscgpe, by

- the mass of the large clutch of eggs. There is a resultant
skewed éex ratio in the po§ulation, and‘female longevity and
life~time reproductive output are reduced. On the iocky
shores of islands in  Saldanha Bay predation by
oystercatchers’ fesults in high mortaliﬁy of medium-sized
limpets. However, the rapid growth rates of limpets on
island shores, and the inébility of oystercatchers to handle
large limpets ensure that a certain proportion of
individﬁais attain a refuge from predation by wvirtue of

their size.



Liﬁpet Agaméte_ pfqduction' increases exponentially with
respect to én' increase in shell length (Part 3.1}, and
HQckéy and Branch (1984) estimate that as much as 86% of the
female gametic material released by limpets on the shores of
Jutten Island is derived from limpets which have a refuge in
' size. Thevréproductive éffort of these individuais probably
is wvital in thé continued functioning of this intertidal
system, particularly with reference to the system's ability
to support dense populations of oystercatchers.
Oystercatchers are uncommon on mainland shores (particularly
outside the Bay) where the~raté of limpet grcwth is slow”and
even the largest and most fecund limpets would be available

to the birds.

The demography and reproductive output of limpet populations
on the shores of seabird-breeding islahds are modified by
the effects of oystercatcher predation. The size structure
of prey populations is altered (Part 3.1), and the survival

rates and life-time reproductive outputs of individuals are
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reduced. The reproductive output of the prey population may -

be maintained by wvirtue of a refuge in size for large
individuals and, to a much lesser extent, by the crypticity
resulting from the development. of foliose algae on the shell
of the prey. However, fundamental to the potential
stability of this predator-prey relationship is the entry of
nutrients from the dissolved guano of seabirds into the
intertidal and nearshore waters. Enhanced rates of algal
production stimulate limpet production, and are a direct

consequence of nutrient enrichment.
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Section (3): .. Life-history patterns of
populations of the limpet Prateziia
granularis: the dominant roles of food
supply and mortality rate

Summary. Rates of algal production were measured at 6 rocky
intertidal sites on the southwestern Cape coast, South
~Africa, wherelpopulations‘of the limpet Patella granularis
‘occur. Different rates of algal production and limpet
mortality were recorded at each site and both factors
affected limpet reproductive fitness. Limpet growth rates
and biomass at different sites were significantly correlated
with rates of algal production, and limpet mértality was
related to fhe denéity .of African Black Oystercatchers,
important predators of P. granularis. Life-time gametic
output of a hypothetical cohort of iimpets at eacﬁ site was
modelled using the measurements of growth, reproduction and
mo:tality made at each site. Limpet cohorts at sites with
rapid rates of algal production were predicted to have a
lérger life-time production of gametic material than cochorts
at sites with slow algal production rates, except in
-instances of acute predatory pressure. In the light of the
overriding influence of food supply on the expression of
limpet 1life-history parameters, it is imperative that
researchers consider food availability before assuming that
local, population-specific differences in life-history

patterns are due to genetic differences.



Intfoducticn

The‘_ffitnéss' of an individual organism generally is
considered in terms of the number of its offspring which
‘themsélves. survive to reproduce '(Horn‘ 1978; GrahameV and
Branch 1985). When applying this term to marine or
intertidal invertebrates with external fertilization‘ of
gametes, the success of the individual is equated with the
biomass of gameticvmaterial released during the organism's
life-time (Fletcher 1984b). The expressions of lifeéhistory
parameters of an organism - such as growth rate, age and
size at maturity, reproductive effort and longevity -
reéresent a combination of solutions to @ particular
ecological problems (Stearns 1980Q), each solution being the
optimal outcome of conflicting demands blaced on the
organism‘by its environment. Life-history patterns combine
to maximize the individual's life-time feproductive sucéess,
given the constraihts placed on,thevorganism by the abiotic
and biotic conditions prevailing‘(Gréhame and Branch 1985),

and are theréfore~adaptive.

Life-history :patterﬁs of"intertidal invertebrates vary
inter—'and ihtra-specifically, as a result both of genetic
differences and'enbironmental influences. Although intexr-
'épecific comparisons havé been mére common, many studies
have compared fhe life-history patterns of related and

unrelated - intertidal invertebrate species and 'populations

156
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(Giesel 1969:; Paine 1969; Sutherland 1970, 1972; Lewis and
Bowman 1975; Thompson 1980; Workman 1983; Fletdher 1984a, b:
Moran et al. 1984; Grahame and Branch 1985) However, few of
these studies consider the implications of different
population. life~history patterns in terms of either
differential life-time reproductive success or the ecology
of the species as a whole, In addition, studias dealing
with the growth and reproduction of intertidal limpets
seidom have atfempted to measure food availability at the
study site and consequently, the influence of differences in
food supply on the expression of life-~history parameters,
such as growth rate, could ohly be suggested (exceptions are

Creese 1980; Underwood 1984Db).

In the present study the growth rates, gonadial production
and mortality rates of populations of the limpet Patella
granularis were measured. By virtue of heterogeneity in the
intertidal environmenf, each population was subject to a
unique combination of physical and biological‘influences,
such as substratum slope. In addition, since the major
predator of P. granularis (viz African Black Oystercatchers
Haematopus moquini) is unable to remove limpets on steep
slopes (Hockey and Branch 1984), predatory pressure also
varied between sites. Differences in these environmental
parameters were quantified as far as was possible. The
survival, growth and reprcductive output of a hypothetical
cohort of limpets at each site were modelled using actual

measurements of these processes made 1in the field. The
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implications of different life-history patterns for the

ecology of the species on an offshore island are discussed.

Methods and materials

Study sites ‘

In December 1882, 5‘ study sites were established on the

shores of Marcus Island (33°02's, l?°58’E), a granitic

seabird-breeding island in Saldanha Bay on the southwestern

coast of South Africa. The sites were dn smooth, rocky

slopes inclined at 80°, 60°, 45°, 20° and 0° to the

horizontal, respectively, and were positioned at intervals

along a 100 m stretch of coastline. All sites were at
apéroximately the same heightAabové the mean épring low-tide

" level. ' An additional Oév(level) site was established at

Cape Columbine (32°49's, 17°51'E), on the mainland
approximately 40 km north of Saldanha Bay (Fig.>l.ll. Both

‘study areési~are in theb Bénguelav Current system and, at-
times, are washéd by nutrient-rich, upwelled water, but the

neérshore and intertidéi waters around‘Marcus Island are

further enriched by«nutrients from - the dissolved~guaﬁo of
seahirds (Part 1). 'The rate of algal production oh the

shéres of Marcus Iéland. is enhénced as a consequence of’

increased nutrient availability {Part 2)..

At all the sites where macro—algai’settlement occurred, the.
species _represented were Entéromcrpha sp. and “Porphyra

capensis ‘Kutz. and at all sites the only herbivorous
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inverfebrate-§peciesAprésent in large numbers was the limpet
Patella granularis L. At the Marcus Island 0° site, where
shallow, permanent rockpools occurred, the pulmonate limpet
'SiphonariaAcépensis Quoy & Gaimard was present'in addition
to P. granularié, but was less numeious and largely confined
to shallow'?ools (see Stephenson and Stephenson 1972 for

general shore descriptions).

Marcus Isiland sﬁpports ca. 120 resident African Black
Oystercatchers (Raematopus moguini Bonagarte), large,
territorial shorebirds that forage primarily on intertidal
mussels and limpets, particularly on P. granularis (Hockey
1983; Hockey and Underhill 1984). This is one of the
highgst densities of African Black Oystercatchers recorded
(67 birds per km coastline - Sockey op. cit.). The mean
density of oystercatchers ‘on the mainland between Cape
Columbine and Saldanha Bay is 3.6 per km coastline (Hockey

op. cit.).

Algal produétion

A herbivore exciusicn plot was established at each site, by
enclosing a 0.1 m’ rectangﬁlar area with a strip of copper-
based ma:ine anti-fouling paint. The paint was renewed
whenever 1t became worn. Each month for 15 months, after
the rock had been scraped clean and burned with a blowtorch
to kill existing algél spores, 4'high~intensity polystyrene
settlemeﬁt strips (each 30 x 50 x 2 mm) were glued to the
rock inside the exclusion plot, using rapidly setting epoxy.

After a month in position the strips'were lifted, wrapped in



aluminium foil to'exclﬁde light, and frozen for subsequent

analysis.

" Chlorophylls a, b and ¢ were extracted from the algae that
had gfowth on each strip, using the method of Strickland and
Parsons (197i), and were quantified using a Beckman model 25
spectrophotometer and the equations of Jeffrey and Humphréy
(1975) (see also Underwogd 1984a and Part 2 for details of

method). Tbe’values obtained were corrected for the exact
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area of each strip, and the number of days in position, so '

that the final index of algal production was expressed in
ug chlorophyll em™? month™. The mean of the 4 monthly

samples was used in analysis.

Limpet growth and mortality

Adjacent to each limpet exclusion plot, between 30 and 50 P.
granularis were labelled individually with punched plast;c
labels ahd»rapidly setting époxy. Each month for 15 months,
maximuﬁ shell length of recovered individuals was recorded.
Predation and other factors caused the mortality of limpets,
and supplementary individuals were iabelled when numbers
fell below 10. For eéch site, in each month, a linear

regression of limpet length in the current month (L ) on

t+l
limpet length in the previous mchth (Lt) (Ford-Walford plot)

was calculated using thé,measurad values. If the parameters
Vwere not significantly linearly related the data for that
month wére considered of no predictive value 'and kere

discarded. = The regression line was described by the

equation:
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L = mL + i
t+l t
where m = rate of'increase in length and i = growth in the

first month (Balaparameswara Rao 1976; Branch 1981).

Thevﬁredicted mdnthly growth of a. 'standard’ 30 mm limpet
was calculatéd from each regression. Limpets bf ca. 30 mm
in 1length were common at all sites, and the monthl?
incremént of a limpet this size was deemed a uéeful index of
overall rate of 'limpet4 growth, considering that absolute
growth rate is dependent dh limpet size (Branch 1981). No
true replication of study sites was obtained uéing this
experimental design, and thus the statistical tesﬁing of
mean predicted limpet growth is inappropriate (Hurlbert
0 1984). Multiple linear regression analysis (Sokal and Rohlf
1981) was employed to regress the dependent wvariable
(predicted monthly increment in shell length of a 30 mm
iimpet) on the independent variables algal production rate,
month and site. In addition, the predicted increment of a

limpet which measured 30 mm in January 1983 and which grew,

according to the predictions of monthiy Ford-Walford plots,

until December 1983, was calculated for each site. When the
line described by the'eQUationALbl =L, (i.e. no’growth) is
superimposed on each Ford-Walford plot, the intercept of the
two lines indicates the predicted maximum length of a limpet

growing at that site (L) (Balaparamééwara Rao 19786). Mean

L, values were calculated for each site.

Limpet mortality rates were calculated from the actual

number of labelled individuals present monthly at each site,
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used in conjunctidn with the equation for the calculation of

finite rate of mortality (Caughley 1977). Whenkindividuéls
were not found in a month, but were found subsequently, they
were recorded as present in all previous months. In
instances Qhere”an unusually high mortality was recorded in
the first,fe§~(l - 3) months after labelling, the data from
these months wére discarded, on the assumption that

labelling may have caused the increased mortality.

Limpet biomass and gonadial production

Samplés of 30 limpets werekcollected bi-monthly from:areas

adjacent t0‘0° (level) sites, and the wet mass of gonad was
determined fér individuals of both sexes. The supply of
limpets at the angled sites was not large enough to permit
this intensity of sampling, but it was considered that, for
fertilization to be effected, times of spawning should be
similar for ail limpets in'the same area (as Branéh 1974a
has demonstrated in other areas), and theAspawning time at
‘the Marcus 0° éite was therefore taken as represéntative of
all the sites on Marcus Islénd, For each Sample gonadial
wetvméssvwas regressed on shell length (males and females
being considered separately), the 2 parameters having Va
power relationship. For both study areas the months in
which maximum and minimum gonadial material was present were
‘determined, and the mass of gametic material released by a
limpet of given length was considered t¢o be equal to the
diffarende between its annual maximum and minimum gonadial
masses. From more detalled studies} of the reproduétive

cycle of P. granularis (Branch 1974a) it was assumed'that P.
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granularis releases 75% of its gametes during June, and 25%

during July each year.

" A dryvsomatic‘and gonadial mass/length regression for P.'
granu;aris'was calculated using 100 individuals of wvarying
sizes, collected from an area near to the Marcus. Island 0°
‘éite in June 1983. The biomass of limpets supported (per m?
of rocky substratum) at each site was calculated by
measuring all the limpets present (in the case of angled
sites), or all the limpets in 10 randomly-placed 1 m*
quadrats (at the 2 0° sites) during June. Length
measurements were subsequently converted to biomass using
the equation from the above regression analysis (viz dry
somatic and gonadial mass = 1.9 x I.O;6 (length)is,~with n =

100, r* = 0.98, P < 0.001).

Modei

Assuming a hy@otheticél settlement of a single cohort of 10
000 P. granularis, each 2 mm in length, at each site in
August, 1 month after gonadial release is completed, I
calculated the survival of cohort members using monthly
mortality rates measured at each site. For simplicity I
assumed é sex ratio of 1:1 and a ccnstéht rate of mortality
for all'limpet size classes. Although it has been shown that
small individuals have a higher mortality rate (Part 3.2),
the relevant analysis didvnét include individuals of less
than 10 mmvih léngth - the size class that might be expected
to have the highest rate of mortality. The predicted size

of cohort members still surviving in June and July each year
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was calculated using monthly growth rates measured at the

sites. I also assumed that the conditions of monthly algal

settlement and growth, limpet mortality and limpet growth

reéorded at each site would remain constant in all

subsequent yearé;‘of the cohort's exisfence. The annual
output of gametic material by the cohort was: calculated
using measured release of gametic material by a limpet of
given size, and assuming that 75% of gametic material was
released in June of each year, and 25% in July (Branch

1974a).

The total biomass of each cohort at the time of spawning was
calculatéd from the predicted number and length of limpets
present. . Since the biomass of limpets supported (g md) in
June at each site was known, the area occupied by each
cohort at the time of spawning could be estimated, and the
mass of gametic material released annually by each cohort
was corrected for the area occugied. Reproducti?e output
was expressed as the wet mass of gametic‘matérial released
during the life-time of the cohort (g m™?). In instances,
towards the end of the hypothetical cohort's life-time, when
the cohort occupied less than 1 m® of shore, the production

of gametic material was not corrected for the area occupied

by the cohort.



165

Results

Algal production

Although the measurement of algal productién rate in this
exﬁériment is béséd on the use of pseudoreplicates, and the
" use of inferential statistics is thus inappropriate, the
settlement and grbwth of intertidal macro-algae on the
artificial surfaces is not similar at all sites. Production

rate is particularly rapid at the 45° and Marcus 0° sites

and is slowest at the 80° and Columbine 0° sites (Fig. 3.9

and Appendix 1}).

Limpet growth

The predicted monthly increment of a 30 mm limpet at each
site is 1linearly related to the mean algal production
measured during that month at thaﬁ site: shell increment =

0.09 (algal production) + 1.42 (n = 78, r° = 0.11, P <

0.01). Since the measurement of algal production rate was

based on pseudoreplicated samples, the results of fhis
éhalysis. are of liftlé prédictive value, althcﬁgh the
relationship is also evident using mulfiple linear
regression analysié which shows a significant positive co-
efficient for the independent variable algal production
(d.£. = 76, t = 2.78, P < 0.01 - Table 3.9). In this
analysis monthly limpet growth rate is slowest at the 80°
(co-efficient = 0.00), 60° and Columbine‘0° sites and is
significantly faster at the 45°, 20° and Marcus 0° sites.
Limpets at the 20° site show the most rapid growth (Table

3.9). Limpet growth rates measured (rather than predicted)
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Table 3.9.  Estimated co-efficients, standard errors and

signifiganée levels‘ resulting from +the multiple 1linear

regression analysis of limpet growth rate at 6 intertidal

study sites at Marcus Island and Cape Columbine

S.E.

VARIABLE CO~EFFICIENT t P
(2=-tailed)

Constant 1.49 0.38 3.92 <0.001
SITES . ‘ - ’
Marcus Island 60° -0.94 0.28 -3.33 <0.002
Marcus Island 45° 1.60 0.30 5.28 <0.001
Marcus Island 20° 1.70 0.31 5.48 <0.001
Marcus Island 0° 0.91 0.33 2.75 <0.01
Cape Columbine 0° 0.09 0.27 0.33
MONTHS
February -0.28 0.46 -0.61

" March -0.96  0.486 -2.11 <0.05
April -0.56 0.46 -1.22.
May ~-1.08 0.49 -2.20 <0.05
June -0.56 - 0.82 -1.08 ‘
July -0.99 0.64 -1.55
August -0.98 0.46 -2.14 <0.05
September ~(3.65 0.46 -1.42
October -0.486 0.486 -1.01
November -0.94 0.46 -2.06 ©<0.05
December 1.90 0.486 4.186 <0.001
January - =0.47 0.46 -1.04
February -0.37 0.51 -0.71
March -1.21 0.51 -2.37 <0.02
ALGAL GROWTH 0.05 0.02 2.78 <0.01
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at iﬁtertidal ,stﬁdy‘uéites show the same patterns (Fig.
3.10).  In addition, limpet growth is not the same in all

months, the highest. rates of growth at all sites being

predicted ‘in December 1982 (co-efficient 0.00) and
December 1983, and the lowest in May 1983 and March 1984

(Table 3.9).

The predicted annual increment in length of a 30 mm limpet
is greatest at'the 45° site where an increment of nearly 20
mm is predicted (Table 3.10). Mean monthly Lm,valugé were
highest‘ where algal production and limpet growth were
fastest (Table 3.10). The mortality rate of labelled
limpets was highest at the Marcus level site and lowest at
the 80°'and 45° sites (Fig. 3.11). Mortality rates at the
80°, 60°, 45° and Columbine level sites are comparable (Fig,

3.11).

Limpet biomass and gohadial production

‘The relationship between gonadial wet mass and shell length.
is best described by‘a power curve. The predicted bi-
monthly gonadial wet masses for male and female limpets of
30 mm in length show a peak in June. Contrary to the finding
cf Branch (1974a), not éll gametic material had been shed by
August (Fig. 3.12). The biomass of limpets supported at
each site is significantly correlated with the logarithm of

mean algal production (n = 6, r = 0.92, P < 0.01).
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Table 3.10° Parameters (relating to limpet growth and mortality rates) which were used to

model cohort reproductive fitness,
hypothetical cohort at each study site.

and

values represent single measurements oy calculations.

total limpet biomass was measured, i.e. no standard deviation is presented

the modelled lifetime gametic
Standard deviations are presented except where
Asterisks indicate

output of the

sites where

cohort survival
(g m~2 year—1)

o} o
4 Q g
) o o o
g8 68 45 20 MARCUS COLUMBINE

Mean monthly algal 8.09 0.09 2.89 2.49 . 6.83 9.16
production +8.16 +0.20 +5.86 +8.76 +8.96 +0.62
{ug chlorophyll cm ™9

-2
Limpet biomass (g m ) o 11.4 5.5 53.9 47.5 69.7 42.3
supported at site * * * ¥ +20.8 +14.4
Predicted mean monthly 1.1 - B.2 2.7 2.8 2.5 1.4
increment (mm) of a +6.7 +0.7 +1.5 +1.5 +08.8 +@.7
30 mm limpet
Mean predicted L_, 48.4- 35.5 58,2 56,7 58.5 45.6
{mm) +18.3 +18.5 +8.1 +12.3 +16.3 +6.5
Monthly % mortality 6 8’ 6 10 27 7
Cohort survival (years) 13 9 13 7 3 10
Total gametic material 2629 - 298 12810 4465 86 1168
released by cohort (g)
Gametic material .
released (g m~2) 77.6 16.5 446.5 199.5 57.8 187.4 .
Gametic material released
per m2 per year of 6.0 1.8 34.3 28.5 19.3 18.7
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Modei’

Cohort survivalv time, calculated £rom monthly mortality
rates, ranges from 3 years at the Marcus level sitektc 13

years at the 80° and 45° sites (Table 3.10). The predicted
wet méss of gamétic material released over the}life-time of
each cohort fanges more than 2 orders of magnitude between
the least productive (Marcus 0°) and the most productive

(45°) sites, but when corrections are made for the area
occupied by‘thevcohortVat thé time of spawning, and the
life-time of the cohort{ the predicted release of gametic‘
~material (g m™2 year*) is more 9Cmparable. - Cohorts

occupyihg.the steeper slopes produce least gaﬁetic material

(Table 3.10), and the cohort at the Marcus level site

(although the site ‘has the most rapid rate of algal

+ production and supports a larger biomass of‘limpets than any
other site) was predicted to release an amount of gametic

material comparable with that of the Columbine level cohort.

The most productive cohort was that at thé 45° site where

limpets’experiehced the lowest rate of mortélgty, and had a

high growth rate.

Discussion
Allusions are commonly made to  the 'large genetic
variability' and 'plastic biology' of intertidal

invertebraté species 'that have a ,dispersive larval stage
(Scheltema 1971, 1975; Crisp 1974a, b; Fletcher 1984b;

Grahame and Branch 1985). These att:ibutes apparently aid
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' the survival of larvae that«cannot‘select,thevexact’position.

of their settlement. They are also thought to be manifest
in populations of adults which live in a range of micro-
habitats within the intertidal region, and are subject to
differing‘bioticyand abiotic influences. Since life-history

patterns are strongly linked to <fitness, and are under

selective pressure (Grahame and Branch 1985), research on

populations of invertebrate species has raised the question
of whether genetiéally determined intra-specific differences
in life-history patterns exist (Stearns 1980), or.wﬁether
observed differences are due primarily to environmental

factors (Sutherland 1970; Bertness 1981). In some instances

' inter-specific differences in life-history patterns have

been assumed to be 'strategies' without full exploration of
the range of intra-specific variation which might swamp any

inter-~specific comparisons (Fletcher 1984a).

Algal production

In the present study the primary differences between sites

are environmental, being the nutrient status of intertdial

waters and the slope of the rocky substratum. Both these

factors influence the rate of Dprimary . production.

Differences hetween nutfient availability at Cape Columbine

and Marcus Island, due to guano zrun-off from seabird

colonies on Marcus Island, have been shown to influence the

rate of primary production at these sites (Part 2). This is

also evident from results presented in this study, which

show +that algal production at Cape Columbine is low when

compared with production at +the Marcus Island 0° site,
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despite the similarity in substratum slope between the 2

sites.

‘Howevgr, when siﬁes are comparable in terms .of intertidai
lnutrient status (as is .the case with the Marcus Island
sites), substratum. slope becomes an imporéant factor
influencing the rate of primary production. Excluding the
low~nutrient site (wviz Columbine 0°), the rate of élgal
production is. slowest at the sites ’with steeper slopes,
where the forces of drag experienced by organisms as wa@es
‘wash over them, are augmented by forces of preséure as waves
crash against the rock face (Jones and Demetropoulos 1968;
Denny et al. 1985}. In addition to exéeriencing inéreasedr
mechanical stress, algae on steep slopes may receive less
incident light; The rate of algal produétion increases as
the slope of the study site decreases, with the exception of
the 20° site which, by virtue of its position, may havg been
-submerged for a shorter period each tidal cyclé than_the
6ther sites. Mean rates of algal production measured at all
sites,'except thé Marcus level site, are’comparable with
measurements made by Underwood (1984b) in the mid-shore
region of a roéky shore in Neﬁ South Wales, Australia.
, Production rate at the Marcus level site is double the

maxium recorded by Underwocod (op. cit.)

Limpet growth
Patella granularis is a generalist forager and consumes any
available micro-algae, algal sporelings and prostrate or

creeping algae (Branch 1971). <In this study P. granularis



gfowth réte is-re;ated to the raté of algal production (see
also Part 3.1), indicating that algal production is an index
of food availability. Limpet growth 1s fastest at the
sites'which havé the most.rapid rates of algal producticn,
viz fheA45°,,20° and Marcus 0° sites. However, it appears
that, at the 45° and 20° sites, limpet growth rates are near
ﬁhe maximum possible, since the enhanced rate of algal
producti?n at the Marcus 0° siteiis not associated with a
concommitant increase in limpet growth rate. . This in&icates
perhaps that the relationship between the rates of algal
producticn and limpet growth ultimately is logarithmic
(there being a maximum rate at which limpets can forage in
the time available during a tidal cycle), although for the
range of algal production rates considered in this sfudy the

relationship is better described by a linear curve.

Limpet mortality .

| African Black Oystercatchers are common on the shores of
. Marcus Island and they are important predators of P.
granularis (Hockey and Underhill 1984; Part 3.2). They are
estimated to remove 2.8 million limpets annually from the
shores of Jutten Island, a slightly larger seabird-breeding
island (with a coastline of 2.5 km) in Saldanha Bay (Hockey
and Branch 1984). Limpets at the 20° and Marcus 0° sites
are more accessible to oystercatchers than limpets occupying
steeper substrata (Hockey and Branch dp. cit.), and would
thus be expected ‘to have higher rates of mortality.
However, even the rate of mortality megsured at the Marcus

Island site does not compare with that reported for Patella
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vulgata L. . preyed upon by . European QOystercatchers

(Haematopus ostralegus L.) (Lewis and Bowman 1973), viz 90%
month™t. Mortality rates of limpets are much lower at the
80é, §0° and 45°1sites, where limpets are less accessible to
oystércatchers, and at the - Columbine site where
oystercatcheré occur only at low densities (3.6 birds per km

coast - Hockey 1983).

Limpet gonadial production

Since the guantity of gonadial material produced annually by.

a limpet is size-dependent, limpets with fast growth rates.

and high longevity'would be expected to produce most gametes
during their life-time. The parameters of growth and
mortality-at“the 45° site exemplify this situation, and the
modelled gametic output of a hypothetical cohort of limpefs
at this site is greater, in absolute terms and in terms of
g m? year™, than at any other site. The 45° angle is not
too steep to inhibit algal production, but is steep encug?
to prevent oystercatchers from foraging. Although the rate
of algal production is faster at the Marcus 0° site than at
the 45° site, annual limpet mortalify at the Marcus site is
98% (cf. 51% at the 45° site) and so few individuals survive
to reproduce that the modelled cohort gametic output (g m™2

vear™) is comparable with that at Cape Columbine (Table

3.10).

There are certain refinements that must be made to this
model, should future applications require accurate estimates

of absolute, rather than relative, gquantities of gametic



méferial ‘releaéed; - In this étudy, populéticns:’of P.
granularis had nof necessarily released all gametic material
by July (as found by Branch 1374a), and mortélity-during the
additional time:taken to spawn would affect the amount of
'gameticvmate:igl released. It is likely that small, newly-
settled limpets experience much higher rates of mortality
than do established adults, and in addition, limpets which
grow to more than 50 mm in length subsequently have a refuge
in size from predation by oystercatchers (Hockey and
Underhill 1984; Part 3.2). Allowance must also be made for
poésible differences iﬁ sex ratios between study vsiteé.
However; even with these limitations, the present model
allows an overview of the relative life-time gametic output

of limpet cohorts.

Two important factors emerge ffcm these results of modelled
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life~time gametic output at different sites. First, the

. Observed differences in ' life~-history parameters  of
popuiations of P. granularis are attriéutabla largely to
differences in food supply at the‘various sites. It is
possible that vgenetic variation exists between B.
granularis populations -(Part 3.1), but the effect of this is

small in comparison with the influence of local differences

in the rate of primary production. One is forced to be

A cautious about existing evidence .of intra~specific
differences in limpet life—history patferns derived’ from
studies in which food availability has not been measured
(e.qg. Giesei 1969). Stearns {19805 guestions the_existence

of intra-specific life-~history 'tactlcs' at all, and shows



179

that »within certéin families of reptiles and mammals
patterns of co-variation in life-history patterns are
strongly influenced by adult size (Stearns 1984). What has
been interpreted as variation in life-history 'strategies'
in mény limpetA species could be simply a reflection of
differing foéd supplies for populations which consequently
show different gr&wth rates, sizes at first reproduction and
thus, gametic output. Such a situation has been
demonstrated.cléérly by Moran et al. (l984)vf0r predatory»

intertidal whelks feeding on a variety of prey species.

Secondly, it is clear that, although the chance settlement
of a linmpet on a steeply sloping rock-face renders it
inaccessible to avian predators, its slow growth, small size
and consequent small annual production of gametic material
are not compensated by enhanced survival. At the other
extreme, in areas with very high rates of algal production,
enhanced limpet grgwth rate, larger size and gonadial
release do not outweigh the effects of a high mortality
rate. I hypothesize that the 1low production and
reproduction rates of limpets at Cape Columbine could not
support (in the long term) the intense predatory pressure
that is associated with high densities of oystercatchers.
Considering that hypothetical cohorts of limpets at the
MarcuS- and. Columbine level sites produce comparable mean
annual guantities of gonadial material (when corrected for
the area occupied by the cohort), it i§ possible_that the
persistence of P. granularis, and thus of oystercatchers, on

Marcus Island as a whole, 1is dependent upon the supply of
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gametés. ahd 'setfling larvae from reproductively fitter

segments’ of the population of P. granularis in productive

areas of the Island which are inaccessible to predators.
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Appendix 1. Mean (+ S.D.) monthly algal production (ug chlorophyll cm month ) at intertidal study

sites in the Saldaﬁha Bay area. Means are from monthly algal production on 4 replicate settlement strips

o '] 's) O ' 0

. N i o

SITE : g8 68 - . 45 20 MARCUS @ COLUMBINE 8
December 8.86 (2.08) 8.086 {0.86) B2.85 {(8.04) .08 (8.608) 8.986 {8.52) .60 (6.88)
January 83 ' : : - ‘
February .18 (8.@8) 'B8.82 (8.81) 4,34 {(2.12) 8.84 (8.62) 4,32 {1.81) 2.681 (.01)
Maxrch g.66 (08.83) 8.09 (8.14) 1.11 {B.28}) .87 (98.85) 2.16  (1.74}) g.81 (6.080)
_April .81 {(6.62) g.83 (0.82) 5.81 (3.11) 0.88 {(B.82) 23.43 (13.57) .00 (2.606)
May .33 {(8.12) 8.15 (@.088) 8.14 (B.84) 32.67 (13.43) 17.48 (7.59) 8.84 (06.83)
June 8.12 (@.066) B.19 (@.12) 2ﬂ.9l {18.21) - 4.10  (2.68) 18.79 {(3.75) 1.86 (1.76)
July p.66 (0.83) 8.85 (@.83) B#.81 (8.15) 8.63 (0.03) 8.33 (0.06) .81 (06.81)
August 8.82 (8.91) 2.83 (9.82) .11 (9.66) 86.83 (8.81) 18.14 (9.85) 80.03 (8.02)
SBSeptember - 8.38 {(8.28) B6.68 (8.75) 5.18 (2.44) g.88 (8.02) 12.45 (4.61) g.15 (98.15)
~ October - g.02 (6.62) .13 (9.16) 3.48 {2.34) 8.04 (8.83) 1.24 {8.,35) .11 (8.87)
~ November - 0.83 (8.04) g.12 (B.14) .09 (8.02) .89 (8.83) 86.65 (0.14) 8.6 (0.82)
December B.o86 (0.080) g.83 (8.02) 8.23 {6.34) 8.08 {(8.88) 8,23 (6.14) g.82 (8.81)
January 84 8.12 (8.65) p.B66 (0.03) 8.87 (8.07) .03 (8.02) .69 {£8.95) 6.83 (@8.01)
February B.61 (6.68) g.83 (0.01) 1,12 {1.44) g.86 {(8.64) 8.21 {(5.84) B.04 (B.02)

March ' .81 (9.01) p.82 (8.81) 6.99 (8.087) 8.87 (8.83) 8.22 (0.12) 86.62 (6.81)

981



PART 4

THE DYNAMICS OF ALGAL MATS
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Section (1): The creation and persistence of
algal mats on rocky shores: consequences of
nutrient enrichment by seabirds and predation

by shorebirds

Summary. The rocky shores of islands in Saldanha Bay, South
Africa, are characterized by the presence of extensive,
permanent mats of-félicsé algae. In the high-shore region
algal cover reaches 100% in some months of the year. The
dominant herbivore, Patella granularis, is most abundant in
the low-éhore region, where ©physical conditionsk are
relatively Eenign. Limpet activity is concentrated in the
‘low- and mid-shore ~regiohs, where grazing keeps the
per¢entage algal cover‘low, despite the énhanced rate of
algai~production in these regionsi High-shore algal mats
remain ungrazed, aithOugh limpets caged in the algal mat
habitat survive and ‘grow, and denude the substratum of

foliose algae as a consequence of their presence.

The origin and persistence, of yﬁigh-éhcre algal ﬁats are
attributed primarily to the presence of seabirdé which'bfeed
on the islands. Their guano, when dissolved, enriches the
intertidal waters with nutrients and stimulates the rate of
primary production such that algae rapidly become,féliose
and thus immune to grazing b& P. granu;aris. In additibn,
- African Black Oystercatchers prey upon P. Qranularistand the

consequent reduction in 1limpet density and in herbivore
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‘ activity.may enable more algae to reach the foliose stage.
On adjacent mainland shores, where intertidal waters are not
enriched with nutrients from guano, and oystercatchers are

uncommon, foliose algae seldom develop.

Introduction

The distributicon of algae on rocky shores is determined
largely by the interaction between the rate of primar?
production and the rate of removal of algae, usually by
herbivores (Lubchenco and Gaines 1981). Grazing by
’ herbivores may affect the abundance, distribution and
species composition of algae growing on rocky shores (Paine.
and Vadas 1969; Dayton 1975; Sousa 1979 Lubchenco and Cubit
1980; Jara and Moreno 1984; Underwood and Jernakoff 1984).
The féraging'aCtivity,of limpets has been shown to limit the
upward‘spreéd of algae on the shore {Underwood 1980) and to
ren@er areas of rocky shore completely devoid of  foliose
algae (Underwood and Jernakoff 1984). However, herbivores
are idvolved in other processes operative in the intertidal
community: they compete ﬁof space and food with
conspecifics and with individuals of other species, and are
preyved upon by predators. Changes in the nature o©f these
interactions will have . repercussions for herbivore
population dynamics and might be expected to enhance or
limit the impact of herbivores in modifying algal species
composition, distribution and abundahce. For example, algae

on the rocky shores in New England compete with mussels for



settlement space, and algal abundance and distribution
reflect the activity of mussel predators. Algae are
abun&ant where predatory pressure on mussels is intense

(Menge 1976; Lubchenco 1980; Lubchenco and Menge 1578).

The rocky shores of seabixd-breeding islands in Saldanha
Bay, South‘Africéﬁ support large numbers of African Black
.Oystercafchers Haematopus mogquini Bonaparte. Densities
range between 25 énd 78 birds per km coast on these islands,
and are among the highest recorded ' (Hockey. -1983).
. Oystercatchers pfey on intertidal limpets, among them
Patella grénularis L. (Hockey and Underhill 1984); which is
the dominant intertidal herbivore in this region (Stéphenson
and Stephenson 1972).. Patella granularis is a géneralist
grazer, foraging mainly on algal spores and sporelings
(Branch 1971), and the removal of large Aumbers of P,
g:anularis (Hockey and Underhill op. cit.) probably results

in a reductionkin the intensity of herbivory.

In addition, thé rate of algal production on island shores
is enhanced by the presence, in intertidal waters, of
nutrients from the dissolved guano of seabirds (Part 2);
Underwood and Jernakoff (1984) state that the impact of
grazing By intertidal herbivores is likely to be more severe
where environmental conditions which influence the rate of

primary production are harsh. Any environmental factor
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which modifies the rate of algal growth swrh that sporelings

become foliose more rapidly and thus escape herbivory, will

reduce the impact of grazers in modifying algal abundance



and distribuion (ﬁnderwoddkand Jérnakoff~op. cit.). Thus
algae on iéland shores not' only are subject to reduced
ﬁerbivory asAa consequence of predation by oystercatchers,
but also Arapidly become immune +to herbivory due to the
preseﬁée of ééabirds and their excrement. Extensive,
permanent mats of algae (predominantly Enteromorpha sp.and
Porphyra capensis‘Kutz) occur on island shores, whereas on
nearby mainland shores, which are noﬁ, enriched with
‘nutrients' and sﬁpport few shorebirds, foliose algae are

uncommon . b

In this study the relationships between algal cover, shore-
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level and P. granularis densities on island and mainland

shores are investigated. Limpets are translocated to areas
in dense algal mats to establish their ability to survive in
this habitat, and their growth rates and impact on the algae

~are recorded.

Methods and materials

Study siées

Intertidai sites on the'focky shores of Malgas, Jutten and
Maréus’ Islands ‘in Saldanha Bay (Fig. 1.1) were visited
monthly for 13 (iﬁ some cases 1l4) months. Similarly the
shores of nearby mainland sites at Mauritz Bay and Cape
‘Columbine. (Fig. 1.1) were ,visited, and  at each site the
density of P. granularis and the percentage foliose algal

cover in 1 m’ guadrats in a single fixed transect down the
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shore were recorded. Percentage algal cover was assessed

visually, using 0.5 m° gquadrats with 0.05 m®

gradations
affixed within the quadrats. Transects wvaried in length
between.sites, but in all cases the area between the low=-
shore‘mussél bed and the upper 1imit of the occurrence of
foliose algae was surVeyed. Data on limpet and algal
abundances were subjected to a contouring program (SGP -~
‘Diedricks 1979) which fits a surface to the data, using a

least squares polynomial analysis. Visual representation

ig thus in 3 dimensions.

Cage experiment

In May 1984 a galvanized steel cage measuring 1.0 # 1.0 m
was positioned in a mat of foliose algae in the high-~shore
region onFMarcus'Island. The roof and walls of the cage
were of galvanized steel mesh (2 x’2 cm) and the cage stood
10 cm above the surface of the substratum. The legs of the
cage were inserted intoc holes drilled 30 em into the
graﬁife. Four separate compartments (each 0.5 x 0.5 m) Qere
constructed within the cage and access td each compartment
was possible through a small, moveable door in the roof of

the cage.

The 4 compartments (A, B, C and D) were stocked with 11 P.
granularis each, representing limpet biomasses of 24.9,
19.9, 18.1 and 17.6 g respectively, calculated using the
equation: P. granularis dry somatic and gonadial mass = (1.9
x 10™) (length)®®, with n = 100, r* = 0.98, P < 0.001. 1In

compartments A and B, small patches in the algal mat were
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scréped clean to enable‘limpets to attach to the substratum.

Before the 1impeté«wera introduced into compartments C and

D, the substratum was scraped clean of all foliose algae and'

then burned with a blow-torch to remove remaining spores and
sporeiihgs. ;Dufing~€he following 10 weeks the limpets were
counted and ﬁeasured and the percentage algal cover in each
compartment was assessed. Aftér 6 weeks all limpets were
labelled individually using punched plastic tape and rapidly
setting glue,’ and the increment in length  of individual
limpets was monitored during the following month. The

growth rates of limpets in compartments A and B combined,

énd’in.comparfments €C and D combined, were calculated by'

regressing the lengthVof each limpet at the end of the month
on its initial length (Ford-Walford plot),{Balaparameswéra

Rao 1976; Branch 1981).

. In a second experiment, commencing in  July ’ 1984,
compartments C anﬁ_D wefe cleared and burned, ana réstocked
with labelled 'limpets. In cohpartment VC,.:B limpefs,
représenting a dry bioﬁass of 14.1 g, were introduced,
whereas - in COmparfment D, S5 limpets wére introduced,
‘répresénting a dry’bibmass of 4.0_g, Limpets wefa’counted
and measured during the following 10 weeks, and the
percentage alggl cover in each compartmeﬁi was assessed.
'Ford-Walfoid plots were calculated: for limpeté inl each
Comﬁartmeﬁt saparately,‘ but the reiationshipsg were not
statisticé;l§ significant and thusAlimpet growth rate could

not be calculated.
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| lez"xgthé*l‘ = 0.94 (length ) + 3.08
with n = 18, r? ;’0.92, P < 0.001. In this instance a
limpet of SO.OVﬁm is predicted to‘grow to 31.3 mm in length
dufing the‘4—we§k‘period, but any individual with an initial
length of more than 51 mm is predicted to show negative
growth. The development of foliose algae in these two
compartments is severely restricted by the activity of the
llihpets, although a small amount does develop, particularly
where  two of~ the limpets initially introduced ;are'

subsequently lost.

In the second cage experiment, where Ilower biomasses of
limpets are introduced into compartments, £oliose algae
develop rapidly (Figs 4.5e and f). In the compartment where
4.0 g (dry mass) of limpets aig introduced, algal cover
reaches 80% in 2 weeks. Algal cover is not as extensive in
the other compartment, where a larger biomass of limpets is

present.

Discussion

The ability o©f intertidal herbivores to influence the
abundance and distribution of foliose algae has been
demonstrated in many parts of fheAworld, by the experimental
removai' of limpets. In the absence of herbivorés denge
settlements of algae‘develop where previously none had been ,
visible (Lodge 1948; Hay 1979; Underwood 1980; Jernakoff

1983; Cubit 1984; Jara and Moreno 1984; Branch 1985a).



However, the imﬁact of herbivbreé in modifying algal
distribution and ébundance may be tempered by the influence
both of physical and biological factors (Connell 1972;
Underwood '1979; Lubchenco 1980). Physical factors (e.g.

temperature and desiccation stresses) act not only on the
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survival potential of +the herbivores, but also on the

potential for algal production and growth (Underwood and
Jernakoff 1984). Where physical stresses cause slow algal
production rates,“%he impact of grazing by herbivores may be

heightened.

In many instances vertebrate predators have been shown to
modify the demography and population dynamics of intertidal
| herbivores (Giesel 1970; Cook 1981; Hartwick 1981; Parry
1982b, Part 3.2), but in few cases have the consequences for
algal;abundénce andvdistributicn been.investigated. Frank
(1982) and Branch (1985b) suggest tﬁat the distribution bf
algae in intertidal regions is a result of the remowval of
limpets.by avian predators, but no data are presented on

algal abundances to substantiate their conclusions.

The role of physical factors

On the shéres of sgabird—breeding islands in Saldanha Bay
limpet activity is concentrated in the low- and mid-shore
regions of the intertidal zone. Limpet densities are
highest just above the low-tide level, where environmentél
conditions are most benign (Underwood and Jernakoff 1984).
In this region the effect of grazing is sfriking, algal

cover being almost eliminated in places, while dense mats of
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folicéé algée in' the 'high-shoré  region remain ungrazed.
Environmental strésses are most severe in the high-shore
region and the risks of desiccation and exposure to high
temperatures may make this | region unsuitable for
coloﬁization by‘P. granularis. In this study limpets were
caged in thié'region during lafevautumn and winter, and were

not subjected to high temperatures.

Physical conditions prevalent in the high-shore region on

islands also affect algal survival and growth. Although

foliose algae are common, the rate of algal production is

lower in this region than elsewhere on tbémshore (Castenholz

1961; Nicotri 1977; Jernakoff 1983; Underwood 1984; Part 2).

Consequently the rate of food replacement, deemed important
for the survival of herbivores (Underwood 1978; Part 3.1),
is low in comparison with rates in the mid~ and low-shore

regions.

Unlike Cellana tramoserica (Sowerby), which 'starves wheﬁ
translocated into 1low-shore algal beds (Underwood and
Jernakoff 1981), P. granularis is able to survive and gréw
in the algal beds on island shores. However, since the diet
of P. granularis consists mainly of the spores and
sporelings of prostrate and creeping algae (Brénch 1971), it
is- unlikely that foliose algae are grazed when. limpets are
introduced experimentally into algal mats. The thalli of
foliose élgae may be>severed from the substratum by the edge
of a'limpet's shell as the limpet moves abéut foraging, or

by the limpet's grazing the base of the holdfast.
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Whéthe£> or not P.' gtanularis derives food from foliose
algae, it remains that within a short time (10 weeks)
Limpefé, introduced into high~shore algal mats denude the
substfatﬁm of foliose algae. Thereafter their nutritional
requirements must be met by the macro-algal spoieS' andA
sporelings, which have a slow rate of production (Part 2).
It is possible - that limpets might starve under these .
conditions. - Parry (1978, 1982b) attributes the summer
mortality of Cellana tramoserica and Patelloida alticostata
(Angas) caged in different intertidal regions to star?ation;
and in the present sfudy limpets introduced into the high-
shore regibn in ‘are:—.ls scraped and burned clean of algae
suffered mortality. In addition, those remaining did not
grow; poésibly indicaﬁing a shortage of food (Parry 1982a,

b; Part 3.1).

Limpeté,‘in conjunction with <the physical demands'of the
environment, modify kthe distribution of algae on island
shorés;v Their activity is .concentrated in certain shore
regions only, and algal cover in these regions is severely
reduced, despite the enhanced ﬁates of algal production.
{Part 2). In the high-shore region limpéts are absenﬁ §r
‘rare, but are able to survive and forage at this level,

albeit for short periods only.

The role of biological factors - nutrient enrlchment
Although the distribution of limpets on island and mainland

shores ig similar, fOllOSB algae seldom develop on mainland



shores. "Tha combination of Siotic, and ébiotié factors
prevalent on mainland shores does not allow aigaa to reach
the foliose stage. ‘Since the density and biomass of limpets
at island and mainland sites are similar (Figs 4.3 and 4.4;
part 3.1), it is likely that differences in the rate of
algai produétion between sites lead +to the observed

differences in algal distribution.

Any factor that modifies the rate of survival and growth of

algal sporelings so that they become foliose and thus escape
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herbivory may ' affect the impact of grazing by ‘limpetsk

{Underwood and Jernakoff 1984). On island shores tﬁe

intertidal waters are enriched with nutrients from the

dissolved guandAof seabirds (Part 1). The rate of algal

production is more rapid on these shores as a result of
increased nutrient availability (Part 2), and thus foliose
algae develop. On unenriched, mainland shores algal growth
is slow and algae are consumed as fast as they settle;‘they

seldom escape herbivory for long enough to become foliose.

Predation by oystercatchers

Although the removai of limpets by oystercatchers on the
shores of seabird-breeding islands in Saldanha Bay was not
quantified during this study, Hockey and Branch (1984)
- estimate that oystercatchers remove 2.8 million limpets from
the shoreé of Jutten Island each year (1.1 million per km of
shore), and Frank (1982) recorded a mean consumption rate of
0.35 limpets per oystercatcher per minute in foraging flocks

of Haematopus bachmani Audubon on rocky shores in Oregon,
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USA."TheadeﬁSitiéé of limpets on island and mainland shores
iﬁ the'Saldanha Bay area are similar, despite the enhanced
rate of glgal production on island shores. In additionrit
.is'unuéual, particularly ink inteftidal systems, to fihd a
Vsoutcé of'primary\production (such as high-shore algal mats)
which is not'»utilized by herbivores able to survix?g, at

least‘temporafily, in the. habitat.

Patella granularié usually is active af night (Branch 1971)
and its mobility would enable short feeding'forays int&vthe'
high~shore region when conditions were favouréble.' Tﬁa
persistence of the high-shore algal mats mayvindicate that
the removal by oystercatchers of limpets from island.shore§
resulté in the decrease of limpet biomass below the
potential carrying capacity of the shore. Reduction in
herbivory, in :addition to the enrichﬁent of intertidal
- waters with nutrienté from seabi#d guano, may result in the -
éscape of many algae from grazing, and the devélqpment of
mats of foliose algae. This same response 1s apparent when
limpet biomas§ is manipulated experimentally in compartments
of the cage on Marcus Islana. Where the‘biomassbof limpets
introduced  is low, exténsive foliose algal cover becomes
establiéhed within a few weeks (Figs 4.5e and f). Similar
results were observed by Haftnol; and Hawkins (1985) when
they stocked intertidal cages with Pa‘itella vulgata L. at
one-third éf the normal density; In the preéence,of reduced
herbivéry/ a <:énopy"of fucoid ~algae, covéring SS% of the
rocky substratum, becamé established in 4 months (ﬁartnoll

and Hawkins op. cit.).
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Algal mats - fOraging’habitat'for small waders

Sméll waders (Charadrii),'many of them migratory, occur in
unusually high densities on the sho:es of islands in
ASaldahha Bay; On the shores of Marcus Island the small
waders foragé'actively in the high-shore algal mats (Ryaﬁ
1983) - a habitat which has been created as a result of the
activities both of African Black Oystercatchers and of
seabirds which bfeed and deposit guano on the island; but
which are otherwise in no way involved in the functioning of

the intertidal community.
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Section (2): The impact of predation by
small shorebirds on the species composition

and abundance of rocky intertidal prey

Summary. Small shorebirds (Charadrii), which forage on the

shores of Marcus Island, southwestern Cape, South Africa,
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were excluded from a region of high-shore algal mat by means

of a cage. Samples of algalvmat were removed from within
the cage and from an adjacent control area both when
shorebirds were ‘p;esent and after most individuals had
departed on migration. Analysis of invertebrate densities
inside and outside'fhe cage showed that prey numbers were
reduced outside the cage when shorebirds were present. Prey
densities were most severely affected during the period just
prior to migration, when predatory pressure is most intense
and, after the departure of the birds, prey densities
outside the cage incfeased. Shorebirds also influenced the

species composition of the intertidal fauna by removing

mussels and preventing the establishment of mussel beds and

their associated biota. It is hypothesized that. predation

by shorebirds on Marcus Island affects not only the density

and species composition' of intertidal invertebrates, but

also the natural succession of biotic assemblages on the
rocky shore. It is proposed that4predation by shorebirds

contributes to the maintenance of the aigal mat habitat.



Intrgduction

The impaét of birds as predators ofwintertidal in&@rtebrates
has received attention recently, in association both with
‘commercial interests (Davidson 1967; Norton-GriffithsA1967;
Horwood and Goss-Custard 1977; Goss-Custaraj et al. 1980;
Hulscher 1982), and with ornitﬁologists'_ interest in the
selective pressures which control the timing of migration
(Duffy et al. 1981; Goss~Custard 1981; Schneider and
Harrington 1981; Schneider 1985). It has been found that
predatioh by shorebirds may lead to severe prey depletion
(Lewis and Bowman 1975; O'Connor and Brown 1977: Evans et
al. 1979; Puttick 1980; Quammen 1981; Schneider and
Harrington 1981; Frank 1982), although most of these studies
have been c¢oncerned with foraging in mud- or sand-flat
habitat, and not on rocky shores. The role that birds play
in the functioning of rocky shore communities has seldom
been investigated (Feare and Summers 1985), although the few
studies done indicate that small shorebirds in particular,
may remove vwvery large numbers of préy and cause local

depletion of prey populationsA(Feare 1966, 1969).

Shorebird assemblages on rodky shores generally are
depauperate in terms of numbers and species richnesé (Recher
1966), the numbers of migrant waders (Charadrii) that
utilize rocky shore foraging habitats in no way comparing
with the huge flocks that arri#e se%sonally in sheltered
lagoons and estuaries‘ However, shorebirds are abundant on

the islands in Saldanha Bay, South Africa, fheir densities
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being. ccmparable on the islands and in the adjacent

estuarine and lagoon habitats (Summers 1977). On the shores
of ‘Marcus Island in Saldanha >Bay (Fig. Vl.l) small
shorebirds, most of them migratory, forage in the high~shore
algal mats, where they obtain prey in the form of
polycgaetes, chironomid larvae (Diptera), isopods, amphipods
and molluscs (Ryan 1983). It is estimated (Ryan op. cit.)
that, during the austral summer, the small shorepirds
consume 37% o©of the annual standing stock biomass of

invertebrate prey on the shores of Marcus Island.

Reduction of prey density and biomass is only ohe aspect of
an avian predator's potential impact on the rocky intertidal
community. The preference of avian predators for certain
prey size classes and morphotypes may modify prey population
demdgrapmy and reproductive output (Giesel 1970; Hartwick
1981; Hockey and Branch 1983, 1984; Branch 1985; Part 3.2),
and predation on a competitively dominant, space~occupying
species méy“ result in the establishment of competitively
inferior species gnd a consequent increase in spécies
diversity. Marsh (1986) found that shorebird predation oh
mussels prevented thevestablishment of clumps of mussels on
smooth, ;xpésed surfaces in the high-shore region, while
cluﬁés in crevices survived. This was interpreted as

causing an increase in spatial patchiness.

In this study an exclusion cage is used to prevent the
access of small shorebirds to a region of high-shore algal

mat on Marcus Island. Samples of algal mat infauna are
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taken both when the migrant shorebirdsfa:eVpresent and after
their departure. The invertebrate biomasses present in the
cage are coméared with those in an adjacent, uncaged area.
The implications o©f shorebird predation on intertidal

mussels are discussed.

Methods and materials

Shorebird densities

Small, wading shbrebirds (Charadrii)‘present on the 1.6 km
coast of Mércus Island were counted monthly during a low-
tide pericd for 21 months. Mean summer densities of
shorebirds‘were compared with densities recorded during a
mid-summer count on the mainland rocky shore ‘between
Saldanha Bay and Cape Columbine (33.8 km) (Fig. 1.1) made by

Underhill and Cooper (1984).

Impact of shorebird predation on algal mat infauna

In June 1983, 2 adjacent 1 m® areas of rocky shore on Marcus
Island were cleared completely of folidse algae and
intertidal organisms, and then burned with a blowtorch to
kill aigalvsporesuand éporelingé. When the surfaces were
cool, the edges were painted with copper~-based marine anti-~
fouling paint to discourage herbivores ffom entering.
Replicate 10 x 10 cm settlement strips of high-intensity
polystyiene were glued to the rock‘uéing rapiély setting
epoxYy. One set of strips was then covered with a 1 = 1 m

galvanized steel cage which stood 10 cm high and was
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covered, on the top and sides, with 2 x 2 cm galvanized
steel mesh.’ The rods supporting the cage were embedded in
holes dril;ed 30 cm into the granite substratum. Rolls of
wire mesh placed around the bottom edges of thé cage
prevented grazers from entering through gaps between the
cage and the substratum. The adjaeent control area was left -

uncovered.

Within 6 months a thick, even mat of foliose algae had
rdeve10§ad over thé settlement stripé ingide and outside the
cage. During subsequent montﬁs (although not in every
month) settlement strips were removed in groups of 4 or 3,
without disturbing the cage. The subsample of algal bed was
scraped from each. sﬁrip,  and the invertebrate infauna
removed and identified. A Thé algae from each strip were

dried and ashed in a muffle furnace at 4SO°C.

Results.

Shorebird densities

The species of small shorebirds most éommonly recorded on
Marcus Iéland are Turnstones Arenaria interpres (L.), Curlew
Sandpipers Calidris ferruginea (Pallas), Sanderlings C. alba
(Pallas), Grey Plovers Pluvialis squatarola (L.) and
Whitefronted Plovers Chafadrius marginatﬁs Vieillot. All
these species except @hitefrqnted Plovers are migratory,
although young birds fréquéntly overwinter in the southern

hemisphere. Migratory shorebirds arrive on Marcus Island in
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Sepfember each year (Fig; 4.6) and depart in‘March° The
mean number (+ S.D.) of Turnstones counted (per kﬁ of
coast) during these months on Marcus Island (n = 12) is 63.3
+ 23.4, whereas on the mainland rocky shore between Cape
Columbine and Saldanha Bay a mean of 26.8 birds per km was
obtaine& by Underhill and Cooper (1984). Other species of
‘migrant shorebirds are less numerous on Marcus Island, their
mean summer density being 21.9 + 1l1.1 birds per km coast.
The mean number of migratory shorebirds (éxcluding
Turnstoﬁes) counted on adjacent mainland shores by Underhil;
and Cooper (op. cit.) was 10.1 per'km. Whitefronted,Ploveré
are pfesent on the shores of‘Marcus Islénd in all months of

the year (Fig. 4.6).

Algal mat infauna

Foliose algae, predominantly Entéromorpha Sp. and_Porphyra
capens;s Kutz, generally grew moré profusely on stripé
oﬁfside the cage than on those»within; perhaps as a result
of altered water-£flow patﬁerns inside the cage.
Consequently, the numbers of invertebrate fauna in algal mat
samples‘are expressed per'z Q ash~-free dry algae. A total
of 35 different invertebrate species was recorded from algal
samples Within the cage, and 27 species from outside. The
mean number (+ S.D.) of species per sémple is greater inside

the cage (8.8 + 4.3) than outside (6.3 + 2.9).
Species are grouped into 7 major categories and the mean

numbers of individuals (per 2 g AFD algae) in samples from

inside and outside the cage are compared (Fig. 4.7). With
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the exception of chironomid larvae, algal mat invertebrates

are more numerous inside the cage than outside when
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migratory shorebirds are present (January and March). In

March, when birds are feeding voraciously before their
departure, and predatory pressure might be expected to be
most intense, . differences hetween mean  densities of
invertebrates inside and outside the cage are significant in
5 of the invertebrate categories (Fig. 4.7). (Although this
. experimental design does not make use of true replicates,
thus making the use of inferential statistics inappropriate,
the résulté of Mann-Whitney U tests are presented for

interest in Fig. 4.7.)

 After the departure of the majoiity,of migratory waders from
the shore of Marcus Island, invertébrate densities inside
and outside the cage may equiiibrate rapidly, and in the
cagse of the more mobile invertebrates such as amphipods,
isopods and‘pﬁlychaetes, the densities may become greater
outside the cage than inSide’(?ig. 4.7). The pattern of
changes in densities of chironomid larvae is opposite to
that in all other categories. Meah density i1is higher
outside the cage in the presence of migratory shorebirds,
and becomes higher inside the cage several months after the

shorebirds have left.

The mussels Mytilus galloprovincialis Lamarck, Aulacomya
ater (Molina) and Choromytilus meridiconalis (Krauss) are
numerically dominant in many of the samples. The density of

mussel-associated species (per 2 g AFD algae) in each sample
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is positively correlated with the number of mussels present'
(n = 39, r = 0.87, P < 0.001), indicating the importance of

mussel beds in creating habitats for other organisms.

Discussion

Shorebird diets

Small shorebirds on Marcus Island have considerable dietary
~overlap, and consume prey from all the invertebrate
categories considered (Ryan 1983). From stdmach analysis it
has been determined that polychaetes are the most important
source of energy for Turnstones and Curlew Sandpipers,
whereas Sandeflings and Whitefronted Plovers derive the
majority of their energy from chironomid larvae. Mussels
are found commohly in the stomachs of all shorebird species
considered except Whitgfronfed‘Plovers (Ryan op. cit.). Ih
vaddition, the speciesAvconsidered have all been vshown to
utilize the high-shore algal mats for foraging, some species
:spending more than 40% of their foraging time in this

habitat (Ryan op. cit.).

Impact of predation on. invertebrate densities

Exdlusion cages have‘ been used in several studies to
determine the impact of avian predators on prey populations
(Hancock and Urguhart 1967; Eengston et al. 19?6;VVGOSS-
Custard 1977; Schneider 1978). More recently, rigoréus
exclusion exéériments by Quémmen (1981, 1%84) and Mafsh

(1986)‘have séparated the effects of predation by birds and



by other predators, using cages which oOstensibly allow
accéss to non-avian predators. High-shore algal mats on
Marcus Island often are subject to high wave action during
the short time that they are sﬁbmerged and it is unlikely
that predatory f£fish would be able to use this habitat
regularly. In addition, species -of predatory invertebrates
present outside the cageV(nereid and syllid worms) were all
recorded inside the cage as wellﬂ Patches of mussel bed
which de&elop inside the cage also support predators, such
as other polychaeteé and the whelk Nucella sguamosa
(Lamarck), which are not present outside the cage. 'Thus,
although the design of the cage did hct,enable'separation of
the effects of predation by birds and by other predators,
the  absence of other obvious predafors and  the
inaccessibility of the habitat to marine predators indicate
that the effects observed are attributable to predation by

birds.

The densities of invertebrates in algal mats are reduced as
a result of foraging aétivity by small shorebirds. in
particular, invertebrate populations are severely depleted
just prior to the departure. of the migrant waders (Fig.
4.7). It is during this time fhat migrant shorebirds may
lay down reserves of fat at the rate of over 2% of their
body mass per day (Summers and Waltner 1979). This
increases the daily energy requirements of the migrants and
thus the amount of prey they consume. After the departure
of the migrant shorebirds certain types of prey, in

particular those species of polychaetes, isopods and
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amphipcds not = necessarily associated with mussel bed

habitat, may become more abundant outside the cage than
~ inside. This increase in density of certain invertebrate

specles outside the cage indicates that the cage does not

form a preferred habitat and that the high densities

recorded inside the cage when small shorebirds are present

are not an artefact of the caging technique.

Chironomid 1lazrvae Aare an important prey (in - terms of
numbers) for Turnstones,’Curlew Sandpipers, Sanderlings and
Whitefrontéd Plovers (Ryan 1983) énd are found among'the
fronds of foliose algae. Since Whitefronted Plovers are
resident and chironomid larvae form apprdximately 65% of
- their diet (by numbers ) (Ryan op. cit.), there is likely to
be less of a seasonal trend in the relative densities inside
and outside the cage (Fig. 4.7). In addition, it is
possible fhat the mesh ¢ove:in§ the cage acts as a barrier
to adult. chironomid midges, Telmatogeton sp. (Hesse 1934),

which do not readily enter the cage to lay their eggs.

Impact of predation on the natural succession of ihtertidal
bibtic assemblagés '

Beds of foliose algae.may forﬁ a settlemeﬁt substratum for
',mussel»spat (Suchanek 1978; Petersen'1984a, b), a phenomenon
,whiéh is cqnsidered part of the natural_suCcéssion of biotic
assembiagess on southern African rocky shores (Brokenham énd
Stephensén.1938). Oon ﬁarcus Is;and‘the foraging activity of

small - shorebirds leads to a reduction in mussel densities

and inhibits the establishment of mussel beds (Fig; 4.?){



Mats of foliose algae persist in the high-shore region (Part
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4.1) and subsequent successional assemblages do not become

established, even though the algal species involved
(Entercomorpha sp. and Porphyra capensis) are pioneers and
usually of a transient nature (Brokenham and Stephenson

1938).

" Where small shérebirds are excluded from areas of hiéh-shore
algal mat‘hussels are more numerous (a maximum of 373 per 2
g AFD algae was'recoféed‘inside the cage in June). The
small mussels trap sediment and form a structurally complex
‘matrix which provides shelter and habitat for a wide
diversity of invertebrates (Suchanek 1985). Thus, the
 presence of a mussel bed influences not only the densities
of associated species, but also the species compbsition of
the community. The higher mean number of species in samples
from inside the cage can be attributed largely to the

presence of species associated with mussel beds.

Marsh (1986) attributes the absence of mussel patches in
exposed, high-shore areas to prédation by surfbirds,
oystercatchers and gulls,‘although he neglects to consider
ehvirohmental differences between the exposed areas and
adjacent moist crevices where mussels do become established.
In his study predation by birds is seen to increase épatia;
heterogeneity, whereas on Marcus Island avian predation
results in habitat homogeneity. Invaddition, the temporal
persistence of high-~shore algal mats (Part 4.1) is due, in

part, to the predatory activity of shotebirds,»which remove
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mussels and érevent the establishment of mussel beds in this

region.cf the shore. 1In this.manner‘predation by shorebifds‘

not only influences the natural succession of biotic
assemblages on the rocky’shore, but also contributes to the
maintenance of the algal mat fbraging habitat in the high-

shore region.
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~ PART 5

COMPARATIVE STUDIES



Section (1): The influence of seabird guano
on the biological structure of rocky
intertidal communities on islands off the
west coast of southern Africa |

Summary. On the rocky west coast of southern Africa the

growth rate of intertidal . algae is limited by the
availability of inorganic nutrients. On offshore islands,
where colonies of seabirds breed and roost, intertidal
waters are enriched with nutrients from‘dissolved guano, and
thé'grcwth rate of algae is enhanced. Cbmpariséﬁ of the
mid-intertidal communities from island and nearby mainland
shores showed that mainland communities were charactefized
by the absence of foliose algae and sessile filter-feeders,
and the presence of large aréas of wvacant rocky surface. On
island shores, mats of foliose algae, dominated mid-
intertidal communities and herbivorous limpets grew more
rapidly and attainéd larger sizes. Dense populations of
‘African Black Oystercatchers, which feed on 1limpets,
occurred on island shores, but were absent frém mainland

shores. The effects of nutrient enrichment were evident,
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not only in the rate of primary production, but alsc in

interactions between organisms at higher trophic levels and

in the structure and functioning ©of the intertidal community

as a whole. : : |



Introduction

Thei'importance of nutrient availability in modifyiné the
production rates and species composition of plant

assemblages has long been recognized (Tilman 1982). In
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terrestrial, marine and fresh-water environments enrichment

of growth media with inorganic nutrients (particularly
nitrogen and phospharus)vhas-led'not only to increased plant
. biomass through enhanced growth rates, but also to changes
in plant species composition (Willis 1963; Thurston 1969;

Zelickman and Golovkin 1972; Schindler 1977; Tilman 1977).

Bradshaw (1969) concluded that the reguirements of all

plants for .mineral nutrients, the stimulation of plant
growth by nutrieht addition in the field, and the éhanges
observed in species composition‘after fertilization‘strongly
suggest that competition for nutrients is the major factor

determining the nature of natural plant assemblages.

In any system the planf species composition and the rate of
primary producfion may influence feeding interactions
between organisms at all trophic levels (Tilman 1982), and
changes in nutrient availability might be expected to
inflgence reiationships at higher trophic levels as'well.
On the Isle of Rhum in Scotland enrichment of soil nitrogen
and phosphorus by the vguano of Herring Gulls (Larus
argentatus Pontoppidan) leads to improved forage for Red
Deer (Cervus elepﬁas L.). furthermore, hinds which graze
regularly in enriched pasture have an increased life-time

reproductive success (Iason et al. 1986). In the rocky
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intertidal system, where the plants and animalé form a
community of interacting species, maintenance of a balance
between space-occupying and space-creating organisms is
essential to the persistence of the community (Lubchenco and
Menge 1978; Paine et al. 1985; Hockey and Bosman 1986). In
this system enhanced rates of primary production which may
result from nutrient enrichment may alter the representation
by space-creating andvspace~OCCupying elements, giving rise

to an intertidal community which is functionally different.

Rocky islands off the west coast of southern Africa support
large breeding colonies of seabirds, mainly Jackass Penguins
Spheniscus demersus. (L.); Cape Cormorants Phalacrocorax
Acabensis {Sparrman) and Cape Gannets Sula capensis (Licht.)
‘(Cooper et al. 1982; Crawford et al. 1983; Shelton et al.
1984). Historically, seabird guano was co;lected from
almost all of the offshore islands, and it was sold ‘as
fertilizer (Hutchinson 19%0; Rand 1963a, b). Until 1986
‘guano was still collected on an annual basis from Malgas
Island in Saldanha Bay. On the rocky shores of the seabird-
breeding islands in Saldanha Bay, nuﬁrient enrichment of
intertidal waters by the dissolved guano of seabirds leads
to enhanced rates of primary production (Part 2). Since
intertidal herbivorous 1impéts grow more rapidly where algal
food is abundant (Parts 3.1 and 3.3), limpet populatidn
dynamics are also modified as a result of guano run-off
from islands. The rapid growth of algae to thé foliosg
stage on island shores, and‘thé activity of larger limpets

in grazing the rocky substratum clean of algae and settling
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organisms may alter totally the appearance oﬁ the intertidaln
community wheﬁ compared to nearby-unenriéhed shores. In
additidn{ nutrient enrichment may lead to modifications in
“intertidal community structure, particularly in terms of the
abundanées, distributions, demographies and population size

structures of component species.

In this study the functional structures (i.e. no attention
"givén to species composition or diVersit§, but only to the
funcfidnai relationshiﬁs bhetween guilds'of species) of rocky
mid-intertidal’communities on seabird-breeding islands and
Qn adjacent mainland shores are compared to determine
whether the process of nutrient enrichment by seabird guano.
results in changes to intertidal community stfucture which
are common to, and charédteristic cf, the shores of seébird—

breeding islands.

Methods and matérials

Study sites

The structures (in terms of representation of functional
guilds of organisms) of mid-shore communities at 5 island
and 6 mainland sites were analysad.' The islands support
permanent aggregations of breeding or roosting seabirds, and
have all, at times, Dbeen used‘as a source of commercially
exploitable guano. Study sites were chosen on the shores of
Malgas, Jutten aﬁd Marcus Isiands in S$Saldanha Bay, and on

Ichaboe and Penguin Islands off the coast of South West
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Africa/Namibia (Fig. 5.1). Sites on mainland shores (where‘
aggregations of seabirds are abseht) comprised Mauritz Bay,

Cape Columbine, North Bay and Bomgat in the Saldanha Bay
area (Fig. 1.1), and Grossebucht'and Essy Bay in SWA/Namibia
(Fig. 5.1). Although North Bay and Bomgat* are mainland
sites without colonies of seabirds, they are.within_Saldanha'
Bay and may be influenced by guano run-off from the shores
of nearby seabird-breeding islands. All the study sites
fall in the Benguela upwelling region, and are washed by
nutrient-rich waters at times,of coastal upwelling (Nelson‘
and Hutchings 1983). Sites on the islands and at Nortﬁ Bavy,

receive supplementary nutrient enrichment from dissolved

guano (Part 1.

Intertidal community structure on the west coast of.southern
Africa has been studied in detail by Stephenson and
Stephenson (1972), and all the study sites chosen support
species typical of the region. The dominant algal species
are Enteromorpha sp. and Porphyra. capensis Kutz., and
Patella granularis (L.) is the dominant 5erbivore in terms
of numbers and biomass. All shores considered are granitic

and are exposed to heavy wave action.

Community analysis

All sites were visited between November 1984 and March 1985
(i.e. during the austral summer) and at each one the
structure of the intertidal community in reélicate 0.5 m?
quadrats in the mid-shore region was determined. All macro-

fauna  in the randomly-positioned quadrats were identified
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and counted, and the percentage area covered by algae and by
sessile filter-feeders was determined wvisually. Between 9
and 15‘replicates were obtained, depending on the width of
the mid-shore region. All species recorded were classed
into functional groups, based on whether they were sessile
and occupied ground-space or whether they were mobile and
created space within the system. Space-creators were
furthef divided into limpets and other herbivores, and
space~occupiers were divided into algae and sessile filter-
feeders.;AThe amount of 'vacant' rocky surface available in
each community was also deemed an important attribute of
~community structure; Limpets and other herbivores were not
considered to occupy ground-space, and thus the sum of
ground-cover by algae, sessile filter-feeders and vacant

space is 100% in each quadrat.

Limpet biomass was considered a more accurate index of the
impact of these herbivores than‘limpet numbex, as the amount
of algae grazed is more closely related to the biomass of
limpets present than to the number (Branch 1971). At each
site the size distribution of a sample of 100 Patella
granularistas determined. The median limpet length and the
number o©of individuals counted were used to calculate the
biomass (g) of P. granularis in each quadrat, according to
the following mass/length regression equation:
Drv somatic and gonadial mass = 1.9 :‘:‘:AL()'6 (length)&s

n = 100, r* = 0.98, P < 0.001
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Correspondence analysis (Greenacre- 1984; Uﬁderhill and
Peisach 1985) was used to analyse commﬁnity_structure_ih
té:ms of the similarity of contributions by each functional
group to the pattern of organizétion observed in each
quadrat. This method displays graphically both the objects
(quadrat samples) and the variables (functional Qroups)
simultaneously. The extent of similarity between objects or
variab;es vis related +to their separation in the two-
dimensipnal graphical display; objects which are plotted
'close. together are similar, and vériables plotted close
Fogether are (using the term loosely) correlated.  Variables
plotted close to the origin are most typical of the greatest
number of objects. Tables which .accompany the analysis
determine the distortion in the displayvas a whole, and show
-how_aécurately the multi-dimensional cloud of data'points is

projectéd into two dimensions. .

‘.In this analysis the wvariables (functional groups) may be
- weighted -according. fo a subjective assessmeht of their
importance in influencing  community structure  and
functioning. The analysié was conducted first with the data
- matrix unaltered and then with all the wvariables weighted
equally; In.both these instances the analysis was dominated
by wvariations in the pefcentage co&er of sessilevfilter—
feeders and in the number of herbivores other fhan limpets.
Both these variablés have ;ow values generally, aﬁd the
}single, or‘ few, sites with unusually high wvalues are
identified by the analysis as being the major. source of

between-site variation. Consequently,'the funcfional groups



244

were weighted for the purpose of de-emphasising between-site
differences due to the local abundance of uncommonvspecies-

In the analysis presented the functional groups of % space,

% algal cover and biomass of limpets were given weightings

of 20, % sessile filter-feeders and limpet number received
weightings of 10, and the number of other herbivores was

given a weighting of 5.

Results

Algal and invertebrate species composition is similar at all

sites (Table 5.1) although the patterns of organization of

_intertidal communities at island and mainland sites differ
considerably. Intertidal communities on island shores are
characterized by the presence of mats of foliose algae which
'cover substantial areas of the rocky substratum (Fig. 5.2).
‘Mean percentage cover by algae is significantly higher on
island shores than on mainland shores (Mann-wWhitney U test:
n, = 39, n,

percentage of vacant rocky surface is significantly higher

= B6l, U = 2357.5, P < 0.0001), while the mean

on mainlaﬁd shores (ni = 39, n, = 61, U = 0.00, P < 0.0001).
The mean cover by sessile filter-feeders is less than 5% at
all sites and, since no sessile filter-feeders were recorded
at aﬁy of the mainland sites (S.D. = 0.00), statistical
testing would be meaningless. Communities at North Bay and
Bomgat have wvalues inter@ediate between the wvalues for
island ahd mainland commuﬁities in all thrée ground-cover

categories (Fig. 5.2).



Table 5.1.

In?ertebrate and algal specles recorded in mid-intertidal sample quadrats, and

their separation into the functional gfoups used in correspondence analysis

ISLAND SHORES

NORTH BAY AND
BOMGAT SHORES

MAINLAND SHORES

SESSILE
FILTER~-FEEDERS

- LIMPETS .
OTHER

HERBIVORES

ALGAE

Tetraclita sennata

“Octomenis angulosa

Notomegabalanus algicola
Chthamalus dentatus

Mytilus galloprovincialis

Patella granulanis
Patella granatina

Siphonania capensis
Littonina knysnaensis

Entenamoﬁpha sp.
Pornphynra capensds

Octomenis angufosa
Chthamalus dentatus

Mytitus gatlloprovinedalis

Patella granulands
Patella granatina

Siphonania capensis
Littonina knysnaens.is

Entenomorpha sp.
Porphyra capensdis

Chthamalus déntétué

Patelta granulanris

Siphonania capens.is
Chaetopleura papilio

Entenomonpha sp.
Porphyra capensis

sv¢
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Table 5.2. The median sizes and size ranges of Patella

granularis at study sites (n = 100 in all instances)

SITE

MEDIAN (mm)

SIZE RANGE (mm)

Marcus Island
Jutten Island
Malgas Island
Ichéboe Island

Penguin Island

North Bay

Bomgat

Mauritz Bay

Cape Columbine

Grossebucht

Essy Bay

45
35
22
35.
24

36
30

39
23
30
19

13 - 64
7 - 62
9 - 46

9 - 59
5 - 60

12 - 62

10 - 50

10 - 57
6 - 41
7 - 44
7 - 31
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being: chéracterizedv by low limpet density and biomass,
little wvacant space and the éresence of foliose algae
(particularly at sites oﬁ< Malgas, Ichaboe and Penguin A
Islands) and sessile filter-feeders (particularly on Marcus

and Jutten Islands).

No wvariable appears close to the- origin iﬁ Figure 5.4,
indicating that no functional gfoug is equaliy reptesented
at all sites. Variation in the amount of algal cover
accounts for the'largeétvpercentage of total. inertia. in the
analysis (26.8%) and separation aloﬁg the hbriéontél axis
(factor 1) is due to the céntributions of algal cover and
- cover by sessile filter-feeders. . Along the vertical axis
(factoi 2) variations in limpet density and cover by sessile
filter-feeders account for most inertia, and factor 3
identifies variations in the number of other herbivores as
being the principal cause o©of separation. Factor 4
identifies wvariations in limpet number and biomass as
imporfant in separating sites. The first 2 - factors account
for 63.8% of the total inertia of the analysis, while the

first 4 factors account for 95.6%.

. Mid-shore communities at North Bay and Bémgat; the mainland
siﬁes - adjacent to  seabird-breeding islénds, show
characteristics o©of both mainland and nutrient~;ichbislénd
communities (Fig. 5.4). Sample quadrats from North Bay and
Bomgat do not form a discrete group, but o&erlap,with botg
island and mainland quadrats. = The North Bay» mid-shore

community is characterized by the presence of sessile
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filter-feeders, and the Bomgat community by the absence of
filter-feeders and the presence of foliose algae (Figs 5.2

aﬁd 5.4), mimicking the divergence between island sites.

Discussion

Primary effects of nutrient enrichment

The aspect of mid-shore community structure which can most
readily be used to discriminate between the communitiee of
nutrient-rich and unenriched shores on the west coast of
southern Africa is the amount of algal cover. Foliose algae
invariably are absent from the mid-shore region on mainland
shores, while they may be the dominant space-occupiers on
island shores. Marine algae . which are provided
experimentally with. éxcess inorganic nutrients respond by
growing and reproducing more rapidly (Prince 1974; Chapman
and Craigie 1977; DeBoer 1978; Morgan and Simpson 1981), and
the experimental supply of seabird guano to intertidal algae
leads to an enhanced algal production rate (Part 2). The
enrichment of intertidal and nearshore waters around
seabird-~-breeding islands results in rapid algal growth to
”the foliose stage, after which algae form dense, permenent
mats on the shore (Part 4.1). On mainland shores, where the
~rates of algal production are slower, most sporelings are
grazed before they become foliose, and vacant rocky surface

predominates (Fig. 5.2).
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At the North Ba§ and Bomgat sites foliose algae are present
and occupy more ground-space than do algae at the mainland
sites. North Bay and Bomgat are adjacent to seabird-
breeding islandsV»in Saldanha - Bay, and are within the
possible zone of influence of guano 'fun—off from the
islands. Intertidal waters at the North Bay site have been-
shown to be enriched with nutrients from dissolved guano
carried by water movement from Malgas Island (Part 1).
. Although this has not been demonstrated for Bomgat it is
possible that occasional storms and winds cause »ébnormal
water movement which may bring nutrient-rich water to the

. Bomgat shore.

Secbndary effects of nutrient enrichment

Several species of infertidal herbivores have been shown to '
grow more rapidly where micro-algal food is more abundant
(Creese 1980; Underwood 1984) or where the rate of algal
production is enhanced (Parts 3.1 and 3.3). Limpets on the
shores of islands attain larger sizes than those on mainland
shores (Table 5.2), indicating that their growth rates are
more rapid (Branch 1974; Balaparameswara Rao 1976). Since
the reproductive qutput of limpets increaseé exponentially
with shell length (Part 3.1), the reproductiye potential of
populations of limpets on isiand shores is greéter‘than that
of mainland populations, despite the fact that the biomass
of limpets supported on island and mainland shores is

i
similar. :
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The consequences of grazing by‘limpeté are two-fold: first,
limpets create and maintain ground-space b§ grazing algal
- spores and sporelings, and secondly,'while fd:aéing they may
inhibit the settlement of sessile organisms such as mussels
and barnacles by ’bplldozing’ spat from the rocky surface.
Limpets on mainland shore appear to keep the rocky
substratum free of sessile filter-feeders. The effect of
this activity possibly is enhanced by the density of limpets
and by the relative shortage of algal éood. On disland
shores however, where ohe would expect the larger limpets to
function similafly, there are settlements of sessile filter-
feeders and algae. Those island sites with the highest
limpet biomass (viz Marcus and Jutten Islands) do have the
lowest cover by algae, but even this is substantial in

comparison with algal cover at mainland sites.

Many islandS'offvthe-west coast of southern Africa*support‘
dense populations of African Black Oystercatchers Haematopus
moguini Bonaparte (Hockey 1983} which prey on limpets.
Oystercatcher densities on islands in Saldaqha Bay range
from 25 to'?s birds per km coast, with the highest densities
occurring on the shores of Marcus and Jutten Islands (Hockey
op; cit.). On mainland shores in the area (Mauritz Bay =~
Cape Columbine) the mean density is 2.6 birds per km coast
(Hockey op. cit.). On island shores oystercatchers remove
large numbers of limpets (Parts 3.2 and 3.3), selecting
particularly individuals from the midéle size classes
(Héckey and Underhill 1984). Thus the densities and size

structures of island limpet populations may be altered. It



is possible that the removal of limpets by oystercatchers,
in addition to the enhanced rate of algal growth on island
shores (particularly on the shores of Marcus and Jutten
Islénds), enables/algae and sessile filter-feeders to become
established. on Ichaboe Island, however, where
approximately 30 Q00 Cape Gannets.(Craﬁford et al. 1983) and
90 000 Cape Cormorants (Cooper et al. 1982) breed, the mean
density of oystercatchers is 1 per km coast, the shorebirds

being excluded by densely-~-packed seabirds (Rand 1963a:;
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Hockey 19833. Here limpet predation by oystercatchers is

negligible and both algae and sessile filter-feeders do
become established, indicating the dominant role of enhanced

primary production rate in modifying island intertidal

. communities. -

The enrichment of waters around seabird-breeding islands
with nutrients from dissoclved guano results in a
modification of the functional structure of the intertidal
community. Although the composition of intertidal species

is similar at all sites, enhanced primary production rate on

island shores results in an alteration in the representation

by space~occupying and space4creating organisms. Limpets on

island shores have modified size distributions, and their.

rapid growth rate, as well as the enhanced fecundity of the
large individuals, may enable dense populations of African
Black Qystercatchers to be suppqrted on island shores. The
removal of limpets by oystercgtchers, together _with the
rapid growth of algae to the folicse stage, lead to the

formation of persistent mats of algae on island shores. The
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effects of nutrient enrichment of ihtertidal watersAby thé
dissolvedVguano of seabirds are apparent not only in the
production rate o©f algae, but in interactions between
organisms at higher trophic levels, and in the structure and

functioning of the intertidal community as a whole.
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Sedtion (2): The influence of coastal
upwelling on the functional structure of
rocky intertidal communities

Summary. Relafionships between .organisms at all trophic
leve;s are influenced by the rate of primary production in
.the ecosystem, and factors which enhance rates of primary
production’may'modify trophic relationships and community

structure. Nutrient enrichment of intertidal and nearshore

waters leads to enhanced production by intertidal algae,‘and'

it was hypothesized that where rocky shores are washed by
nutrient-rich. upwelled wafers the intertidal communities
should show a characteristic functional structure, based on
the“consequences of enhanéed primary production. Study
sifes were  chosen on rocky shores in ‘southerh "Africa,
/ : ) :
central Chile and the Canary Islands, in areas with and
without coaétal upwelling, and midéshore'community structure

at these sites was analysed in terms of the abundance of

certain functional groups of organisms.

It was found that algal cover and the biomass of herbivorous

limpets supported per unit area on rocky shores were

significantly dreater in regions of coastal upwelling than
in regions where upwelling did not occur. Ground-cover by
sessile filter-feeding organisms was significantly greater
'6n shores in non-upwelled areas. .However, cqrreépondence

analysis showed no'functional aspect of intertidal community
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structure that was characteristic of coasts washed by
upwelled waters. Primary reasons for this are probably the
lsrge variations in the nature of nutrient enrichment that
accompanies upwelling, and in the nutrient status of non-
upwelled areas. Other factors are man's exploifation of
intertidal organisms and differences in the genetic origins

of the intertidal species involwved.

Introduction

The intertidal zose has become a fertile study area for
ecologists seeking universal truths about the functional
structure, succession and stability of natural communities
(Paine 1969, 1974, 1981, Dayton 1971; Connell 1972, 1975;
Menge 1976; Connell and Slatyer 1977; Grossman 1982; Jara
and Moreno 1984; Lubchence et al. 1984; Castilla and
Rozbaczylo 1985; Paine et al. 1985). The rocky intertidal
zone is narrow and discrete, and its biota lend themselvss
to manipulative experimentation aimed at understanding the
causes. of differences in community structure and
functioning. In this context, the opposing roles of
sessile, 'space-occupying’ and mobile, 'space-creating’
organisms have been emphasized in several studies (Lubchenco
and Menge 1978; Paine et al. 1985; Hockey and Bosman 1986;
Part 4.15. Within any intertidal system the balance between
these fun_ctj.onal g;_roups of organisms may be altered as a
result of ecoloéical processes such as competition,

predation and disturbance (Menge 1972, 1973; Connell 1975;



263

Goodman 1975; Paine 1976; Lewis 1977; Lubchenco and Menge

1978).

The nutrient enrichment of intertidal and nearshore waters
by the dissolved guaﬁo of seabirds leads to the modifiéation
of community structure on the shores of seabird-breeding
islands (Parts 1 and 2). Intertidal aigae respond to
nutrient enrichment and both‘the enhanced algal production
and the increased biomass of herbivorOusvlimpets supported
(Par£.3.3) répreéenﬁ §hi£té in the balance between space=-
occupying and space-creating'oréanisms. The densities of 
avian predators which forage intertidally are élso modified

when compared with controls (Parts 2 and 4.2).

Nutrient enrichment of surfacé waters as a xesuit of the
'upweliing»of deeper, oceanic water is well documented for
several shores arocund the worlé {Robinson 1981, Whifledge
1981j; " It has been found that areas of upéei;ing in the
world's oceans = are tfpified( by enhancedr primary
‘(phytoplankton) production (Wooster 1981). Where rocky
shores are washed by nutrient-rich upwelled water, it might
be expectéd that interfidal algae Qould show enhanced
production and abundance, leadingvin turn to a changé in the
representation of sessile, space-occupying organisms and in

thé fuhctional‘structure of the'intertidal community as a

'whole‘

.
i

'In this study I assess community structure on rocky shores .

in terms of the quantitative representation of certain
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functional groups of organisms. I compare rocky shore

communities in areas with and without coastal upwélling, in
Chile, southern Africa and the Canary Islands, in order to
determine whether the process of nutrient enrichment through
upwelling leads to modification of their functional
structure, in a way which is commoh to, and characteristic

of, shores washed by upwelled waters.

Methods and materials

Study sites

The rocky intertidal communities at 12 sites were analysed,
6 sites being in areas of coastal upwelling. The shores at
Cape Columbine (32°49's, 17°S51'E), Essy Bay (26°42's,
15°05'E) and Grossebucht (26°44's, 15°06'E) on the west coast
of southern Africa, are washed by upwelled waters from the
‘Benguela Current system (Nelson and Hutchings 1983). Two
sites in central Chile, Los Molles (32°15'S, 971°33'W) and
Punta Lagunillas (30°05'S, 71°24'W), werg chosen from areas
of éoastal_ upwelling in the Humboldt Cufrent system
(Espinoza_et al. 1983), and a single site, Playa de las
Salinas (28°18'N, 14°12'W), was selected in an area of local
upwelliné on the west coast of Fuerteventura, Canary
Islands. At all sites the rocky shore was unbroken, sloped

gently into the sea and was exposed to wave action.

Study sites in areas without upwelling were Dwesa (32°16'S,

28°50'E), Hluleka (31°49's, 29°18'E) and Isi Laka (31°39's,
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29°30‘Ef in Transkei, southerﬁ Africa, and Punta el Lacho
(41°52's, 71°39'W), Mehuin (39°24's, 73°13'W) and Ancud
(41°52's, 73°50'W) in Chile. The Transkeian coast is washed
by thé warm surface waters of the Agulhas Current and fhe
Chilean sites are in areas of the Humboldt Current system
where upwelling does not occur. The site at Ancud was
altogether different from other sites, being in a sheltered
bay with no upwelling, but»also'being adjacent to the 1océl
town's sewage~outflow pipe. Nutrient enrichment from this
‘sourcé, and from upwelling, weré hypbthesized to affect mid-
intertidal community functionin§ in a gimilar manner (via
the ’regponse of 'intertidal algae to enhanced nutrient
supply)} and to lead to cOnvergénce in community structure.
Although there were intertidal areas withbut coastal
upweiling in the' Canary Islands, none was accorded
protection from ihteﬁsive exploitation by man and

consequently none was suitable for this study.

Most of the study areas an&ytheir intertidalvcommunitieé
have beeﬁ deécribed elsewhere (see Stephenson and Stephenson .
19?2: Viviani 1975; Céstilla 1981; Moreno et al. 1984;
fHockey and Boéman 1986; Hockey 1987). Although‘ many
different intertidal invertebrate and algal species have
5een'recordéd for.each area, the major species.can all be
separated into A functional gréupS< based on their
‘TclaSSificatioﬁ as space~occupiers and sgaée—creators ( sensu

1 .

| Paine et al. 1985; Hockey and Bosman 1986).



Community analysis

At each site the intertidal region was divided into a high-,
mid~ and 1ow-sho:e zone on the basis of the dominant species
present and the superficial community structure. In the
mid-shore zone at each site, all macro-fauna within a number
of randomly-positioned quadrats of 0.5 m’ were identified
and counted. Eetween 8kand 20 replicates were taken at each
site, aepending on the width of the mid-shore zone and its
“homogeneity. -The abundance of organisms that were numerous
and covered much’ ground;spéée was expressed in terms of
percentage cover and, although  this was determined
subjectively, qUadraﬁs were divided intc several equal

segments to aid assessment. At each site 100 individuals of
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the dominant limpet species were measured to obtain size

distributions and medians.

All species recorded were classed into functional groups
(Table 5.3), based on whether they were sessile and occupied
ground-space, o©or whether they were mobile and created space
within the systemn. Space~creators were further divided
according to their size and relafiQe potential impact, and
spécewOCCupiers were divided into algae and invertebrates.
The percentage of 'vacant' ground-space was deemed an
important attribute of community structure and was assessed

in each gquadrat and recorded in a separate category.

Limpets, other herbivores, carnivores and anemones were not

!
considered to occupy ground-space in the system and

consequently the sum of ground-cover by algae and by sessile



Table 5.3. Invertebrate species recorded in mid-intertidal sample quadrats, and their separation into

the functional groups used in correspondence analysis

SOUTHERN AFRICA

TRANSKEX

CHILE

CANARY ISLANDS

- SESSILE
FILTER-FEEDERS

LIMPETS

OTHER ‘
HERBIVORES

CARNIVORES

ANEMONES

LITTORTNA

Chthamalus dentatus

- Patella granulanis

Siphonaria capensis

" Chaetopleuna papilio

Chthamalus dentatus
Octomenis angulosa
Tetrnaclita sennata

Peana peana

Cellana capensis
Fissunellfa natalensis
Patella banbanra
Patella concolon
Patetla ghanulandis

. Patefla granatina
" Patefla oculus

Siphonaria aspena
Siphonania capensis

Oxystele tigrnina
Oxystele variegata

Thais capensis

- Littonina agricana

Chithamalus scabrosus
Chthamalus cinrnatus

Pernumytilus purpunatis

Scunnia vaniabil.is

Siphonania Lessond

Chiton granosus

chilensis
clematis

Anthothoe
Phymaotis

Liftorina
Littorndina

araucana
peruv.iana

‘ChthamaEua Atelfatus

Penna picta

Patellfa canded
Patetta pippenata

Siphonarnia sp.

Thais haemastoma
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filter-feeders, and of wvacant space was 100% 4in each

quadrat.

Limpets were the most important g?azeis of settled micré-
and macro-algae at all sites, but their numbers were not an
accurate index of their functional impact since the amount
of algae consumed is more closely related to limpet biomass
(Brancﬁ 1971). Biomass was calculated for each éample using
the median limpet leng#h for the site and an appropriate
’xméQS/lgngth regressisﬁ. Mass/length &onverSidﬁs vwere

determined for the following southern African limpet

species:

pPatella granularis L.: Dry mass = (1.9 x 107°%) 1ength 3.3
n =100, z* = 0.98, P < 0.001

Patella granatina L.:. Dry mass = (4.9 x 10™°) length 31

n =40, r’ = 0.94, P < 0.001
Patella concolor Krauss: Dry mass = (3.2 x.loé) length a1
| ” n =40, r* = 0.94, P < 0.001

P. argenvillei Krauss: Dry mass = (8.7 x 1077) length 3.3
'n =27, r’ = 0.94, P < 0.001

Cellana capensis (Gme.): Dry ﬁass = (4.2 x 107%) length 4.3
| n = 40, r* = 0.92, P < 0.001
' Mass/length conversion equations were not available for
Scurria wvariabilis, Collisella zebrina (central Chile},
Patella pipperata, P; candei (Canary Islands), Fissurella
natalensis or Patella oculus (Transkei). In these instances
equations for limgets with similar body morpholégy were

substituted. Scurria wvariabilis, Collisella zebrina and

Patella pipperata were considered most like P. granularis in
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morphology, P. candei and P. oculus were most like P.

granatina, and Fissurella natalensis was most like P.

argenvillei.

Correspdndence analysis (Greenacre 1984; Underhill and

Peisach 1985) was used to analyse community structure in

terms of the similarity of contributions by each functional

group to the pattern of organization observed in each
quadrat. _This method displays graphically both the objects
(guadrat samples) and the variables (functional groups)
simultaneously. The extent of similarity between objects or
variables is related to their separation in the two-
dimensional graphical display; objects which are plotted
close together are similar, and variables plotted close

together are (using the term loosely) correlated. Variables

plotted close to the origin are most typical of the greatest

number of objects. Tables which accompany the analysis
determine the distortion in the display as a whole, and show
how accurately the multi-dimensional cloud of data points is

projected into 2 dimensions.

In this analysis>the vériables (functional groups) may be
weighted accdrding to a subjective asseésment of their

importance in determining community structure. The analysis

was conducted first with the data matrix unaltered, then

with all the variables weighted equally, and lastly with

variables weighted according to an intuitive assessment of

their role in determining community structure. In this last

analysis the 4 key groups (viz cover by algae, cover by
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sessile filter-feeders, amount of vacant ground-space and

the biomass of herbivorous limpets) received weightings of
20, while limpet number"received a weighting of 10.
Orgahisms in the remaining 4 groups were considered to have
’iittle'influence on the functioning of the community because
they were rare, very smdll, or~occurfed at 1 or 2 sites
ohly. By giving these groups weightings of 1 (carnivores,
other herbivores excluding Zittorina}, 0.5 (anemones) and
0.1 (Littorina) the between-site differences due to the

local abundance of uncommon species were de- empha31sed

thereby hlghllghtlng similarities in the functlcnal nature-

of community structure.

Regsults

Intertidal sites in areas of coastal upwelling have a
significantly‘greater mean algal cover than do sites in non-
upwelled areas, excluding the Ancud site in Chile (Mann-
Whitney U test; n = 42, n, 3‘69, U = 2079.5, P < 0.001).
Mean algal cover (+ S$.D.) at upWelled'and non;upwelled sites

is very low (viz 1.6A173.O% and 0.1 *+ 0.4% respectively), in

comparison with the cover recorded on the shores at Ancud

(24.7 + 10.4%). The mean algal cover is significantly

higher at the Ancud site than at sites on upwelled shores

An, = 12, n, = 69, U = 2.0, P < 0.0001 - Fig. 5.5).

]

Although no group of sites (upwelled, non-upwelled or Ancud)

has a significantly different mean density of limpets, mean
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limpet biomass is significantly greater at upwelled sites
than at non-upwelled sites (nl = 42, n, = 69, U = 2064.5,

P ¢ 0.001 - Fig. 5.5). Mean limpet biomass per 0.5 m’ is
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significantly'higher at Ancud than at non-upwelled sites

(n, = 12, n, = 42, U = 8.00, P < 0.0001), but is not
significantly different between -Anéu& .and the shores at
upwelled sites. Combining the data from all sites, limpet
biomass and percentage vacant ground-space are significantly

positively correlated (n = 123, r = 0.36, P < 0.0001).

Since percentage algal cover (generally is low, the
relationship between cover of sessile filter-feéders and
amount of wacant ground-spaée is complementary (Fig. 5.5).
Mean percentage cover of sessile filter-féeders is
significantly higher at non-upwelled than at upwelled sites
(nl = 42, n, = 69, U = vll74.0, P < 0.02), and ’mean
percenfage ground-space is significantly higher on the
shores of ﬁpwelled sites (nl = 42, n, = 69, U = 19?9.5,‘P <
0.05). In bdth instances the values recorded at the Ancud
sité fall within the range of wvalues recorded for the other
groups of sites,‘ahd thus in these aspeéts the Ancud site

does not differ statistically from either upwelled or non-

upwelled shores.

Correspondence analysis

Within groups of upwelled and non-upwelled sites, results
for each analysis of a community-structure attribute rangeé
widely. The use of mean values, although indicating trends,

certainly masks within#group variability in community



274

structure (Fig. 5;5). Correspondence anélysis does not show
ény clear and consistent difference between the communities
of upwelled and Anon~upwelled shores, irrespective of the
manner in which variables are weighted. When unweighted

data are used, as well as when all variables are given equai
weight, differences in thé density of Littorina account for
most of the variation between sites (22.1% and 20.6%
respectively). This is an artefact of the range of
Littorina densities récorded’- high mean densities (+ S§.D.)
j'w‘er.'e recorded at Pﬁpta>Lagunillas (3225 + 645 per m’) ‘and at
Hluleka (180 + 118 per O.Sfmz), while Littorina were absent

from all other'sites.

Although the use of weightings produces a clear separation

of sites (Fig. 5.6), it shows no differences between the

communities of upwelled and non~upwélled shores in
particular. Upwelled sites on the sotthern African west
coast (viz Grossebucht, Cape Columbine and Essy Bay) are
closely grouped with Dwésa, a Transkeian non-upwelled site,
and all are characterize@ by high limpet biomass and huch
vacant ground-space. ' The Chilean upwelled (Punta Lagunillas
and Los Molles) and non-upwelled (Punta el Lacho and Mehuin)
sites are gréuped, and are characterized by high sessile
filter-feeder cover, The non-upwelled Ancud site ;s

discrete and removed from all other Chilean sites.

Although there is a tendency for geogfaphically proximate
sites to be grouped together (Fig. 5.6), wariation in algal

cover between sites is the aspect of community structure
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Fig. 5.6 Correspondence analysis of mid-intertidal
community structure at upwelled and non-upwelled sites.
Bold lines = upwelled sites, thin iines = non-upwelled
sites, dgtted line = Ancud. Key to variables: A = $ algal
cover, B = l?mpet biomass, F = % sessile filter-feeder
cerr, S = % Qacant épace, L ='limpet number, C = carnivore
number, H = number of other herbivores, N = anemone number,

T = Littorina number, 0 = origin
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responsible fof the overriding separétion of sites. The
-first factor of’*the correspondence analysis (horizontal
separation along axis 1) identifies algal cover and vacant
ground-space as the variables accounting for most of the
inertia of this factor (76.5% and 10.9% respecfively), and
principal separation along the vertical axis (factor 2) is
due to contributions by sessile filter~feeder cover (56.4%
of inertia in factor 2) and limpet biomass (20.0%).
Abundance of anemones and limpet number together account for
' 80.3% of the lnertla in factor 3, while- varlatlons in the
abundance of carnivores account for 22.0% of the inertia in

factor 4.

Sixty-one per cent of the total inertia is explained by the
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first 2 factors, while the first 4 factors account for 85%

0of the inertia of the analysis. Variations in algal cover
account forvthe largest percentage of total inertia in the
anaiyéis (25.3%), and vwvariations in Littorina density
account for the least inertia (0.2%);‘ No wvariable appears
close to the origin in Fig. 5.6, indicating that no

functional group is equally représented at all sites.

" Discussion

Effects of nutrient enrichment
The hypothesxs that rocky intertidal communlty structure and
functioning may be influenced by the nutrient status of

waters washing this zone has not been tested before. The
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growth and reproduction rates of almost all plants are
nutrient-limited (Tilman 1982), and an enhanced supply of
essential nutrients has been shown to stimulate plant
production in terrestfial, aquatic and marine environments
(Golovkin 1967; ~Garm:‘_ng and Wulff 1969; Zelickman and
Golovkin 1972; Smith 1976; Chapman and Craigie 1977; Gillham
1977; Part 2). Differences in rates of primary production
between intertidal habitats are known to affect the growth
rates and life-history parameters of certain herbivorous
species (Creese 1980; Underwood 1984; Part 3.3), but the
implicaﬁions of differences in algal production rates have
not been considered in terms of the functioning of

intertidal communities.

In the present study I found that intertidal algal cover on
rocky shores is significantly higher in areas of coastal
upwelling than in non-upwelled areas (excluding Ancud).
Although mean algal cover at upwelled sites nowhere exceeds
5%, the lafge mean biomass of limpets supported at upwelled
sites indicates enhanced algal production as a factor
contributing to the higher levels of algal cover. In non-
upwelled areas which support a low limpet biomass and thus
experience reduced grazing pressure, the percentage algal
cover remains very low. Since mean number of limpets per.
0.5 m’° is not significantly different between shores in
areas of upwelling and non-upwelling, higher limpet biomass
on shores with upwelling is attributable to faster limpet
growth rate and to the attainment of larger individual size

by limpets in these areas with enhanced algal production.



This is 4illustrated at the Chilean non-upwelled sites,

Mehuin and Punta‘ei Lacho, where mean ‘algal cover is 0%,
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mean limpet numbers are 344 and 146 per 0.5 m’ respectively,

and median limpet length is 7 mm. At Ancud, however, where
mean algal cover is 24.7% and limpets of the same species
average 61 per 0.5 mz.(Fig. 5.5), median limpet length is

18 mm.

Intertidal limpets graze primarily algal spores and
'Spérelings (Branch ’1981) Jand their grazing aétivity,
together with the 'bulldozing' effect of their movements,
can keep the iﬁtertidal substratum free of settling
organisms (Dayton 1971). Consequently, the amount of vacant
ground-space present‘ in samples from the mid-intertidal
éommunities considered is significantly correlated with’the
limpet'biomass present. _The southern African upwelled sites
are characterized by having larée limpet biomasses and no
settlement of sessile, space~occupying filter4féeders (i.e.
'100% vacant ground-space). 4At sites where limpet biomass is
lower, sessile organisms are able to settle in ungrazed
areas'and become established. This phenomenon chéracferizes

community structure at allvthe'Chilean sites except Ancud.

Variaﬁions in the extent of-nutfient enrichmeﬁt

The‘rangé of reéponses,in éommunity structure to upwelling
‘is very wide and, in addition, fér each type 6f community
'structure‘représented in the group of upwelled3sitesk(i.e.
dqminated by ground~-space, .or by sessile' grganisms, Or

comprising a mixture of components), a site with similar



community structure can be recognized from the group of non-
upwelled sites. Certainly, detailed community analysis
(Fig. 5.6) shows no division into upwelled and non-upwelled
sites. Although sites in areas of coastal upwelling are
washed by nutrient~rich waters at times, the extent,
duration and timing of upwelling events varies greatly.
Upwelling usually occurs in response to wind movement, which
may wvary seasonally (Codispofi 1981), and the duration and

intensity of upwelling are unpredictable from year to vyear,
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let alone for‘differéntchrrent=3ystéms anﬁ continents. In

addition, the sites were visited at different times of year
which may have confounded comparisons between sites of

seasonally variable parameters, such as algal cover.

It is likely_that nutrient reéimes vary substantially within
the groups of selected upwelled and non-upwelled sites, and
that categorization of sites into 'nutrient-rich' and
"nutrient-poor' would be more informative. For example, the
Dwesa site, although not in a region of coastal upwelling,
is pdsitioned between the mouths of 2 major rivers, the
Ngabara and the Mbashe,  both ‘with catchments in
agriculturally developed areas. Nutrient enrichmént of the
Dwesa shores from this source may be considerable.
Intertidal cdmmunity structure at Dwesa is most similar to
that at the southern African upwelled.sites (Fig. 5.6). At
Ancud, Chile, where nutrient enrichment from sewaée oCours,
algal production is§ enhanced significantly. Although a

relatively high limpet biomass is present at this site (Fig.

5.5), it ap?ears that grazing by limpets cannot control the



profuse algal growth, and mats of foliose algae have formed
on the shore. At this site the rate of algal production
probably exceeds the rate at whichAlimpets can graze, given
the réstrictions of tidal cycles and radula size. in
addition, it is possible that +the removal, by man, of

limpets from these shores may exacerbate this situation.

Effects of exploitation by man
It has been assumed that the intertidal cohmunities at each
site are in a stétéAof equiiibfiuﬁ_ksens; Connell and Sousa
- 1983), and that a community dominated by limpeté'and vacant
ground-séace, and éne dominated by sessile filter~feeder§
are two stéble communities which emerge in response<mainly
to differences in intertidal nutrient ;evels and conseqgquent
rates of primary production. However, some sites show a
community structure which is intermediate, comprising
moderate representation by both components, e.g. Playa de
las Salinas, Fuertevehfura. Access by man to this area'has
.been restricted for ,agproximétely 10 Years, but limited
ekploitatign-’of intertidal organisms, . particularly of
patella candei and Pe?na picta probably occurs - (Hockey
198?); with thé result that the intéxtidal communify‘may

have been,prevehted~from reaching a stable state.

The high percentage algal cover (up to 15%) on the shéres at
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Pla?a de las Saliﬁas indicates that limpet activity is

- supressed and is not sufficient to keep the rocky substratum
- clear of developing algal sporelings or settling sessile

animals (cf. Hockey and Branch 1984). The sites at Dwesa,



Hluleka and Isi Laka also have been protected for up to 10
years and, although it has been suggested that the recovery
of exploited intertidal communities in this area is rapid
(Hockey and Bosman 1986), it is possible that communities at
these sites have not yet reached a stable state. At higher
latitudes recovery from severe -environmental disturbance
(e.g. an oil spil;) may take up to 20 years (Hawkins et al.

1983).

In Chile intértidal and subtidal- populations ©of the 'loco'
Concholepas concholepas have been heavily exploited for many
years (Guisad$ and Castilla 1983 ). This prédator forages
on, amongst other things, sessile filter-feeders such as
mussels ‘and barnacles and its exploitation, together with
the exploitation of large fissurellid 1limpets (0Oliva and
Castilla in press) may result in the removal of space-
cfeating organisms, and the consequent establishment of
sessile elements in the community. Although the sites
chosen in this study were, with the exception of Ancud, in
marine reserves and protected areas, it is possible thaf
. these communities have not been prbtécted for long enough to
be representative of undisturbed communities, and that some
of the community attributes recorded are due to the effects

of exploitation by man (Moreno et al. 1884).

Effects of genetic differences
Individuals of the dominant limpet species on the central
Chilean coast (Scurria variabilis) are small in size and

even at Ancud, where food is abundant, their median size
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:e;@hed only 18 mm, while the‘largest“individual re@orded at
this site measured 24 mm. At Grossebucht on fhe‘west coast
of southern Africé, median length of Pateil; granularis was
30 mm and the largest individual measured 44 . Although
limpet ‘growéh« rate 1s dependent on food availability
(Fletcher 1984, ©Parts 3.1 and 3.3), inter-specific
differences in‘ the maximum limpef 'sizé attainable are
genetically' determined (Branch 1974), and it is possible
. that ~genetic differences between these limpet ‘species
. prevent individuals  from functioningv in fhe same manner
within the intertidal system. At a density of up to 680 per
0.5 m®, as recorded at Mehuin, Chile, it is possible that
these limpets (which have a calculated total dry biomass of

only 1.6 g) are not limited by food supply, but by space.

Alternate community structures: = a response to nutrient

enrichment?
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The intertidal communities considered in this study cannot

be separated into 2 clear groups, characteristic of shores
with and without coastal upwelliﬁg respectively. H&wevér, 2
'vefy different types of intertidal community are e#ident,
The first is based on a system of sﬁacefcreation‘by numeroﬁs

lérge limpets, and is characterized by the predominance of

vacant rocky surface (e.g. Grossebucht, Essy Bay and Cape

Columbine). The second is characterized by the occurrence .

of extensive beds of sessile, space~occupying organisms
! . « V
which are competitively dominant, and by the absence of

large grazérs (e.g. Mehuin, Punta el Lacho and Los Molles).



Limpets are herbivorous, -and therefore the biomass of
limpets supported on the shore’is dependent on the rate of
algal production (Part 3.3). An intertidal system dominated
by large limpets maykindicate enhanced élgal production dué
to nutrient enrichment of nearshore waters. Differences in

the extent of algal cover at the study sites accounted for
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the largest amount of variation in community structure, and

although the relationship between algal productidn rate and

algal cover has not been investigated here, it has been

shown that profuse algal cover on the rocky shores of

seabird-breeding islands réflects enhanced aigal production
and nutrient-enriched intertidal waters (Parts 1 and ‘2);
Thus intertidal and nearshore nutrient concentrations may
play an important role in determining the ' functional
structure of rocky intertidal coémunities. Upwelled waters
may convey excess nutrients into the intertidal region, but
-because the nutrient status of upwelled>vwaters is very
variable, upwelling per se does not modify intertidal

community structure in a characteristic manner.
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iﬁ'thié ééctioh the:essential findiﬁgs of this study are
summariéed,'ahd piaded in context against the background of
the search for é general,theory of thé processes influencing
‘biélégical'strudtﬁre’in rocky intertidal communities. Some

of the\findings are summarized in Table 6.1.
Summary of findings

1. Nutrient ‘concentrations in 'intertidal rockpools are.
‘consistent;y higher on islands in Saldanha "Bay . than on
nearby mainiand shores. Seabirds breed and roost on the
islands, and their guano washes from the shores into the
sea, enriching intertidal waters with nutrient#. A zone of
enrichment surﬁounds each island and extends' to nearby
mainland shores under the influence of prevailing winds and

currents.

2. The production rates of intertidal algae are more rapid
on most nutrient-rich shores than on unenriched shores. In
addition, the rate of algal productién on unenriched shores
is enhanced by the experimental introduction of seabird
guané in solution. On nutrient-rich shores, where the
growth rate is rapid, algae become foliose and form
extenéivelmats. On unenriched mainland shores foliose algae

are rare or absent.

3. The growth rate of the dominant herbivorous limpet

Patella granularis is correlated with the rate of intertidal



204

» aiéal'prodpdtiqn,fihdiCatingkthat'algal prbdﬁction rate is
én index of .1impet, food, availability. On nutriént-rich ,
shqréé"the rapid'limpet.growtp rate leads to the presencé,
ih‘ the pqgglation, of large, fecund individuals. on
unenriched shores limpets generally are ~small. Limpets
vtxansldcated'from nuiriént-rich to unenriched shores (and
vice vérsa) show’growth rates comparable with those of the
local limpets, indicating that differences in growth rates

between limpet‘pobnlations are not genetically fixed.

‘4. African Black Oyétercatchers Haematopus moquini prey on
P, granularis,‘and limpet mortality is highest on island
shores where oystercatchers are most abundant. 'Limpet
survival is enhanced in individuals hidden by a covering of
foliose algae on their shells, and in individuals measuring
more than 50 mm in length (oystercatchers preferentially
remove limpets of between 20 and 40 mm in length). Large
limpets thus have a refuge from predation by oystercatchers,
and ‘' their contribution of gametes becomes significant in

terms of the population reproductive output.

5. Life»history patterns of popu;ations of P. granularis at
different sites are influenced by the rate of algal
production at each site. Limpet growth rate, size and age
at first reproduction, and life—timé reproductive output are
~all modified by the rate of  a1gal production. Limpet
populatidns on unenriched mainland shores are predicted to
have low life-time reproductive outputs.. Conditions of

limpet production and reproduction on these shores are
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hypbthesised. to bé- ingufficient to support the predatory
pressure of large densities of oystercatchers <for long

peridds.

6. 'The-grazing“activity of limpets on unenriched mainland
’shoresi prevehtsj(the dévelopment of foliose algae. On
nﬁtrienturich Shdrés, however, where the rate of algal
production is enhanced and the extent of herbivory is
reduced as a cdnsequenée 5f' oystercatcher prédation on
limpets, extensive mats of foliose algae develop. These
mats form a foraging habitat ﬁor small shorebirds; which
modify both the species composition and abundances of the

algal mat infauna.

‘7.A Comparisons of +the intertidal ’communities on other
.southern African seabitdwbreéding islands with  the
communities‘ on adjacent mainlana' shores confirm the
importance of nutrient availability in modifying‘community
structure. In particular, the features explaining most of
the wvariation in Vcommunity structure between island and
mainland sites are the extent of folioseAalgal cover, and

the biomass and density of limpets supported.

’8. The»extent.ofifoliose algal'cdver, and the biémass.and
density ofV limpets supported, are aléo important in
differentiating ‘. between intertidal cdmmunities in
geégraphiéally disparate regibns of coastal upwelling and in
regions where upwelling does not occur. However, these

trends are not clear-cut, due possibly to variations in the
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nature of thé.nutfient'enrichment associated with different

upwelling systems.

.Nutriént status and primary production - neglected factors

in the searcb-for ganéralizations

Ecologists, in their quest to identify and understand the
factors which'influénce intertidal ccmmunify structure on
the world's rocky shores; have tended to use an inductive
approach. From the results of nume:ous,‘discrete anaiyses
of patterns of community organizatioh, and the mechanisms
accéunting for them, have arisen hypotheses of wider scope
and e&en generalizations about the structure 'of rocky
intertidal communities. "Generalized' models currently
espoused in the 1literature concern the roles of physical
factors, predation and coméetition (Paine 1966, 1977; Davton
1971; Connell 1972, 1975; Leyin and Paine 1974; Menge 1976;
Menge and Sutherlandtlg?é: Lubchenco 1978). However, theré
are many instances in which currently  accepted
generalizatiéns ,§° not explain obsérved structure, and
Underwood and Denley (1984) propose alternative hypotheses
which might explain the results of several studies used to
generate these models. It is surprising, considering the
lack of applicaﬁility bf these generalizations (if they can
_be considered generalizations at all), that intertidal
ecologisté have :seldom considered the possible ~role of
Vdifféring rates of ‘primary production in influencing

intertidal community structure.
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Most of the experimental studies used ~as a basis for
generating models explaining intertidal community structure
(ng;;Levin and Paine 1974; Paine 1974; Conne1141975: Menge
and‘ Sutherland 1976) have» been conducted on shores with
obvious, céﬁéetitively dominant species, or with large,
voracious predato?s. Not surprisingly, these elements have
attracted attention, while less obvious elements (such as
the supply of aléal food for herbivorés) have been ignored.
In a few studies differences in the rate of primary
prcductién. have been shown to influence the life-histéry
- patterns of intertidal herbivores (Fletcher 19843, b}, but
the consequences for other elements of the community have
not been considered. Furthermore, the origin of differences
in primary productivity between sites (e.g. variations in
the availability of inorganic nutrients in ihtertidal
waters) has never received attention as an environmental

variable in intertidal systems.

Biological communities on island and mainland rocky shorés
in the Saldanha Bay area are composed of similar suites of
spécies, particularly of numerically dominant species.
However, the patterns of organization of these organisms
differ considerably betwesen the sites. Communities on
mainland.Shores/outside the Bay are characterized by the
absence cof foliose algae and the presence of high &ensities
of limpefs (Patella granularis). On nutrient;rich shores,

communities are dominated by mats of foliose algae and the

limpets occur at lower densites. In addition, limpet growth
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rafes'on‘nutrienééiigh‘shéfes are'enhénced, and the limpets
attain.‘large? sizes; wﬁen compared with 1limpets on
Vﬁnenriched méihland shcreé Outside the Bay. Shorebirds are
abundént in the intertidal regions 'of islands, and are

scarce, or absent, on mainland shores.

Differences.in cémmunity struétura oﬁ island and mainland
shoreé in the Saldanha Bay area are explicable largely in
terms of differénces .in the levels of nutrients in the
intertidal waters, andA the conéequeﬂces for plants and
animals in the community. An ecologist ‘Viewing the
intertidal community at Cape Columbine might conclude that
the observed pattern of organization on thi.é« shére is a
result primarily of competition betwesen 1impeté (Branch
1984). Grazing by limpets keeps the shore free of foliose
‘algae.' On the shore of Marcus Island, approximately 40 km
away; the = ecologist might identify piedation by
oystercatchers as being of‘primaiy importance in explaining
the structure of the intertidal community (Hockey and Branch
1984). Here,  the removal by oysteréatchefs of limpets
reduces the extent of herbvivory. 'ManyAalgae are not grazed
and become foliose énd, in addition, competition for food
between li@pets is less intense. This might be considered
another case'in which the'relatiVe importances of processes
infiuénding ccmmunify structure differ from site to site,
with.no appaﬁeﬁt explanation;
This study suffers from the limitétion that ‘experimentél

‘sites could not be replicated in their entirety. - The
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;iéoréus,statiétidal testing of mean wvalues was thus not
poésible'(Huribért 1984); However, an experimental design
yincérpofating‘ more thaﬁ~ one study site’ at each locality
woﬁld\not necessarily suffer less from this problem, spatial
'patchiness.of intertidai organisms being, at times, as great
within as between geégraphical areas. Despite this
.drawback,‘ the potential of birds in modifying intertida;l
community structure in the Saldanha Bay ares is clear. The
impact of predatory shorebirds on the densities and
popuiation' dynamics of intertidél prey on islands in
Saldanha Bay is comparable with the imﬁact of avian
predators in other rock?I intertidal systems (Lewis and
Bowman 1975; Frank 1982: Marsh 1986). However, in this
study the impact of predation is modified by the presence of
seabirds, which are not themselves components of the
intertidal community, and which have not previously been
considered important in the functioning of intertidal

communities.

However, a major, if inconspicuocus, difference between the
study ‘sites is the concentration of nutrients in the
intertidal watefs. Viewed in this 1light, these sites
represent points on a continuum of nutrient availability.
Differences in the nutrient status of intertidal waters
certainly influence the rates of primary production in all
intertidal systems, and it is possible that the impacts of
processes such as competition, predation and physical
distufbance on intertidal communities are mediatea by the

productivity of the system. The categorization of all



‘fable 6.1. Summary of data relatlng to intertidal community structure in the mid shore
region at sites in the Saldanha Bay area :

MALGAS

JUTFTEN

MARCUS

MBURITZ

per km -~ 1981
(Hockey 1983)

NORTH BOMGAT CAPE =~
ISLAND ISLAND ISLAKND BAY : . BAY COLUMBINE -
Mean NO
+ 5. Dl(ug 11.8 12.6 id8.5 9.7 4.9 7.4 5.4 .
at 1 7) in 7.2 6.8 9.8 9.3 4.3 3.2 2.7
rockpools : '
ﬁean PO, ~ A
+ 5.0, tug 5.2 16.9 16.9 2.5 1.6 1,4 1.6
at 1 = in 3.9 ig8.1 5.8 1.5 1.8 8,7 g.5
rockpools - ’ : .
-Mean mid-~shore . - : '
primary f.66 7.51 6.75 1.27 8.085 3.37 g.16
production 1.22 11.44 7.91 1.56 g.04 4,24 g.47
+ S.D. (ug -2 -1
chlorophyll cm "~ mo :
Mean mid-shore . .
limpet density 18.8 25,3 43.1 79.4 33.4 32,9 124.8
- (+ S.B.) per. 12.1 18.5 13.9 13.6 13.7 6.0 21.3
8.5 m“vacant rock ' :
Mean density ; .
oystercatchers 41.3 - 78.4 58.3 6.9 2.2 3.6
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sh&reé,‘ accafdingg'to their nutrient status and rates pf
‘vpfi#ary pfodﬁéfion;  héy lead to an understanding of
aifferehces ih‘ the importance of processes influencing
infertidal‘ communtiy - structure in each system. Thus I
‘ﬁropose thét ecologists seeking universal truths about the
structure of rocky intértidél communities should consider
\the,productivity of systems used in comparisons, and should
assess particularly the availability of nutrients to the

primary producers in each system.
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