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Abstract

Population dynamics of many intertidal organisms are highly influenced by the
abundance and distribution of planktonic larvae in the water column and their arrival on
the shore. The brown mussel, Perna perna was used to investigate two of the primary
processes that affect population size and dynamics, larval availability and settlement, on
the south coast of South Africa. Perna perna is a dominant species on rocky shores of the
southern and eastern coasts of South Africa. It creates three-dimensional beds that
provide habitats for many other species and hence promotes biodiversity.

Larval availability and settlement were examined at different spatial and temporal scales
using a nested experimental design. To detect possible relationships between larval
availability and settlement, the studies were simultaneous.

Two sites, 4km apart, were chosen to investigate mussel settlement patterns. Within each
site, three locations (300m from each other) were selected. At each location, five artificial
settler collectors were placed at approximately 20cm intervals. Collectors were replaced
at a range of time intervals, from daily to seasonal, for 16 months. Each intertidal location
was paired with an offshore station, 500m from the shore, where larval availability was
measured. At each offshore station, three vertical hauls were collected twice a month
using a plankton net. Plankton sampling lasted for 14 months and was designed to
examine variability on three temporal scales: seasonal, lunar and daily.

The results showed no correlation between the distribution of larvae in the water and
settlers on the shore. While larvae were abundant in the water at the start of sampling,
they became very rare throughout the rest of the study at both sites and all locations. In
contrast, distinct peaks of settler abundance were observed during the seasonal settlement
study.

In addition to the expected, strong temporal variation that emerged from both studies at
all time scales, spatial patterns of variability were also observed. While no spatial effect
was detected for the larvae in the water column, there was distinct spatial variation in
settlement at the location level: some locations always showed higher settlement than

others. These results suggest that, on scales of hundreds of meters to kilometers, larval



availability and settlement are very unpredictable in time and that differential delivery of
larvae occurs from nearshore waters to the shore.

Although the effect of the state of the moon (new or full) was not significant in either
study, more settlers seemed to arrive on the shore during new moon. Wind direction did
not correlate significantly with settlement. However, the dropping of offshore winds and
the prevalence of onshore winds, which are characteristic of summer, may be linked to
the start of settlement. Nevertheless, further investigations on tidal or lunar cycles and on
the influence of wind on surface currents are required to clarify the effects of moon and

wind on settlement.
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Chapter 1

General Introduction

“ The best way to become acquainted with a subject
is to write a book about it”
Benjamin Disraeli



Onshore marine habitats can be distinguished from offshore environments in terms of
their physical stability. In particular, onshore benthic systems, including intertidal
habitats, are exceptionally unstable, disturbed, and more subject to unpredictable physical
changes than offshore environments (McKinney, 1986; Jablonski & Botjer, 1990).

From an evolutionary point of view, since onshore environments are highly variable at
different spatial and temporal scales, one would expect selection to produce a larger
diversity of marine invertebrates in onshore than in offshore systems (Jablonski & Botjer,
1990). If this was so, there should be higher concentrations of onshore genera and
families, but this does not seem to apply to all invertebrate taxa (Jablonski and Botjer
1990).

Much debate about the evolution of marine invertebrate species has focused around the
onshore-offshore pattern of species’ distribution. The suggestion is that many higher taxa
originated in onshore environments, followed by offshore expansion with many onshore-
originated groups moving into offshore areas. Finally, some higher taxa that moved
offshore would have permanently settled in the offshore environments (Jablonski &
Botjer, 1990).

Support for this theory comes from McKinney (1986). He suggests that more onshore
species exhibit a progenetic reproductive strategy, in which organisms become sexually
mature while still morphologically juvenile. The organisms exhibiting this strategy also
exhibit shorter generation times and smaller body size. These characteristics make
onshore organisms more prone to rapid evolution and more resistant to extinction than

offshore ones (McKinney, 1986).



The onshore-offshore theory could then be applied to intertidal environments that, being
part of the onshore systems, can also be considered to be highly unpredictable and
variable, especially with respect to disturbance by physical factors. Species living
intertidally could be better adapted to physical stresses. Indeed, globally, rocky shore
habitats have been colonised and exploited by an extremely resistant, successful and
ancient invertebrate group; the mytilid mussels (Berry, 1978; Suchanek, 1985).

Mussels occupy a relatively narrow band in the intertidal. Physical stresses such as
salinity, temperature, wave action, wave-generated storms and exposure to air limit the
distribution of mussels intertidally and affect the mortality of adults considerably. For
example, temperature and the risk of desiccation limit the distribution of mussels at the
upper tidal levels (Suchanek, 1985). Subtidally, their distribution is often limited by
predators, such as starfish, dogwhelks and subtidal fish (Seed, 1976; Suchanek, 1985;
Dame, 1996). Also, the availability of suitable substrata can be a limiting factor for the
distribution of mussels. Even within the narrow band that is inhabitable for mussels, they
are subjected to the stresses induced by intra- and interspecific competition for space
(Seed, 1976; Suchanek, 1985; Roughgarden et al., 1988; Dame, 1996).

Despite the factors that delimit the distribution of the mytilid family, mussels are still
among the dominant organisms on rocky shores and provide ideal habitats and refuges for
many other invertebrate species (Harris et al., 1998). Indeed, mussel beds form a packed
matrix that decreases the effect of wave action, temperature and sunlight (Suchanek,
1985). Mussel assemblages increase the amount of habitat suitable for other organisms by
modifying the substratum itself. In addition, mussel presence increases water retention

and the deposition of feacal and pseudofeacal material (Suchanek, 1985; Seed et al.,



2000). As a result, mussels can be considered to be * physical ecosystem engineers”
(Jones et al., 1997), able both to modify and to maintain the environment and to create the
perfect habitat for many other species (Jones et al., 1997; Seed et al., 2000).

The success of mussels can partly be found in their evolutionary history. Indeed, the
neotenous retention of the post-larval byssus, used for attachment during metamorphosis,
facilitated their expansion from soft sediments to hard substrata, by allowing a firm
fastening of mussels to rocks (Suchanek, 1985; Seed et al., 2000). The heteromyarian
shell shape, which is characteristic of mussels, also provides an ideal form for space
occupancy and offers an excellent design for gregarious behaviour, for living in high
densities and, again, for strong attachment to the substratum (Runnegar & Pojeta, 1985;
Suchanek, 1985; Morton, 1992; Guinez & Castilla, 1999; Seed et al., 2000).

Mussels have solved the problem of survival under the unstable and variable conditions
typical of the intertidal zone by securing themselves to the rocks and by being gregarious.
Mussel beds are extremely dynamic communities with levels of productivity that can be
compared to those of tropical rain forests and kelp beds (Suchanek, 1985; in Seed et al.,
2000). The genus Mytilus is found in the cold waters of both the northern and southern
hemispheres, while in the tropics and subtropics Mytilus is replaced by the genera Perna
and Septifer (Suchanek, 1985; Seed et al., 2000). Perna perna is the dominant species on
rocky shores of the south, east and west coasts of Africa (Berry, 1978; Van Erkom
Schurink & Griffiths, 1990) and has become invasive in the Gulf of Mexico (Hicks et al.,
2001).

The great success of mussels on the shore would appear to come in spite of the limitations

of their reproductive strategies and larval histories. Mussels are highly sedentary and, in



contrast to barnacles, exhibit external fertilization. This involves an enormous amount of
energy loss or wastage. With the release of sperm and eggs into the water, most gametes
are lost and, even after external fertilization has occurred, almost 99% of zygotes die
(Thorson, 1950; Bayne, 1976; Suchanek, 1985; Underwood & Fairweather, 1989;
Levitan, 1995; Underwood & Keough, 2001). In addition, dispersal of larvae in the water
column results in a further loss of potential recruits to the final adult populations
(Underwood & Keough, 2001).

The energetic investment required by mussels for their reproductive strategy appears to be
very high. Although the total energy available to each individual is limited, mussels seem
to spend lots of energy in three processes that involve great loss: external fertilization,
long-lived larval dispersal and final settlement (Todd, 1985). However, life histories are
generally phylogenetically constrained and can evolve only in certain directions. Also
organisms can only select amongst a limited set of habitats. Therefore, the alternatives for
habitat selection and reproductive strategy are not unlimited (Todd, 1985; Scheltema,
1986; Begon et al., 1990).

The colonisation of the highly disturbed rocky shore environment and reproduction
through external fertilization, with its attendant risks, along with the associated risks of
dispersal and settlement, may be the best evolutionary option that mussels have had.
Classical models of life history selection, such as r-K selection and bet-hedging theories,
refer to parameters like adult size, size and abundance of offspring, mortality and habitat
stability. None of these models alone explains the life histories and reproductive
strategies of mussels. Some of the characteristics exhibited by mussels match one model

and some another (Calow, 1983; Todd, 1985; Begon et al., 1990; Halliday, 1993).



The r-model is characterised by small adult size, short life span, early reproductive
maturity, semelparity and production of many small offspring whose survival depends on
generally unpredictable environmental factors. The K-model is characterised by the
production of few, high quality offspring with a high input of adult energy for parental
care (Todd, 1985; Begon et al., 1990; Hallam, 1990; Halliday, 1993).

The bet-hedging model is based on relative levels of mortality and on the predictability of
adult and juvenile mortality. r-selected species are those in which adult mortality is more
unpredictable than that of the juveniles. K-selected species are organisms for which
juvenile mortality is more unpredictable (Todd, 1985).

A third view emphasises habitat type and size of adult organisms. Size-beneficial habitats
favour species in which large adult size is beneficial for the survival of the species
(Begon et al., 1990; Lincoln et al., 1997).

Mussel life histories show a mixture of patterns from all three of these models. The life
span of these organisms is relatively long: Perna perna can live up to 5-6 years (McQuaid
& Lindsay, 2000) and the adults can reach up to 20 cm in length (pers.obs.), though this is
very rare. These characteristics agree with both size-beneficial habitat and K-models. The
large adult size could be beneficial against predators as well as in intraspecific
competition for space, and may help in resisting and surviving the severe conditions
experienced on the shore (Begon et al., 1990). Individuals of P. perna can also be
considered precocious as they can become sexually mature when they exceed only 20mm
in length (Lasiak, 1986; Phillips, 1994; Ndizpa, 2002; Lawrie & McQuaid, in prep). This
Is a characteristic that agrees with size-neutral habitats and r-models. Also, in accord with

the K-model is the fact that mussels are highly iteroparous and can reproduce frequently



(Berry, 1978; Ndizpa, 2002; Lawrie & McQuaid, in prep). Yet, they also produce huge
quantities of gametes leading to the production of many, small pelagic larvae, a
characteristic of an r-model species (Thorson, 1950).

The habitat in which these mussels occur is highly unpredictable (distinctive of r-selected
species for the bet hedging model and for the classic r-model), due to strong wave action,
currents and the harsh conditions typical of the intertidal zone, especially in subtropical
regions (Suchanek, 1985). Although the mortality of larvae is very high, it is more
predictable than the mortality of adults, which are more subject to the unstable conditions
of the shore (Thorson, 1950; Widdows, 1991). This last pattern is considered
characteristic of K-selected species in the bet-hedging model.

The production of large quantities of gametes is certainly a great advantage for mussels,
considering the precarious conditions the pelagic larvae have to withstand during
dispersal (Underwood & Keough, 2001). The small size of larvae could also be
considered an advantage for the survival of the larva itself. In fact, it is believed that
mussel larvae are transported like passive particles in the water column (McQuaid &
Phillips, 2000). Their characteristic small size allows them to float and to be carried in the
water instead of sinking to the sea bottom, away from rich food areas or settlement sites
(Underwood & Keough, 2001).

During dispersal, pelagic larvae can potentially be carried over large distances
(Scheltema, 1986; Widdows, 1991; McQuaid & Phillips, 2000; Poulin et al., 2002).
Larval transport in the water, associated with settlement on the shore of competent larvae,
allows the colonisation of empty patches of rocks or even new areas and regions (Todd,

1985; Underwood & Fairweather, 1989). Dispersal and settlement strongly shape



population structure and, therefore, affect the entire community associated with the adult
beds (Gaines & Bertness, 1992; Morgan, 2001).

Since larvae remain in the water column for quite some time (the average period for a
mussel larva to become competent is between 3 and 4 weeks; Bayne, 1965), their
transport and survival chances are exceptionally variable. In fact, the nature of dispersal
and settlement can make larval and settler abundances particularly variable, as they are
strongly influenced by unpredictable environmental conditions (Underwood &
Fairweather, 1989; Gaines and Bertness, 1992; Bertness et al., 1996; Eckman, 1996).
Thus, the availability and settlement of mussel larvae are highly variable because of
mussel reproductive strategies and also because of the general characteristics of the
environment in which the larvae are found. Variability of larval availability and of
settlement intensifies even further when different spatial and temporal scales of the
environmental and biological components are considered (Gaines & Bertness, 1993;
Jenkins et al., 2000; Morgan, 2001; Drouin et al., 2002). In particular, those abiotic
factors that influence the transport and delivery of larvae can vary considerably, both at
fine and large temporal and spatial scales. Of these factors, currents are among the most
important (Eckman, 1996). The variability of currents changes dramatically at different
spatial and temporal scales and, therefore, so too will the transport and delivery of larvae
onto the shore (Pineda, 2000). For example, the transport and survival of larvae is mainly
determined by large offshore oceanographic currents, then, closer to the shore, by finer-
scale, more local currents and, finally, by the microhydrodynamics typical of inshore
coastal areas, which characterise the movement of water around rocks and crevices

(Underwood & Fairweather, 1989; Pineda, 2000).



On the east coast of South Africa, the warm Agulhas current is the major offshore current
(Hunter, 1981; Goschen & Schumann 1990; Goschen & Schumann, 1994). It flows
parallel to the coast at a maximum speed of 2.5 m*sec™, roughly following the 200m
isobath and diverging from the coast towards the south-west. Approaching Port Elizabeth
it flows approximately 70km offshore (Fig.1, chapter 2), but it can show dramatic
onshore/offshore meanders, on occasions coming virtually into the intertidal (Goschen &
Schumann, 1990; Goschen & Schumann, 1994). This current is likely to influence the
survival and settlement of mussel larvae dramatically as it undergoes a major offshore
retroflection south of South Africa (Goschen & Schumann 1990) and larvae taken up by
the Agulhas current would have virtually no chance of returning to the shore.

The Agulhas is an oceanically forced western boundary current. Inshore currents on this
coast (between the Agulhas front and the coastline) are wind forced, vary at different
spatial scales and are affected by factors acting at both large and fine temporal scales. For
example, current speed and direction can vary on an hourly, daily, tidal and seasonal
basis. The different temporal scales on which currents can change are greatly influenced
by the action of the wind. It has often been observed that the direction and speed of the
main coastal winds directly influence inshore currents, and consequently, the transport
and delivery of pelagic invertebrate larvae (Pineda, 1991; Gaines and Bertness, 1992;
Bertness et al., 1996; McQuaid & Phillips, 2000; Poulin et al., 2002). The impact of wind
action on water decreases with increasing water depth, and therefore the maximum and
most direct effect of this environmental feature occurs at the water surface (Field et al.,

1980).



Currents, and the other physical factors influencing water movement at different spatial
and temporal scales, are closely related to the transport of invertebrate larvae and to their
delivery to the shore. Seasonal and geographical differences in the reproductive strategies
selected by many sedentary benthic invertebrates also influence larval dispersal and
settlement at different spatial and temporal scales. These physical and biological factors
act jointly to enhance variability in the structuring and maintenance of adult populations
and, therefore, the intertidal community as a whole (Connell, 1985; Lewin, 1986; Young,
1987; Underwood & Fairweather, 1989; Minchinton & Scheibling, 1991; Grosberg &
Levitan, 1992; Alexander & Roughgarden, 1996; Pulfrich, 1996; Morgan, 2001;
Underwood & Keough, 2001; Jeffery, 2003).

However, biological processes alone, such as larval supply and settlement, can also be
considered as key aspects for an understanding of population dynamics. In particular,
settlement can be referred to as the bridging factor, the connecting path between two
crucial phases of many sedentary marine invertebrates’ life histories: dispersal and
permanent recruitment to adult populations. Hence, this study focused on the variability
of larval supply and settlement of mussels at different spatial and temporal scales, with

specific attention to possible coupling between these two processes.

Structure of the thesis

This thesis is divided into 6 main chapters.
Chapter 1 forms the general introduction, highlighting the causes of variability in the
availability of mussel larvae and their settlement. Chapter 2 discusses spatial and

temporal variability in the availability of Perna perna larvae, monitored in the water

10



column at two sites along the south east coast of South Africa. Chapter 3 deals with
spatial and temporal variability of Perna settlement, measured at the same sites. Chapter
4 considers possible relationships between larval availability and settlement of Perna
perna. Here the data presented in Chapters 2 and 3 are combined and analysed together.
Chapter 5 examines the particular effect of one abiotic factor, the wind, on the transport
and delivery of Perna perna larvae onto the shore. The settlement data analysed during
this study are the same as those collected for the survey in Chapter 3. Finally, Chapter 6

concludes the thesis with a general discussion.
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Chapter 2

Nearshore larval availability of Perna perna on the south coast of South

Africa: spatial and temporal variability

“All truths are easy to understand once they are discovered;
the point is to discover them”
Galileo Galilei

12



Introduction

Intertidal organisms with external fertilization produce pelagic larvae that are forced to
disperse in the water column. The amount of time that larvae spend in the water before
they come back on the shore varies, depending on the species, on the larval stages
involved and on the duration of each stage (Widdows, 1991). However, regardless of the
duration of the typical larval period, some larvae can also delay metamorphosis and
therefore the time of arrival on the shore, if conditions are not optimal for the larvae to
settle (Thorson, 1950; Bayne, 1965; Sprung, 1984; Lutz & Kennish, 1992; Seed &
Suchanek, 1992; Marshall et al., 2003). Of course, spending longer in the water could
increase the risk of mortality due to predation (Widdows, 1991), even though it has been
recently suggested that pelagic larvae undergo little planktonic predation (Baldwin et al.,
1995; Tamburri & Zimmer-Faust, 1996; Johnson & Shanks, 1997; Johnson & Brink,
1998; Johnson, 1999; Johnson & Shanks, 2003).

The postponement of settlement can be induced by cues that influence the behaviour of
larvae. For example, some larvae can achieve postponement by actively controlling their
position in the water column (Mileikovsky, 1973; Norkko et al., 2001; Satumanatpan &
Keough, 2001) and thus, the timing of arrival on the substratum. It has been observed that
environmental cues drive the settlement of megalops crab larvae to the substrata in
estuaries, after fertilization of eggs has occurred in open coastal waters. Different cues
stimulate an endogenous response resulting in active searching for the substratum. In
general, the nature of these cues is not always known, but in a few cases it has been

shown that re-entering an estuary is triggered by a specific phase of the tide or cues from

13



the light cycle (Paula et al., 2001; Ross, 2001; Tankersley et al., 2002; Forward et al.,
2003).

Tankersley et al. (2002) have observed that, at night, megalops larvae keep swimming
during flooding tides and settle just before low tide. In this case, the behavioural response
is triggered by changes in salinity. However, light also inhibits larval transport: more
larvae arrive in the estuary during morning than evening low tides.

In general, offshore dispersal of larvae is a very complex and variable process. It is
unclear from which adult populations larvae originate, and it seems highly improbable
that they will settle back into the population from which gametes were spawned
(Minchinton & Scheibling, 1991), especially if the dispersal phase is relatively long
(Graham & Sebens, 1996). In fact, larvae can potentially be transported over large
distances, both offshore and along the coast (Van Dover et al., 2001; Widdows, 1991,
Poulin et al., 2002). Therefore, it is extremely difficult to follow the dispersal phases of
marine invertebrates. However, although difficult, it is important to assess dispersal in a
quantitative way, in order to understand population dynamics and model predictions of
final population sizes (Wiens et al., 1993; Eckman, 1996; Norkko et al. 2001). The
present study has addressed mussel dispersal without considering the potential offshore
spreading of larvae, trying instead to estimate the abundances of mussel larvae just off the
coast, in nearshore waters. In fact, it is in the inshore waters that larvae are likely to be
found in higher densities (Pulfrich, 1997). Thus, this study was focused on the abundance
of larvae that are available for settlement, in other words, close to the shore and to

potential settlement sites.
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However, the availability of larvae in inshore waters is closely related to dispersal,
therefore those processes that affect dispersal can influence the abundance of larvae too.
As already mentioned, larval behaviour can change the position of organisms in the water
and, consequently, the availability of larvae. The output of gametes can also be variable
and can affect the spatial distribution of larvae in the water (Hurlbut, 1991; Jenkins et al.,
1999) and finally determine spatial variability of sedentary organisms (Reed et al., 2000).
Indeed, gamete availability may vary, depending on the seasonality of the reproductive
cycle, and can change if gametes are released in different amounts in different areas, due
to the patchy distribution of adults on the shore. Physical parameters, such as
hydrodynamics, water temperature, internal waves and tides, geography and topography
can also affect the abundance and transport of larvae in the water (Gaines et al., 1985;
Roughgarden et al., 1987; Pineda, 1991; Gaines & Bertness, 1992; Bertness et al., 1996;
Jenkins et al., 1999; Drouin et al., 2002; Poulin et al., 2002). All these factors operate on
larval availability at different spatial and temporal scales (Eckman, 1996; Stoner & Davis,
1997; Dobretsov & Miron, 2001; Poulin et al., 2002). In fact, the variability of larval
abundance can be influenced by fine or large-scale spatial patterns of currents: large-scale
oceanographic currents or fine-scale local hydrodynamics (Stoner & Davis, 1997,
Satumanatpan & Keough, 2001). It also happens that different quantities of larvae are
found at different geographic sites, hundreds of kilometers apart, or even at different
positions on the same shore, separated by distances of only hundreds of meters
(Satumanatpan & Keough, 2001). Ross (2001) showed that barnacle larvae from a
temperate mangrove forest are transported in a passive way at large spatial scales and that

their distribution is influenced by hydrodynamics. However, it has been suggested that, at
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finer spatial scales, marine larval settlement can be driven by active larval behaviour,
which can influence habitat selection, settlement and the final distribution of adult
organisms (Meadows & Campbell, 1972; Strathman et al., 1981).

In addition to spatial variability, temporal variation should also be considered when
exploring larval availability in the water column (Beukema et al., 2001; Lipcius &
Stockhausen, 2002). In fact, in such a variable system, the abundance of larvae collected
from the water column at a particular place, can change dramatically with time (Pulfrich,
1997; Stoner & Davis, 1997; Ross, 2001; Poulin et al., 2002; pers obs). Larval abundance
can differ on very fine temporal scales. For example, patches of larvae can be found at
one place at a specific time, but not seconds or minutes later (pers. obs.). But also,
availability of larvae can change on a seasonal scale: because of a seasonal reproductive
cycle, or even seasonal patterns of water currents (Van Dover et al., 2001).

Because of the extraordinary variability and patchiness of organisms in this system
(McQuaid & Phillips, 2000; Natunewicz & Epifanio, 2001; Zeidberg & Hammer, 2002),
not many studies have examined larval dispersal and availability in a quantitative way
(Norkko et al. 2001). The present study has tried to quantify larvae of Perna perna in the
water column and is one of very few studies to inspect larval availability in nearshore
waters, i.e. just behind the surf zone. In fact, most studies on zooplankton abundance,
even those done in coastal waters, have traditionally considered sampling areas that are at
least kilometers offshore.

Finally, there are very few investigations that have simultaneously considered spatial and

temporal variability in the abundance of zooplankton in the water, especially abundances
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of mussel larvae. The present survey examines the variability of Perna perna abundance,

considering both spatial and temporal variability at different scales.
Materials & Methods

Study sites: The study was conducted between March 2000 and April 2001 at two sites,
chosen near Kenton-on-Sea (33° 41'S, 26° 40'E), on the south coast of South Africa (Fig.
1). The sites were in Kenton: Middle Beach and High Rocks, which lies about 3km east

of Middle Beach (Figs 2 & 3).

26° °E 2r

°S Port Alfred
Kenton-on-Sea

Port Elizabeth
Agulhas current

100Km

Fig.1 Map of South Africa and study area.
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Fig. 2 Sampling site: Middle Beach in Kenton (KE).

Fig. 3 Sampling site: High Rocks (HR).
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Sampling was conducted at offshore sites that were opposite intertidal sites on rocky
shores formed of Aeolian dune rock and exposed to similar levels of wave action. Wave
exposure was estimated during each of the four seasons by measuring weight loss of 3
cement balls attached to the rocks at each intertidal location for two days. Larval
availability in the nearshore water column was investigated, approximately 500 meters
offshore, at KE (Kenton) and HR (High Rocks), using a nested approach. At each site,
three locations were identified, about three hundred meters apart (Fig. 4).

Sampling at the offshore locations was done just behind the surf zone. The distance from

the shore changed with tide level and sea conditions, but was always within 500 meters of

the shore.

) ) Land & Scouring pad
Intertidal locations: A Vertical haul
Location 1 Location 2 Location 3

RV & XV VR Y OV ®®20§ XX
§ <>
A A A
A A A A
Locatﬁ)n 1 . som Locaﬁon 2 Location 3
Offshore locations:
Sea

Fig. 4 Experimental design for the offshore larval availability study. One site only (detailed
description in text).

Larval availability: Abundance of Perna perna larvae in the water column was examined

by collecting plankton samples just behind the surf zone. Due to possible larval

stratification within the water column (McQuaid & Phillips, 2000), sampling was done by
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means of vertical hauls using a plankton net. The net had a mesh of 80um and a mouth of
30X30cm; it was pulled from approximately 1m above the seabed (to minimise sand
collection) to the surface at a rate of about 0.5m*s™ . The depth of the hauls ranged
between 7 and 10 meters. The volume of water filtered was calculated from the area of
the mouth of the net and the depth of the haul.

At each location, three replicate plankton samples were taken (Fig. 4) and wind direction,
speed and time of collection were recorded. The position of each location was determined
during every sampling event using GPS (Global Positioning System).

The samples were preserved in a solution of 40% formalin and 60% sea water and
returned to the laboratory for analysis. Samples often contained considerable amounts of
coarse sand, with particles approximately the same size as larvae. To make the
identification of larvae easier (Garland & Zimmer, 2002), samples were stained with a
few drops of 0.38% Rose Bengal (Acid red, C.1.45440) in 95% alcohol, which stains only
organic material. The contents of each sample were examined under a dissecting
microscope and Perna perna larvae were identified (Fig. 5), counted and measured under
25X magnification to the nearest 0.05mm using an eyepiece graticule (Imm = 25units).
All measurements were transformed to um for analysis. Since most of the time the
number of larvae did not vary amongst replicates, only two out of the three replicates

were processed and used for statistical analysis.
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260um

Fig.5 Perna perna larva collected from the water column

Periodicity: Temporal variation in larval abundance was inspected at different scales,
from fine to relatively coarse.

There were three main studies: 1) seasonal; 2) lunar; 3) daily (two separate studies in
2000 and 2001).

1) Seasonal study. Large-scale temporal variation was examined so that information on
abundance of larvae due to seasonality could be obtained. For this purpose, sampling
continued throughout the year from March 2000 to April 2001 (14 months), with a total
of 23 plankton collections. The reduced number of sampling (23 collections instead of 28)
was due to bad weather conditions, when plankton sampling could not be performed.
During this time larval availability was examined by sampling fortnightly, as close as
possible to spring tide. Thus, plankton sampling was done for 14 consecutive months,
twice a month: one collection was at new moon spring tide and the other at full moon

spring tide.

21



2) Lunar study. In order to monitor the possible effect of lunar phase on larval
availability, a subset of data from the seasonal study was analysed. Because of missing
samples, for the lunar study, the data set needed to be balanced and reduced. Therefore,
fewer sampling events (16) were used here than for the seasonal study.

3) Daily 2000 and 2001 studies. In order to detect fine-scale temporal variability, daily
plankton collection was performed during two independent periods: the first from 20" of
March to 10" of April 2000 (21 days), the second from 6™ of February to 11" of March
2001 (34 days). From previous studies, February, March and April (late austral summer)
are expected to be months of high larval availability and settlement for Perna perna
(Lawrie & McQuaid, in prep). During these two cycles, plankton collection was carried
out every day except when sea conditions were too dangerous (approximately 25% of
total number of days).

Statistical analysis. All statistical analyses were performed using the software package

Statistica 6. All data were analysed using parametric tests and since the experimental
design was balanced, analysis of variance (ANOVA) was chosen to test the hypotheses.
Three separate analyses were performed to investigate the different temporal scales of
variability (seasonal, lunar and daily). The data set varied for each analysis, therefore
independent analyses for each temporal scale could be run.

Mixed model, nested ANOVA was used to examine scales of variation due to temporal
and spatial factors. All independent variables and the possible interactions among factors
were considered to assign variability. Location was nested within site and crossed by
time. The spatial factors were treated as random, since the chosen sites were “ecological

replicates” of the nearshore area and were close enough to allow simultaneous collection
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of data. Likewise location was treated as a random factor, nested within site (Zar, 1984).
In the seasonal study, the temporal factor, date, was treated as fixed. This choice was
made because, although some sampling collections were missed due to bad weather
conditions, sampling was initially planned for regular fortnightly collections, which
would have allowed the detection of variability of larval availability due to seasonal
differences. In the two daily studies (daily 2000 and daily 2001), the temporal factor day
was treated as random. The daily studies were important to investigate variation in larval
abundance at fine temporal scales (day), but the actual day of sampling was of no interest.
An additional analysis was run to look at the effects of the phase of the moon (full or new
moon) on the availability of Perna larvae in the water. In this case, the factor moon was
treated as fixed and crossed by date, site and location (nested in site). The ANOVA tables
for random and mixed models were made manually following Zar (1984) in order to
calculate the degrees of freedom, mean squares and F-ratios.

All types of interactions for the different studies are summarised in Table 1. Normality
was examined using the Kolmogorov-Smirnov test and homogeneity of variances
determined using Cochran’s test. When the homogeneity assumptions could not be
satisfied, the dependent variable was logarithmically transformed (Winer, 1971; Lindman,
1974; Sokal & Rohlf, 1981; Zar, 1984; Underwood, 1997). For the larval availability
study no post-hoc test was run because the significant interactions observed in most of the

Anova tables would have made the post-hoc tables difficult to interpret.
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Table 1 Summary of analyses of variance used for the different studies on availability of Perna
perna larvae in the water. Independent variables, interactions within factors, type of effect and
transformation choice are listed for each study.

EFFECT
ANALYSIS (Random/Fixed) TRANSFORMATION

1) Seasonal study: variation of larval

abundance due to season Log transformation, Log (X+1)

Site Random
Location (Site) Random
Date Fixed

Date *Site Random
Date *Location (Site) Random

2) Lunar study: variation of larval

abundance due to lunar phase Log transformation, Log (X+1)

Site Random
Location (Site) Random
Date Fixed

Moon Fixed

Date * Moon Fixed

Date *Site Random
Moon*Site Random
Date *Location (Site) Random
Moon*Location (Site) Random
Date *Moon*Site Random
Date *Moon*Location (Site) Random

3) Daily study, analysed separately for 2000
& 2001: variation of larval abundance due to
day of collection

2000-Log transformation, Log (X+1)
2001-NOT transformed

Site Random
Location (Site) Random
Day Random
Day*Site Random
Day* Location (Site) Random
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Results

The size of Perna perna collected 500 meters offshore varied between 200um and 1.3mm
(one individual). However, the size range was heavily dominated (99.87%) by the 200 —
400um size class (Fig.6). This was the class used for the analysis of larval abundance in
the water column at all three temporal scales: seasonal, lunar and daily. This size class
almost overlapped the size range of animals collected during the settlement study and was
therefore considered to represent the size of competent larvae, still in the water column,
but ready to settle on intertidal substrata. In addition, in most cases, the morphology of
these larvae was very similar to that of individuals collected during the settlement study

(see chapter 3).
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Fig. 6 Size distribution of Perna perna in the water column
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1) Seasonal study

The water column was sampled twice a month, around spring tides, for 14 months from
March 2000 to April 2001. Seasonal collections showed peaks in larval distribution at the
beginning of the sampling period, on very specific occasions: the first two dates of
collection (20" of March and 3™ of April 2000). For the rest of the study, larvae were
extremely rare. This was observed at both sites, High Rocks (HR) and Kenton (KE) (Fig.
7). In particular, larvae were abundant at HR on the first sampling day, 20" of March,
reaching mean values up to 307.14 + 4.51 larvae per cubic meter at HR location “D” (HR
D) (Fig. 7).

Variances of all the data were found to be homogeneous after logarithmic transformation
using Cochran’s test for homogeneity (p > 0.05). The ANOVA table for the seasonal
study showed that neither site nor location, nested within site, affected the variability of
larval abundance significantly (p > 0.05 in both cases; Table 2). Nevertheless, there were
strong significant interactions between date and location and date and site (p < 0.00001).
Temporal patterns of variability in larval abundance differed drastically among different
sites and different locations. Although site itself did not have a significant effect on the
number of larvae in the water, histograms of cumulated larvae per site and location
(Figs.8 & 9) indicate obvious differences between HR and KE, with total values at HR
more than three times greater than at KE. Possibly, the effect of site was masked by the
low numbers of larvae collected throughout the rest of the study and the high temporal
variability (effect of date, p < 0.00001). However, when an ANOVA was run only on

those dates with high numbers of larvae, site did not have a significant effect.
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Finally, even though the main factor location did not have a significant effect on the
abundance of larvae, the histograms of total cumulated larvae per location showed that
total numbers of larvae differed strongly between locations. HR D and HR E had total

values an order of magnitude higher than the others (Fig.9).

Table 2 ANOVA for seasonal study. df = degrees of freedom; MS = Mean Square; F = F-Ratio;
p = probability value; n.s. = p > 0.05; **** = p < 0.00001

MS F

Date 9.07101 | 49.83076
Site 0.49264 5.38565

Location (Site) 0.09147 0.502
Date*Site 1.63829 3.82697

| Date*Location 0.42809 2.35169
Residual 0.18204
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2) Lunar study

The data used for this study were logarithmically transformed and homogeneity of
transformed data was confirmed by with Cochran’s test (p > 0.05). The lunar study was
performed by sampling the water column at new and full moon for 14 months, to
investigate the possible influence of the phase of the moon on larval availability. This was
difficult to assess because there were only two events when larvae were found in the
samples and each event showed a peak at only one of the two sites. On 20" of March
2000, a full moon period, many larvae were collected at HR (Fig. 10). On the other hand,
the 3rd of April 2000 was a new moon period and this was the day when most larvae were
found at KE (Fig. 11).

The results of the ANOVA (Table 3) showed that date significantly influenced the
variability of larvae in the water (p < 0.00001). Moon, the two spatial factors, site and
location and the interaction between date and site did not show any significant effect on
the abundance of Perna (p > 0.05.). Two other significant sources of variability were the
interactions of the temporal variables, moon and date, with site and also with location (p
< 0.00001, for both interactions). Thus, the effect of the moon differed among dates and
locations and also between sites (Figs. 10 & 11).

The interaction between moon and site also showed a significant effect on the variability

of larvae in the water (p < 0.05).
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Table 3 ANOVA for lunar study. df = degrees of freedom; MS = Mean Square; F =
F- Ratio; p = probability value; n.s. = p > 0.05; * = p < 0.05; **** = p < 0.00001;

MS F

Date
Moon
Site

27.21100 599.452
0.71348 0.136
0.01748 0.156
0.11219 0.618
0.31761 0.0775
0.04539 0.2510
0.18087 0.9957
5.24715 18.7296
0.28015 1.5423

Date*Moon*Site 4.09789 7.2726

Date*Moon*Location 0.56347 3.1021

Error 0.18164

Location (Site)
Date*Moon

Date*Site
Date*Location
Moon*Site
Moon*Location
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3) Daily study, 2000

Fine temporal scale variability of larvae in the water was investigated through two
sessions of daily sampling, in 2000 and 2001.

The data from the 2000 study were logarithmically transformed and homogeneity of
transformation was confirmed using Cochran’s test (p > 0.05).

The numbers of larvae found in the water during the 2000 daily sampling (20" March to
10™ April) varied considerably from one day to the next, at both sites (Fig. 12).

Two-way nested ANOVA showed that the variation in larval abundance from daily
collections was significantly affected by three factors: day, the interaction between day
and site and the interaction between day and location (p < 0.00001 in all three cases). The
other main factors, location nested in site and site alone did not have significant effects on
larval distribution (p > 0.05; Table 4). Again, the lack of site and location effect was
possibly due to very low values on most days. Time proved again to be an important
factor, influencing the availability of larvae in the water column on a daily basis; in fact,
the number of larvae could change drastically, often from one day to the next, at both
sites and some locations. There were also clear differences in larval abundance between
one site and the other on the same sampling day and between one location and another at
the same site (Fig. 12). Hence, the significant interaction between day and site and also
between day and location (p < 0.00001). For example on the 20" of March and on the 24"
of March on average, many more larvae were collected at HR rather than at KE (Fig. 12).
Differences in larval availability between sites and locations are also represented in two

cumulative graphs for site and location (Figs. 13 & 14).
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Table 4 ANOVA for daily 2000 study. df = degrees of freedom; MS = Mean Square; F = F-
Ratio; p = probability value; n.s. = p > 0.05; **** = p < 0.00001

MS

Day 15.7708
Site 2.3344

Location (Site) 1.3072
Day*Site 3.3001
Day*Location 0.9589
Error 0.3977

The interaction between day and location was significant. However, all days when the
number of larvae was high, showed peaks at all locations simultaneously, with the single
exception of the 24 March 2000 at KE. Thus, the interaction between day and location
reflects the weak spike on 24 March and also the fact that some locations showed strong

peaks, while some weak and others none on the same day.
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Fig. 12 Daily 2000 larval availability at KE (locations A, B, C) and HR (locations D, E, F).
Points indicate mean values and error bars show standard errors (SE).
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3’) Daily study, 2001

Cochran’s test indicated that the raw data exhibited homogeneity of variances (p >0.05)
and thus the daily 2001 data were analysed without transformation.

The processing of samples collected during the 2001 daily collection, from 7™ February
to 9™ March, revealed generally small numbers of larvae at both sites and all locations.
However, there was extreme variability in abundances on a daily scale (Fig. 15). For
instance, on the 20™ and 25" of February, there were peaks at HR, but the numbers
dropped to zero on each of the following days (Fig. 15). The same scenario occurred at
KE, with larvae showing peaks on several occasions, with numbers falling to zero on the
subsequent days (Fig. 15). Differences in larval availability between sites and amongst
locations are represented in two cumulative graphs for site and location (Figs. 16 & 17).
In contrast to the results obtained from the 2000 daily study, the only factor that showed a
significant effect in the 2001 analysis was day. The factors site, location nested within

site, and all possible interactions did not show significant effects (p > 0.05) (Table 5).

Table 5 ANOVA for daily 2001 study. df = degrees of freedom; MS = Mean Square; F = F-
Ratio; p = probability value; n.s. = p > 0.05; **** = p < 0.00001

MS

Day 13.32968
Site 0.36292

Location (Site) 4.54464
Day*Site 3.10130
Day*L ocation 3.45956
Error 2.69105
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Fig. 15 Daily 2001 larval availability at KE (locations A, B, C) and HR (locations D, E, F).
Points indicate mean values and error bars show standard errors (SE).
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Summmary of larval availability results

Time was the only factor that affected the variability of larvae in the water column, in all
studies. Interactions between time and site also significantly affected the variability of
larvae in the water column on seasonal and daily (2000 only) scales. Finally, the
interactions between date, moon and site and the interaction between date, moon and
location were also very strong components of variability for the lunar study. The main
factors site, location and moon did not have significant effects at any temporal scale. All
the main sources of variation for larval abundance in the nearshore waters are
summarised in Table 6 and will be discussed in detail in the following section.

In general, none of the spatial variables alone, site nor location, had a significant effect in
any of the analyses, but both interacted significantly with the temporal components in
most analyses. This indicates that temporal patterns of larval abundances in the water
column differed between site and amongst locations at all the three scales examined

(season, moon, day), with no prevailing geographical or spatial effect.
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Table 6 Larval availability. Summary of effects of the independent variables and interactions in
different studies of larval abundance using nested analysis of variance. NS= not significant; ****
= p < 0.00001; ** = p < 0.05; -- = not applicable.

SEASONAL
STUDY

Site NS
Location NS
Time Fkkx
Time*Site Ak

Time*Location

Moon

Time*Moon
Moon*Site
Moon*Location
Time*Moon*Site
Time*Moon*Location
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Discussion

Size and abundance

Bayne (1964) proposed a theory of primary-secondary settlement of mussels, suggesting
that initial settlement occurs on filamentous algae, followed, after a period of growth, by
detachment and secondary occupation of the adult mussel beds. This theory has been
supported by several studies (Eyster & Pechenik, 1987; Pulfrich, 1996). However, others
have refuted it (Petersen, 1984; McGrath et al., 1988; Lasiak & Barnard, 1995), finding
mussel larvae able to settle on filamentous algae, hard substrata and adult mussel beds. In
all cases the focus of study has been settlement only, with little attention being given to
the size of larvae while still in the water column (Kautsky, 1982; Caceres-Martinez &
Figueras, 1998). During the present study, almost all larvae collected from the water
column had a maximum shell length ranging from 200 to 400um. Larger mussels (>
400um) occurred, but were extremely rare (0.13% of total). The 200 - 400um size class
corresponds approximately (Caceres-Martinez & Figueras, 1998; Phillips & Gaines,
2002) to the size of animals ready to settle on the rocks and the absence of bigger larvae
shows that very few potential secondary settlers were collected from the water column
during this study.

Studies of the abundance of planktonic stages of different intertidal invertebrates have
used different techniques, including bongo nets (bivalves: Pulfrich, 1997), pumps
(barnacles: Miron et al., 1995; Satumanatpan & Keough, 2001; ascidians: Hurlbut, 1991;

bivalves: Caceres-Martinez & Figueras, 1998), towing (bivalves: Stoner & Davis, 1997,
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barnacles: Drouin et al., 2002; Pineda et al., 2002), vertical hauls (bivalves: McQuaid &
Phillips, 2000; Dobretsov & Miron, 2001; Lawrie & McQuaid, in prep.) or traps
specifically designed for collections integrated in time and space (bivalves: Dobretsov &
Miron, 2001).

Integration of sampling, over the water column for example, could reduce the method
sensitivity (Miron et al., 1995), so the sampling procedure must be designed carefully
with an understanding of how larvae are distributed. In fact, depending on the position of
larvae in the column, one could make predictions on settlement of larvae in the benthos
(Miron et al., 1995). If larvae usually stay at the surface, then settlement follows tidal
oscillations; if larvae are uniformly distributed in the water column, settlement decreases
from low to high shore, depending on the immersion time. Finally, if larvae are usually at
or near the seabed, maximum settlement should occur on the low shore (Miron et al.,
1995). McQuaid & Phillips (2000) found that mussel larvae, collected from the same area
as the present study, are distributed randomly throughout the water column. Therefore,
bottom to surface hauls seemed to be an effective and simple technique for a realistic
estimation of the abundance of mussel larvae in nearshore waters. The bottom to surface
sampling method excludes the possibility that some larvae could have been missed due to
stratification as this procedure integrates sampling through the whole water column.
Although fecundity was not investigated during this study, Jenkins et al. (2000) suggest
that fecundity in barnacles does not influence recruitment to the final adult population: it
seems rather that it is variability during larval stages in the water that will lead to either
poor or good recruitment. Variability in abundance of larvae in the water will change at

large and fine temporal and spatial scales. One of the possible reasons for such variability
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could be the irregularity of the phytoplankton availability; phytoplankton forms the main

food for larvae during the planktonic stage (Jenkins et al., 2000).

Spatial variability

Larval supply of marine invertebrates living intertidally can be influenced by adult
abundance, hydrodynamics and larval behaviour (Hurlbut, 1991). Spatial variability in the
abundance of planktonic larval stages of benthic organisms has largely been studied in
order to understand the processes and the scales that affect their distribution in the water
and their arrival on the shore (Pineda, 1991; McQuaid & Phillips, 2000; Dobretsov &
Miron, 2001; Natunewicz & Epifanio, 2001; Norkko et al., 2001). Larval supply and, in
some cases, behaviour, vary greatly depending on the species examined, on the
geographic position of the study sites and on the different spatial scales examined
(Satumanatpan & Keough, 2001). For example Satumanatpan & Keough (2001) believe
that passive transport, due to oceanographic processes, regulates the distribution of
barnacle larvae at large scales, while active behaviour would influence their movement at
finer scales, when they are closer to the shore. Ross (2001) also describes the same type
of effect at large and fine spatial scales on the distribution of barnacle larvae in a
mangrove forest; however, the ability of larvae to influence their position by active
behaviour is much greater in a calm habitat like mangroves, than on wave-exposed rocky

shores.
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Modeling of larval fish distribution also suggests the importance of passive transport due
to hydrodynamics, with passive transport being enhanced by strong wind action (Jenkins
etal., 1999).

The results of the present study show that abundance of larvae in the water column does
not show strong spatial effects at the spatial scales examined during this study. The
effects of site (km scale) and location (100m scale) on larval abundance were not
significant. Although the number of larvae collected at HR was larger than that sampled
at KE, and despite the fact that some locations presented more larvae than others, the
signal provided by the spatial variables was not strong enough to give a significant spatial
effect of space in the ANOVA.

This seems to support the idea that while larvae are still in the water, the processes that
affect the variability of their distribution operate on scales larger than those investigated,
while micro-hydrodynamics influence settlement (Pineda, 2000).. In the case of the
present study, currents may affect the distribution of larvae on scales larger than a few
kilometers.

Nevertheless, the spatial signal alone could have been masked for two main reasons. First,
numbers of larvae were generally very low, frequently zero, and this could have hidden
the effect of the spatial factors alone. Second, the spatial effect could have been expressed
through the strong interactions between spatial and temporal variables. In fact, temporal
patterns in larval abundance differed between sites and amongst locations.

Patchiness in the distribution of zooplankton in the water column has been attributed to
several physical and biological processes such as water temperature, salinity, internal and

interaction between prey and predators (Stoner & Davis, 1997; Natunewicz & Epifanio,
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2001). Vertical migration would probably depend on light, gravity or food concentration;
these are all factors that can change over spatio-temporal scales that are relevant to this
study (Dobretsov & Miron, 2001). Some hypotheses maintain that there are offshore
regions where larvae accumulate, where it would be possible to find an available pool of
larvae (Pineda, 2000). But we need to consider where the larvae come from and how they
would reach these pools. It is difficult to measure all the possible variables that could
affect larval distribution and therefore to estimate the position, the size (Natunewicz &
Epifanio, 2001) and the variability within these plankton patches. Offshore dispersal, due
to large oceanographic processes, could strongly affect the distribution of larvae and
transport them over long distances (Widdows, 1991; Stoner & Davis, 1997). However,
physical factors (and for some species, behaviour) can control retention and trap larvae
with a strong effect on the scales of dispersal (Mariani et al., 2000; McQuaid & Phillips,
2000; Caceres & Soluk, 2002; Drouin et al., 2002; Zeidberg & Hammer, 2002).
VanDover et al. (2001) suggest that there could be a trophic explanation for local
dispersal and larval retention at hydrothermal vents, as it would be advantageous for
larvae to be retained locally where there are symbionts that can contribute to larval
growth. Strathmann et al. (2002) find larval retention to be advantageous for larval
survival. In fact, since the parental and juvenile habitats are very favourable, larvae would
do better if retained locally rather than being dispersed over large distances (Strathmann
et al., 2002).

Although some bivalve larvae show active swimming behaviour, controlling their
position in the water (Dobretsov & Miron, 2001; Norkko et al., 2001), some studies on

mussel larvae and other molluscs seem to support the idea that they are

51



transported passively, without even showing the patterns of vertical migration that
barnacle larvae do (Scheltema, 1995; McQuaid & Phillips, 2000; Satumanatpan &
Keough, 2001). On oceanic scales, dispersal would be limited by large-scale
hydrodynamics. More locally the direction and the degree of dispersal would depend
completely on hydrography, and retention within nearshore waters would be influenced
mainly by changes in wind direction (McQuaid & Phillips, 2000).

From the points discussed above, there is reason to believe that larvae distributed so far
offshore as to reach the Agulhas current would be lost and irrelevant, even though the
present study did not consider spatial scales larger than a few kilometers along the coast
and hundreds of meters offshore. Roberts (unpubl. data) has recently found that an
oceanographic drifter deployed 2km offshore in this region was transported

approximately 770km south to the region of the subtropical convergence in just 52 days.

Temporal variability

In addition to spatial variability, the abundance of pelagic larvae is strongly influenced by
time (Beukema et al., 2001; Drouin et al., 2002; Poulin et al., 2002). This was obvious
during the present study, though the abundance of Perna larvae in the water column was
very limited throughout almost the whole study period.

The occurrence of large peaks of larval abundance in March and April 2000 and,
thereafter the almost complete absence of larvae from the water column do not agree with
other studies done on the same species, either in the same area or along the same coast. In
these studies it seemed that P. perna larvae were continuously present throughout the

year, although densities fluctuated considerably (Lasiak, 1986; Lawrie & McQuaid, in
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prep.). These different findings could be due to geographical differences (Lasiak’s study
was run 400km farther east) or, more probably, temporal differences (Lasiak’s study was
done between 1982 and 1983 and Lawrie & Mc Quaid’s between 1998 and 1999). In this
study, time had a very strong influence on larval abundance, both at coarse and fine scales
(from seasonal to daily observations).

The system in which larvae were found is physically extremely unpredictable at many
scales and that is why the abundance of larvae changed not only seasonally, but also
dramatically from day to day. For example, larvae were often abundant at a particular
location on a particular day, but not the day after or before. Hence, the concept of
sampling on the “right” day, at the “right” place appears to be very important. Daily
sampling was the finest scale at which sampling was done, but variability in the
distribution of larvae might occur at even finer temporal scales. However, in order to test
variability of larval availability at fine temporal scales, abundance of larvae should be
assessed with a different experimental design. Sampling in the water column should be
done at much more frequent intervals than in the present study (McQuaid & Phillips,
2000).

Nevertheless, the sampling interval chosen for this investigation was intended to assess
variability of larvae from month to month. In fact, although the precise day and time in
which most larvae were present in the water could have been missed, the fortnightly
sampling procedure should assure the collection of new larvae following potential
successive spawning events. Pulfrich (1997) supports this design, considering monthly
sampling of bivalve larvae to be a poor estimation of real larval densities while

fortnightly sampling can track spawning events. In fact the development time for a
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bivalve larva varies between three to four weeks, from the appearance of the veliconch to
disappearance as a pediveliger (Pulfrich, 1997). In this way, fortnightly sampling is
frequent enough to identify the appearance of new larvae while also detecting the arrival
of larvae from different areas.

Although a few studies have considered the possible effects of lunar or tidal cycle on the
abundance and distribution of planktonic larvae offshore (Stoner & Davis, 1997; Paula et
al., 2001; Ross, 2001; Satumanatpan & Keough, 2001), the present investigation showed
that moon did not affect the densities of mussel larvae. During this study larvae were
caught in abundance in nearshore waters on only two occasions: one at full moon and the
other at new moon. The lack of significance of lunar effect in this study emphasises the
high variability of this system where oceanographic currents and finer scale
hydrodynamics seem to be the factors that most strongly influence larval availability of P.
Perna in the water column. However, the same sampling design, applied when larvae
occurred at high densities, could lead to results different from the present one.

The next chapter discusses how the effects of spatial and temporal factors that operate on

larval settlement are different from those affecting larval distribution in nearshore waters.
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Chapter 3

Settlement of Perna perna on the south coast of South Africa: spatial

and temporal variability

“There are three kinds of lies: lies, damned lies,
and statistics”
Mark Twain
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Introduction

Sedentary intertidal organisms with a pelagic larval stage, like mussels, can be considered
as forming open populations, to distinguish them from species with closed populations, in
which adults and offspring belong to the same community and where limited migration
occurs across the perimeter of the population (Roughgarden et al., 1985). Gametes of
external fertilizers are released into the water where larvae will spend some time before
returning to the rocky shore. Consequently, larvae generally have little chance of
returning to the adult population from which the gametes were initially released. In
addition, migration among such populations takes place not over a perimeter, but through
the water column, and therefore occurs on much larger spatial scales than a two
dimensional area (Roughgarden et al., 1985).

The process that describes the return of larvae to the shore is settlement, which is
considered one of the main processes that regulates the dynamics and structure of benthic
populations (Roughgarden et al., 1988; reviewed by Underwood & Fairweather, 1989;
Olafsson et al., 1994; Caley et al., 1996; Hunt & Scheibling, 1998; Balch & Scheibling,
2000; Fraschetti et al., 2003). The literature describes this process in several ways, but
there has also been some confusion through a failure to distinguish settlement from
recruitment. This ignores post-settlement mortality, which is often a very important
phenomenon (Keough & Downes, 1982; Connell, 1985; Minchinton & Scheibling, 1993;
Rodriguez et al., 1993; Gosselin & Qian, 1997; Balch & Scheibling, 2000; Jenkins et al.,
2000; Fraschetti et al., 2003). Therefore, there is a need to redefine these two distinct

processes, which are important determinants for the structuring of intertidal communities.
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Settlement is the permanent, reversible or irreversible contact that planktonic larvae
establish with the substratum (Bayne, 1964; Keough & Downes, 1982; Connell, 1985;
Lasiak and Barnard, 1995; Jenkins et al., 2000; Fraschetti et al., 2003). As this contact is
made the larvae may or may not go through a phase of metamorphosis (Seed & Suchanek,
1992). Poulin et al. (2002), consider settlement to be the transition from the planktonic
larval stage to life in the benthos.

Recruitment of many sessile marine juveniles into the adult population, in general, is
more difficult to define, as the difference between settlers and recruits is not as clearly
defined as the simple arrival of new individuals on the shore. However, regardless of the
species under examination, recruitment is generally described as the number of
individuals that have recently settled and that have survived for a certain period after
settlement, during which time some degree of post-settlement mortality may have
occurred (Bayne, 1964; Keough & Downes, 1982; Connell, 1985; Lasiak & Barnard,
1995). Pineda (2000) defines recruitment rate as the rate at which juveniles join the
population.

Most studies have used morphometric analysis to define settlement and to distinguish this
factor from recruitment. In the case of bivalves, specific size classes (not always
completely corresponding) have been given at which the larvae are considered to be
competent for settlement (Bayne, 1964; McGrath et al., 1988; Widdows, 1991; Caceres-
Martinez et al., 1993; Lasiak & Barnard, 1995; Buchanan & Babcock, 1997; Pulfrich,
1997; Hunt & Scheibling, 1998; Ramirez & Caceres-Martinez, 1999). Categorisations

have been made in accordance with measurements of laboratory-reared larvae (Siddall,
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1980), descriptions of larval morphology (Hanyu et al., 2001; Garland & Zimmer, 2002),
or measurements of animals found on artificial substrata (Lasiak & Barnard, 1995).

In the present study, it is mainly settlement of Perna perna on the shore that has been
considered. In this context settlement is described as the first arrival of larvae on the
rocks, while recruits are considered to be those individuals that had gone through
morphometric changes having already settled on the rocks for a period longer than two
days. The two days is the minimum period that ensures no morphometric larval change
and no loss of larvae from the pads. (pers. obs.; Lawrie, pers. comm.; Bownes, pers.
comm.). In this study, another means of distinguishing settlers from recruits is from a
description of the shell. The size and characteristics of the shells of recruits clearly differ
from those of both settlers and larvae found in the water column, which are very similar
(pers. obs.). Settlement is the process associated with the first encounter of the substrata
and therefore, it is also the process most closely related to larval availability in the water
column.

Bayne (1964) suggested a different model for the interpretation of settlement in bivalves:
the primary-secondary settlement theory. His studies on mussels showed that larvae were
able to attach initially to filamentous substrata like algae and then to detach from them.
After being suspended again in the water the larvae were able to reattach on adult mussel
beds (Bayne, 1964). Bayne considered this process an adaptive mechanism: larvae
settling onto mussel beds only during secondary settlement would reduce competition
between larvae and adults. This theory has been supported (Eyster & Pechenik, 1987;
Pulfrich, 1996) or refuted (McGrath et al., 1988; Caceres-Martinez et al., 1993; Lasiak &

Barnard, 1995) by various studies. Huxham & Richards (2003) support the theory that
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postlarval active substratum selection determines the final adult distribution of Macoma
baltica and Cerastoderma edule. Still, many of these studies have concentrated on the
definition of this process, without really considering the importance of settlement itself in
determining the structure of the final adult population (Gaines & Bertness, 1992). In order
to be able to make predictions about the dynamics and variability of the adult population,
settlement rates should be determined and the possible causes that affect this process and
its variability should be identified. Only relatively recently have investigations attempted
to quantify settlement and to establish which are the factors that can influence it (Jenkins
et al., 2000). For example, Connell (1985) proposed the idea that a quantification of
settlement is necessary to determine what mechanism affects the final size of an intertidal
population. He observed that variation in settlement rates affected mortality of recently
settled larvae and therefore, the final size of the population. If there was generally high
settlement of barnacle larvae, then post-settlement processes influenced and gave shape to
the adult population. In contrast, if sparse settlement occurred, then the spatial and
temporal variability of settlement itself influenced the size structure and the distribution
of adults. Underwood & Denley (1984) also found that settlement of barnacles was very
important in determining variability and the composition of intertidal populations when
settlement rates were low. Smaller numbers of larvae occupy less space and, therefore,
have more chance of surviving and so structuring the final community. Navarrete &
Wieters (2000) found that at least 65% of mortality of recently settled barnacles could be
attributed to the adults and their predation of larvae during low recruitment periods.
However, the negative effect of adult predation on settlement disappeared during high

recruitment years.
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Different studies have highlighted several possible features that can influence settlement
in marine and freshwater systems, and they can be either physical or biological
(Delafontaine & Flemming, 1989; Pineda, 1994; Hills & Thomason, 1996; Walters &
Wethey, 1996; Marsden & Lansky, 2000; Pineda, 2000; Kobak, 2001). Among the main
factors that control the abundance of invertebrate larvae settling on the rocks are the
effects of the hydrodynamics (Abelson & Denny, 1997; Archambault & Bourget, 1999).
In addition to these physical factors, larval behaviour can have a strong impact on the
arrival of larvae. Some larvae can actively swim or control their position in the water
column and determine where and when to settle (Scheltema, 1974; Scheltema, 1986;
Bourget, 1988; Hurlbut, 1991; Jenkins et al., 2000; Pineda, 2000; Tankersley et al.,
2002). Once larvae are competent to settle, there can be some sort of cue that indicates to
them the presence of the “right” substratum (Raimondi, 1988). Again, these cues can be
either biotic or abiotic, such as surface chemical characteristics, biofilm formation on the
rock surface, substratum orientation, sunlight, texture, magnetism and the presence of
conspecifics, especially if the species considered shows gregariousness (Cooper, 1981;
Stamps & Krishnan, 1990; Morse, 1991; Roberts et al., 1991; Hills & Thomason, 1996;
Yulianda, 1998; Marsden & Lansky, 2000; Olivier et al., 2000; Kobak, 2001; Lau &
Qian, 2001; Harder et al., 2002; Kingsford et al., 2002; Lagersson & Hgeg, 2002; Pineda
etal., 2002).

All these factors operate at different spatial and temporal scales (Gaines & Bertness,
1992; Bertness et al., 1996). Therefore, the high variability frequently observed in
settlement rates can be explained on the basis of variation in such features: in fact, they

change at large and fine scales over time and space (Noda et al., 1998; Balch &
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Scheibling, 2000; Jeffery & Underwood, 2000; Jenkins et al., 2000). In particular,
variability of hydrodynamics is inevitable: large and fine-scale changes in current patterns
over time and space may profoundly influence settlement processes.

However, most of the studies performed on variability of settlement have concentrated on
only one aspect, the study of either spatial or temporal variation (Bayne, 1964; Rojas,
1969; Acuna, 1977; Denley & Underwood, 1979; Caceres-Martinez et al., 1993; Caceres-
Martinez & Figueras, 1997; Balch & Scheibling, 2000). Those surveys that have
investigated both forms of spatial and temporal variation, have not usually measured both
large and fine scales of variability.

Thus, there is a great need for studies in which as many variables as possible are
considered together, at different scales, in order to get a more complete picture of the
dynamics that regulate the arrival of pelagic larvae onto the shore (Minchinton &
Scheibling, 1991; Hunt & Scheibling, 1998; Jeffery & Underwood, 2000; Jenkins et al.,
2000).

The present study is one of the few examples of the concurrent investigation of different
scales of temporal and spatial variation in settlement of benthic invertebrates. Larval
settlement was studied in Perna perna, on the south coast of South Africa. In this study,
settlement rates were measured in several temporal studies, involving seasonal to daily

sampling, at different spatial scales, from kilometers to hundreds of meters.
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Materials and Methods

Study sites: The sites chosen for the settlement investigation were the same as those used
for the larval availability study: Middle Beach in Kenton (KE) and High Rocks (HR),
3km from Kenton-on-Sea (see Figs. 2 & 3, chapter two).

For the settlement study, each intertidal site had three locations, opposite the offshore
ones, approximately 300m apart, all at the same level on the low shore (Fig. 2). All
locations were at the edge of wave-cut platforms of Aeolian dune rock. The six locations
all experience similar exposure to wave action, mostly receiving the influence of
secondary waves. In this context, secondary waves refer to waves that roll onshore, after
the main wave force has been partially dissipated within the surf zone. Thus, closer
inshore, waves are less energetic, due to offshore reefs that break the maximum force of
the waves. Intertidal sand movement was seasonal and quite substantial on the highest
level of the shore, but none of the locations was ever covered or strongly affected by sand
during the study.

On the low shore, mussel beds show very patchy distribution, with areas of high and low
densities. However, all the locations were chosen where adult mussel cover was densest
and similar (approximately 80% cover). All locations were characterised by the presence
of the foliose red alga Gelidium pristoides, with which mussel patches were often
interspersed.

Settlement: Larval settlement on the shore was investigated from March 2000 to June
2001 at intertidal sites and locations. The arrival of Perna perna larvae on the shore was
monitored at each location, at regular intervals, using kitchen scouring pads as artificial

larva collectors. Pads were made of plastic, circular, about 10-11cm in diameter and 2 cm
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thick (Fig.1). Prior to use on the shore, new pads were left in sea water for one or two

weeks, to develop a natural biofilm and leach any surface chemicals.

Fig. 1 Example of plastic scouring pad secured to the rocks.

Five artificial larva collectors were secured about 20cm apart at each location, using
screws attached to the rocks (Fig. 2). Pads were secured to the screws and replaced
regularly using three plastic cable ties (Fig. 1). Since the places where pads were attached
needed to be replaced quite frequently, due to the loss of screws, the exact positions of the

pads changed.
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Fig. 2 Experimental design for the intertidal settlement study. One site only (detailed description
in text).

After collection, pads were returned to the laboratory. The samples were usually
processed immediately after collection, but on some occasions pads were frozen before
analysis. Pads were rinsed thoroughly in fresh water that was filtered through a 75um
sieve. The contents were collected in a Petri dish and examined under a dissecting
microscope, at 12X magnification. Settlers of Perna perna were identified (Fig. 3),
counted, measured to the nearest 0.08mm, using an eye - piece graticule (Imm = 12

units), and preserved in 70% alcohol.

350pm

Fig.3 Perna perna settler trapped in a scouring pad.
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Periodicity: as for larval abundance, temporal variation was inspected at different scales.

In order to understand how settlement changes from season to season, sampling was
performed throughout the duration of the study, for 16 months. In addition, the influences
of the lunar and tidal cycles on settlement were also examined. To inspect these aspects,
sampling took place fortnightly, throughout the study: around full moon and new moon
spring tides. At each spring tide, pads were collected and replaced at two day intervals:
pads were collected and replaced two days before spring tide, on spring tide (at the lowest
tide) and two days after spring tide.

In order to detect possible differences in daily settlement rates (fine-scale variability) pads
were replaced daily. This scale of variability was investigated during periods of expected
high settlement (Lawrie & McQuaid, in prep.), which coincided with the dates of the daily

plankton sampling.

Statistical analysis: The use of a repeated measures design was inappropriate because the
placement of pads changed frequently due to the frequent loss of screws from the rocks.
As a result, the approach used for the settlement study was analysis of variance and the
nested design was the same as described in the previous chapter on larval availability.
Significant results were tested by post-hoc comparisons using the Student Newman-
Keuls’ test (Zar, 1984). Post-hoc tests were run only when the outcome of the Anova did
not reveal any significant interaction amongst factors: otherwise this would have made
the post-hoc tables difficult to interpret.

Settlement was investigated at a variety of temporal scales, using different subsets of
data. A single analysis considering all different scales simultaneously would have lead to

an unbalanced design, therefore, distinct analyses for each temporal study were required.
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In fact, during the settlement study, because pads were occasionally lost, especially
during storms, it was necessary to balance the data set. Data were balanced choosing one
of two options. When up to two out of the five pads were lost, the mean from the
remaining pads was used for the missing values (this occurred in between 2% and 5% of
sampling events, from daily to seasonal studies). Those dates when three or all five pads
were lost at one or more locations were eliminated from the analysis. This is why,
especially during the lunar and daily studies, some sampling dates are missing.

There were five separate analyses for this study: 1) seasonal; 2) lunar; 3) tidal; 4) daily
(two separate studies for 2000 and 2001); 5) neap tide recruitment (to examine the
influence of the neap tide on recruitment rates).

Settlement was monitored over 29 fortnightly sampling events. Each pad, used to quantify
settlement, was collected after 2 days on the shore. During each fortnightly sampling
event, pads were collected two days before spring tide, 2 days after spring tide and at
spring tide. Different subsets of these data were used in each of the following analyses.

1) Seasonal study. This was based on samples collected at spring tide only. Using
these samples, settlement was monitored over 29 sampling events.

2) Lunar study. This study was based on the same samples used for the seasonal
study, using only pads collected at spring tide. However, the data set for this
analysis was reduced to 24 events, due to the need to balance for missing data.

3) Tidal study. The tidal study examined the effect of the state of the tide, around
spring tide. In particular, this study examined the possibility that settlement
differed before, during and after spring tide. In contrast to the above analyses, this

study used data from pads collected two days before spring tide, two days after
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4)

5)

spring tide and at spring tide. In this way, settlement was followed over 12 spring
tides, for a total of 36 sampling events.

Daily studies. There were two separate daily sampling events, in 2000
(March/April) and 2001 (February/March), when pads were replaced daily for 16
and 20 days respectively.

Neap tide recruitment study. This study considered the abundances of larvae that
accumulated between two consecutive spring tide cycles, for a total of 26
sampling events. The pads considered for this analysis were collected on the first
day of a spring tide cycle, after being on the shore for the duration of the previous
neap tide period. The neap tide recruitment study examined recruitment rather
than settlement, since pads were left on the shore from the last day of a spring tide
cycle to the first day of the following one (for a total of 7 to 9 days). Data were

averaged to one day.

For the lunar study, the factor moon was crossed by the factors date, site and location
(with location nested within site). The same design was applied to the tidal study in which
tide was crossed by date, site and location (with location nested within site).

All temporal factors, with the exception of day in the daily studies, were considered to be
fixed. The two spatial variables, location and site were treated as random factors. The
explanation for the choice of the type of effect is described in the methods section of the
previous chapter under “statistical analysis” (see chapter two).

The seasonal, lunar and tidal studies were conducted separately so that the data set would
be maximised and balanced. In fact, by examining the effect of date, moon and tide

within the same analysis, the whole data set for ANOVA would have been reduced to
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only one complete sampling event. Table 1 shows a summary of how factors were treated

in each study and the type of interactions considered.
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Table 1 Summary of analyses of variance used for the different studies on settlement of Perna
perna larvae. Independent variables, interactions within factors, type of effect and transformation
choice are listed for each study.

EFFECT
ANALYSIS (Random/Fixed) TRANSFORMATION

1. Seasonal study: variation of settler abundance due to Log transformation,
date/season Log (X+1)
Site Random

Location (Site) Random

Date Fixed

Date *Site Random

Date *Location (Site) Random

2. Lunar study: variation of settler abundance due to Log transformation,
the lunar phase Log (X+1)
Site Random

Location (Site) Random

Date Fixed

Moon Fixed

Date * Moon Fixed

Date *Site Random

Moon*Site Random

Date *Location (Site) Random

Moon*Location (Site) Random

Date *Moon*Site Random

Date *Moon*Location (Site) Random

3. Tidal study: variation of settler abundance due to Log transformation,
state of tide Log (X+1)
Site Random

Location (Site) Random

Date Fixed

Tide Fixed

Date *Tide Fixed

Date *Site Random

Tide*Site Random

Date *Location (Site) Random

Tide*Location (Site) Random

Date *Tide*Site Random

Date *Tide*Location (Site) Random

4. Daily separate studies for 2000 & 2001: variation of NOT transformed
settler abundance due to day of collection

Site Random

Location (Site) Random

Day Random

Day*Site Random

Day* Location (Site) Random

5. Neap tide recruitment study: variation of recruit Log transformation,
abundance between two consecutive spring tides Log (X+1)
Site Random

Location (Site) Random

Fortnight Random

Fortnight *Site Random

Fortnight *Location (Site) Random
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Results

The sizes of Perna settlers collected on scouring pads during the settlement study were
more variable than for the larval availability study. Occasionally, individuals of up to
2.5mm shell length or greater were found on the pads (23% of collected larvae), but the
most common size of larvae collected on the shore ranged between 200 and 400um
(almost 60% of all collected larvae) (Fig. 4). The 200 - 400um size class was used for the
analysis of abundance of larvae settling onto the rocks at different spatial and temporal
scales, as animals falling in this range were considered to be primary settlers, arriving on
the shore for the first time. On most occasions, the morphology and the morphometrics of
settlers were also similar to those of larvae collected from the water column. However, in
some cases, morphological differences could also be detected when comparing larvae
from the water column and settlers (see Fig. 5 chapter 2 and Fig.3 in chapter 3). For the
neap tide study, organisms from all size classes were taken into account, since this
analysis considered recruit rather than only settler abundance.

Each of the following sections discusses the results of the different temporal studies,

dealing first with the raw data and figures and then with the ANOVA results.
1) Seasonal study

The data for this study were obtained from scouring pads collected twice a month during
spring tide for 16 months. In particular, pads were collected during lowest spring tides,
after being left on the shore for two days.

The abundance of settlers collected on the pads was generally low throughout the whole
study period. Although there were clear differences in abundances of settlers collected at

different locations, on the whole, settlers collected at the two sites, HR and KE, showed
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similar patterns with a small peak in abundance on the 29™ of September 2000 and a
bigger one on the 27" of December 2000 (Fig. 5). The absolute maximum value was
recorded at HR D, where, on the 27" of December, a mean of 16.8 + 4.79 larvae per pad
was found (Fig. 5).

The assumption of homogeneity of variance for the ANOVA was satisfied when the
logarithmically transformed data were tested with the Cochran’s test (p > 0.05).

On a seasonal basis, variability in abundance of larvae arriving on the shore seemed to be
due to different factors. Date and location as main factors had significant effects on settler
variability (p < 0.00001; Table 2). The interaction between date and location also
explained much of the variability in the abundance of settlers (p < 0.00001). The effect
due to the interaction between date and site was also a significant source of variability
(p<0.01). This reflects the fact that, on the whole, similar numbers were found at the two
different sites (no significant effect of site), but that the timing differed. The numbers of
larvae varied significantly depending on the date and from one location to the next.

Table 2 ANOVA for seasonal study. df = degrees of freedom; MS = Mean Square; F = F-Ratio; p
= probability value; n.s. = p > 0.05; **** = p < 0.00001; ** = p< 0.01

MS F

Date 3.84789 | 22.1956
Site 4.10988 1.2072

Location (Site) 3.40421 | 19.6366
Date*Site 0.30177 1.7406
Date*Location 0.41396 2.3878
Error 0.17336
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Fig. 5 Seasonal settler availability at KE (locations A, B, C) and HR (locations D, E, F).
Points indicate mean values and error bars show standard errors (SE).
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2) Lunar study

Possible effects of the phase of the moon on settlement were examined in this analysis. In
this study the assumption of homogeneity necessary for ANOVA was satisfied for
logarithmically transformed data (Cochran’s homogeneity test; p > 0.05).

It appeared that, at both sites, more larvae generally arrived at new moon than at full
moon, although there were clear differences in abundances at the various locations (Fig.
6). Nevertheless, the analysis of variance did not show a clear effect of moon as a main
source of variability for the larvae coming from nearshore waters onto the rocks (p > 0.05;
Table 3). The non-significant effect of moon as main factor could have been masked by
the significant interaction between date and moon (p < 0.00001). The interaction between
date, moon and location was also significant (p < 0.00001). This reflects the fact that, on
those occasions when large numbers of settlers were collected on the pads, the phase of
the moon influenced the arrival of larvae to the shore (Fig. 6). Date and location, nested
within site, also had a significant effect on the variability of abundance of larvae (p <
0.00001). The p-values for the factor site and the interaction between date and site, and

moon and site, were not significant (p > 0.05; Table 3).
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Table 3 ANOVA for lunar study. df = degrees of freedom; MS = Mean Square; F = F-Ratio; p =
probability value; n.s. = p > 0.05; **** = p < 0.00001

MS F

Date 55809 | 17.47017
Moon 11.8994 | 9.38660
Site 3.3522 | 0.74625
Location (Site) 44921 | 26.09016
Date *Moon 2.9955 | 10.94390

Date*Site 0.3195 1.34766
Moon*Site 1.2677 | 257.44365
Date*Location 0.2370 1.37676
Moon*Location 0.0049 0.02860
Date*Moon*Site 0.2737 0.39779
Date*Moon*Location 0.6881 3.99650
Error 0.1722
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3) Tidal Study

The effect of tide on settlement was also investigated, for the entire study period. Days 1,
2 and 3 of each tide represented, respectively, two days before full spring tide, spring tide
and two days after spring tide. The graphs did not show clear patterns, with no obvious
influence of state of the tide on the abundance of larvae arriving on the shore (Fig. 7).
Cochran’s test showed homogeneity of transformed data (p > 0.05).

The results of the analysis of variance, confirmed these observations: there was a specific
non-significant effect of state of the tide (state of the tide in this analysis indicates which
day of tide: 1, 2, 3) (Table 4). Only date and location had significant effects as main
factors (p < 0.00001 for both components), while the factor site did not (Table 4). The
only interactions that influenced the variation of the settler abundance in a significant way
involved those two variables that were significant as main effects: the interactions
between date and location and that among date, location and tide (p < 0.00001). In other
words, tide affected locations differently and this effect differed among dates. This
suggests that the effect of tide was in fact due to an effect of day, rather than state of the

tide per se.
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Table 4 ANOVA for tidal study. df = degrees of freedom; MS = Mean Square; F = F-Ratio; p =
probability value; n.s. = p > 0.05; **** = p < 0.00001

o
-

MS F

22.1163 45,0525
0.6383 1.3002
7.1337 0.88788
8.0345 49,7396
0.9716 1.4918
0.4909 1.2466
0.0075 0.0544
0.3938 2.4379
0.1381 0.8547

Date*Tide*Site 0.6513 0.8526

Date*Tide*Location 0.7639 4.7290

Error 0.1615
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4) Daily study (2000)

To look at variability of numbers of settlers on fine temporal scales, pads were collected at
daily intervals, on two separate occasions during 2000 and 2001.

Daily investigations of settlement from 20™ March to 10™ April 2000 (a total of 16 days)
again revealed very low numbers of settlers at both High Rocks and Kenton with
maximum mean values of about 2 larvae/pad/day (Fig. 8). Although the values were low,
the numbers of settlers changed from one day to the next and from one location to another
at both sites (Fig. 8).

Cochran’s test confirmed the homogeneity of the untransformed data (p > 0.05).

Analysis of variance revealed that only location had a significant effect on the variability
of larvae (p < 0.00001), while the components site, day, and all possible interactions

showed no significant effects (Table 5).

Table 5 ANOVA for daily 2000 study. df = degrees of freedom; MS = Mean Square; F = F-Ratio;
p = probability value; n.s. = p > 0.05; **** = p < 0.00001

MS F

Day 0.63160 0.90889
Site 8.02988 1.32186

Location (Site) 6.07467 | 11.71388
Day*Site 0.69491 1.34000
Day*Location 0.51859 1.84986
Error 0.28034
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The Student Newman Keuls post hoc test for locations revealed significant differences
between KE B and all the other locations (Table 6). KE B was the location where
maximum numbers of settlers were collected, while at all other locations the values were

generally very low (Fig. 9).

Table 6 Student Newman Keuls post hoc test on locations, homogeneous groups for 2000 daily
study

Tot larvae
Location Mean per
pad per day

0
0.054
0.083
0.147
0.294
0.767
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Points indicate mean values and error bars show standard errors (SE).
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4’) Daily study (2001)

The second daily collection was performed over 19 days, in 2001, from 7" February to
11" March.

As in 2000, numbers of settlers collected at the two sites during this daily sampling were
very low. In this case as well, there were differences in abundances between one day and
the next one and differences between one location and another within a site (Fig. 10).
Homogeneity of untransformed data was tested, and confirmed, using Cochran’s test (p >
0.05).

Analysis of variance confirmed the strong spatial variability at location level, already
observed by simply plotting the data (Fig.10). In fact, the variation in abundance of
settlers seemed to be affected by the interaction between day and location (p < 0.001) and
location (p < 0.00001). The other factor that had a significant effect was day (p < 0.05)
(Table 7).

Settler abundance at each location (Fig.11) seemed to be quite similar to the patterns of
the daily 2000 collections (Fig.8). In 2000 and 2001, KE B was the location where
maximum numbers of settlers were collected, while at all other locations the values were

generally very low (Fig. 11).
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Table 7 ANOVA for daily 2001 study. df = degrees of freedom; MS = Mean Square; F = F-Ratio;
p = probability value; n.s. = p > 0.05; **** = p < 0.00001; *** = p <0.001; * = p < 0.05

MS F

Day 1.11232 1.77211
Site 10.02686 1.72725

Location (Site) 5.80511 9.99080
Day*Site 0.62768 | 1.080264
Day*Location 0.58104 | 1.616127
Error 0.35953
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5) Neap tide recruitment study

In order to collect information on the numbers of larvae arriving on the rocks during neap
tides, pads were left on the shore from the last day of collection of one spring tide cycle to
the first day of the following cycle (in other words 7 - 9 days), throughout the whole
settlement study. Since pads were left on the shore for a period longer than two days, this
study considered the abundance of recruits rather than settlers.

Again, recruits were scarce even when allowed to accumulate over a longer period.
Similar patterns were observed, with main peaks occurring at both sites on the 1% of May
2000 and 23" of December 2000, and generally fewer recruits at HR than at KE (Fig.12).
Homogeneity of data, tested using Cochran’s test, was achieved after logarithmic
transformation (p > 0.05).

ANOVA produced very similar results to the analysis of seasonal settlement data.
Variability in settler numbers appeared to be due to three components: fortnight, location
and the interaction between fortnight and location (p < 0.00001 in all cases) (Table 8).
However, while in the seasonal study the interaction between date and site was significant
(p < 0.01), for the neap tide recruitment study the interaction between fortnight and site
was not significant (p > 0.05). If we take the 1% of May and the 23" of December as
examples, we can see that the numbers of recruits differed quite considerably between
different locations (Fig. 12), but peaks of abundance appeared at almost all locations on
those dates. As it was already observed for the daily studies, the neap study revealed again
that KE B was the location where most settlers were collected. Again, the significant
interaction seems to be due to the magnitude of temporal effects, rather than to actual

differences in timing between locations (Fig. 12).
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Table 8 ANOVA for neap tide-recruitment study. df = degrees of freedom; MS = Mean Square; F

= F-Ratio; p = probability value; n.s. = p > 0.05; **** = p < 0.00001

MS

F

Fortnight

17.5639

18.02598

Site

18.2126

0.64213

Location (Site)

28.3627

13.83646

Fortnight * Site

0.9744

0.47533

Fortnight * Location

2.0499

8.26745

Error

0.247943
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Fig. 12 Neap tide recruit availability at KE (locations A, B, C) and HR (locations D, E, F).
Points indicate mean values and error bars show standard errors (SE).
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Summary of settlement/recruitment results

The results (summary table, Table 9) obtained through the analysis of variance
emphasised an obvious, common trend in the variation of settlement: the strong, highly
significant effect of location, at all temporal scales. The large spatial scale variable, site,
never influenced the abundance of Perna perna settlers significantly. The only exception
was in the seasonal study when there was an interaction between date and site. Time also
had significant effects in all analyses, with the single exception of the 2000 daily study, in
which day had no significant effect. The lunar study suggested that the moon may affect
the numbers of settlers, because, although the effect of moon was not significant as a
main effect, there was a significant interaction of moon and date.

The effect of tide could only be investigated in the tide study, but the analysis indicated
that this component did not affect the arrival of larvae on the shore.

Finally, the neap tide recruitment study highlighted the significant effects of temporal and

fine spatial factors, both as main factors and as interaction between location and fortnight.
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Table 9 Larval settlement/recruitment. Summary of effects of the independent variables
and interactions in different studies of settler abundance using nested analysis of
variance. NS = not significant; **** = p < 0.00001; *** = p < 0.01; ** = p < 0.05; -- =
not applicable.

NEAP TIDE

SEASONAL RECRUITMENT

Site NS NS
Location

Time

Time*Site
Time*Location

Moon

Time*Moon
Moon*Site
Moon*Location
Time*Moon*Site
Time*Moon*Location
Tide

Time*Tide

Tide*Site

Tide*Location
Time*Tide*Site

Time*Tide*Location
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Discussion

Size and abundance

The choice of an appropriate method is of basic importance when estimating abundances
of planktonic larvae for the study of intertidal population dynamics. For example, while
investigating settlement, some studies have highlighted the preference of some species for
various materials and textures over others (Petersen, 1984; Dobretsov & Wahl, 2001;
Devakie & Ali, 2002). Eyster and Pechenik (1987) have shown that mussel larvae prefer
to settle on natural filamentous substrata, such as algal material or byssal threads rather
than on eyebrow hair, cotton thread, scouring pad fiber or glass fiber. On the other hand,
the use of artificial collectors is ideal for standardising the quantification of settlement, by
sampling at frequent time intervals in order to minimise migration, predation and
mortality of larvae. Collectors also help in the distinction of settlement from post-
settlement processes. In addition to this, the use of artificial larval collectors facilitates
good replication in space and time (Balch & Scheibling, 2000) and collectors have been
largely employed for the estimation of abundance of larval stages of invertebrates (sea
urchins: Rowley, 1989; Harrold et al., 1991; Keasing et al., 1993; Ebert et al., 1994;
megalops crab: Tankersley et al., 2002; ascidians: Hurlbut, 1991). In the present study,
the utilisation of scouring pads seemed to be the only option for exploring larval
abundances over a long period of time (16 months). Traditionally, in this field, the
estimation of abundances of intertidal settlers or recruits has been done through

destructive methods, by scraping replicates of small patches of natural substrata from the
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shore (Todd, 2003). There are three problems with this approach. First, this method
would have been too destructive for a long term investigation. Second, scouring pads
offer a uniform and constant area and texture, unlike natural substrata. Lastly, using
destructive samples it is not possible to tell when larvae arrived.

Pineda & Caswell (1997) consider the so called intensification effect which produces
overestimations of settlement rates for barnacles, especially if there is little ideal
substratum available and if the species considered shows gregarious behaviour. Thus,
variability in the availability of the “right” substratum can be very important for variation
in settlement. Also it is better to use traps or collectors that are not too large: settlement
magnitude could decrease if settlement area increases, unless, again, the species under
investigation does not show gregariousness (Pineda, 2000). Larval traps should also be
tested for their efficiency, at fine temporal and spatial scales, for the species they are
targeting and specifically for the type of environment in which they will be placed (Todd,
2003).

In the present study, the choice of artificial collectors seemed to be ideal since the
homogenous surface of the pads minimises variability of the substratum. The efficiency
of scouring pads has been tested in at least three other studies, which measured the
settlement rates of Mytilus edulis (McQuaid, pers. comm.), Perna perna and Mytilus
galloprovincialis (Lawrie et al., in prep; Bownes and McQuaid, pers. comm.). All
investigations proved the success of these collectors. In conclusion, the choice of scouring
pads made of filamentous material and left in sea water to develop a biofilm, seemed to

be the best option to measure the abundance of mussel settlers over large temporal scales.

94



60% of all larvae collected from the scouring pads were in the range of 200 - 400um and
were considered settlers. This choice is based on previous studies in which 230um
(Siddall, 1980) or the class 250 — 470um (Ramirez & Caceres—Martinez, 1999) were
considered the size for competent pediveligers. The remaining 40% of all larvae collected
in this study were larger than 400pum, with 17% being 400um — 1mm and 23% larger than
1mm. Another study on settlement of Mytilus galloprovincialis showed that, although the
majority of pediveligers were small, a minor proportion was larger than expected. This
study suggested that a few postlarvae exhibit secondary dispersal (Ramirez & Caceres—
Martinez, 1988). Thus, the results from the present study could support the theory of
primary and secondary settlement proposed by Bayne (1964), since different sizes of
larvae were found on collectors specifically sampled for settlement. However, the theory
also predicts that two different size classes of larvae should be found on different
substrata: smaller individuals on filamentous material, and larger ones on adult mussels
beds (Buchanan & Babcock, 1997). This did not correspond with the present findings.
Although settlement onto mussel beds was not investigated here, pads collected both very
small competent larvae and larger sized individuals. McGrath et al. (1988) also found that
competent larvae of Mytilus edulis settle both onto filamentous algae and adult beds.

Another point against the primary — secondary settlement theory is the fact that no larvae
larger than 400pum were found when collecting information on the availability of Perna
larvae in nearshore waters. A simpler explanation for the occurrence of large individuals

on settlement pads is that larvae, after settling for the first time on the shore, can be
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dislodged, actively or passively, on local scales (up to a maximum of 500 meters
offshore) and reattach locally without following the secondary dispersal processes
suggested by Bayne (1964) and other supporters of his theory (Eyster & Pechenik, 1987;

Pulfrich, 1996).

Spatial variability

The main objective in this study was not to investigate possible secondary dispersal, but
rather to evaluate the spatial and temporal scales that influence the variability of settler
abundance.

There is a general tendency, in the study of settlement of intertidal species, to find that
spatial and temporal variables operating at different scales affect the distribution and
abundance of larvae in different ways. Jenkins et al. (2000) believe that the large-scale
processes that could influence barnacle settlement range from upwelling to local wind
patterns, while fine-scale factors would depend more on local hydrodynamics, larval
behaviour and substratum characteristics.

The delivery of larvae can indeed operate differentially at different spatial scales. Many
studies suggest that large spatial scale variation controls the distribution and abundance of
larvae offshore, while larval settlement is more influenced by finer scale variability
(Connell, 1985; Pineda, 2000).

Offshore and onshore processes control larval transport and delivery in different ways.
Offshore transport operates on large spatial scales and on larger numbers of larvae, while
the larvae are still relatively far offshore. On the other hand, onshore transports work on

fewer larvae, when they are closer to the shore (Pineda, 2000). Possible processes that

96



could influence the distribution of larvae on large spatial scales are oceanographic
hydrodynamics, possibly controlled by the moon, wind direction, speed and wave height
(Jeffery & Underwood, 2000). In contrast, the arrival of larvae onshore, is more affected
by local hydrodynamics, influenced by coastal morphology, local topography, wave
action on the shore (Connell, 1985; Gaines et al., 1985; Delafontaine & Flemming, 1989;
Hills & Thomason, 1996; Jeffery & Underwood, 2000) and by finer scale local micro-
hydrodynamics, influenced by surface roughness, rock cracks, presence of sessile
individuals, pools, channels, protected and exposed shelves, as well as the availability of
horizontal or vertical substrata. Under such variable conditions, larvae face different
conditions even at the same locations (Gaines et al., 1985; Pineda, 2000). Internal waves
could also affect the differential delivery of larvae along the shore (Jeffery & Underwood,
2000). The results of this study show clearly that Perna larvae were delivered
differentially at scales of hundreds of meters (locations), while consistent variability did
not seem to be caused by larger spatial scale effects (sites, a few kilometers apart). In fact,
all studies performed on settlement showed the strong effect of location on the variability
of larvae arriving to the shore, while site was never a significant source of variation.
Jenkins et al. (2000) also found high levels of spatial variation when looking at settlement
of barnacles, but in that study the highest variation was found at the largest spatial scales.
Pineda et al. (2002) found that there were consistent differences in barnacle settlement at
sites one kilometer apart. Keasing et al. (1993), when investigating echinoderm
settlement on coral reefs, found high variability in settlement at very fine scales (meters),

rather than at hundreds of meters (where distribution of larvae was more homogenous).
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Usually, the spatio-temporal variability of settlement has been attributed to post-
settlement mortality, in other words differential mortality on the shore due to competition,
predation or dislodgment. However, the supply and the differential arrival of larvae are
also very important components influencing the final size of intertidal populations
(Keough & Downes, 1982; Minchinton & Scheibling, 1991). In particular, it seems that,
when settlement or recruitment rates are high, post-settlement processes determine the
population structure (Connell, 1985; Minchinton & Scheibling, 1991); while, when
settlement is low, the final adult abundance is influenced by spatio-temporal variation
(Minchinton & Scheibling, 1991).

Few studies on mussel settlement have been carried out on the coast of South Africa and
most have been in different areas of the east coast (Lasiak & Barnard, 1995; Lawrie et al.,
in prep; Bownes & McQuaid, pers. comm.). The results have been quite different in terms
of abundances, and the main reason for such variability has been regarded as due to
geographical differences. As it has been shown from the present study, variability in
abundance occurs on scales of a few hundreds of meters. Therefore, it should come as no
surprise that areas that are hundreds of kilometers apart, that may be on the open coast or
in bays, and especially that show different biogeography, show different levels of settler
abundance (Harris et al., 1998).

Active behavioural choice of substratum has not been demonstrated for mussels.
However, the choice of settlement spots could dramatically influence the survival of the
organisms. In fact, locations, and even finer spatial scales where settlement occurs, are

very important because they determine the environmental conditions that the larvae will
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experience and whether they will eventually survive to become juveniles and adults
(Hurlbut, 1991). On very fine spatial scales (cm to um), the specific topography of the
substratum (like crevices and pits) can enhance or decrease the survival of sessile

organisms after settlement (Walters & Wethey, 1996).

Temporal variability

In addition to spatial components, the other main factor that influences variation in
settlement is temporal variability. Measuring spatio-temporal variation through a
hierarchical design is one of the best ways to investigate variability in settlement, which
is otherwise difficult to measure in a quantitative and absolute way (Jenkins et al., 2000).
Looking at temporal variability in settlement of marine invertebrates is important because
time and space influence and regulate recruitment to the adult population and, therefore,
these processes can help us understand the determination of the size and distribution of
the final population.

The number of studies that have looked at temporal variability of settlement of intertidal
organisms is considerable (for example: Rojas, 1969; Acuna, 1977; Roberts et al., 1991,
Caceres et al., 1993; Lasiak & Barnard, 1995; Buchanan & Babcock, 1997; Hunt &
Scheibling, 1998; Balch & Scheibling, 2000), but only a few have looked deeply at
different temporal levels and tried to determine which scales most influence the
variability of settlement (Bertness et al., 1996; Hunt & Scheibling, 1998).

Another consideration is that different scales of investigation also help in optimising the

method for the study of a specific process in a particular species. In the case of
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settlement, sampling interval should be kept as short as possible because even fine-scale
time intervals can influence estimates of settlement rates very distinctively (Minchinton
& Scheibling, 1993; Pineda, 2000). Connell (1985) considers that the sampling interval
closest to the ideal would be daily collections in order to minimise the loss of larvae that
could detach and reattach over a certain period. In addition, it should be considered that,
if collectors are left on the shore for a long time, the risk of predation, mortality,
migration or more generally dislodgment, could influence estimates of abundances,
usually resulting in underestimation. For example, Tankersley et al. (2002) showed that
cumulative settlement of megalops larvae in collectors sampled at one-hour intervals was
higher than settlement on collectors left in the water overnight. Nevertheless, it can also
happen that long term colonisation (over the full period of study) is similar to
accumulated short-term colonisation, for example, cumulative daily collections (Hunt &
Scheibling, 1998).

Temporal variability was measured in this study at different scales, in order to see if
variability of settler abundance varies more on coarse scales, such as seasonal, or lunar
cycles or on finer scales, like tidal or daily cycles. Time was a very important factor in
determining variability of larval abundance in almost all the analyses. In addition to time
as a main factor, much of the variability of settler/recruit abundance was due to the
interaction between time and the smallest spatial scale investigated here, location. This
result again highlights the obvious importance of temporal variability in this type of
study, and also the importance of synchrony of settlement between sites. In fact, most of
the peaks of settler abundance occurred on the same dates at both sites and at most

locations, even though the actual abundances differed amongst locations. Apart from
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spawning cycles, the reasons for such high temporal variability can be found, again,
partly in hydrodynamics (Jenkins et al., 2000). Large temporal scales can influence
currents, so that there can be seasonal patterns in water movement: currents can change
from one month to another, on a seasonal basis. As in the case of spatial variability, local
hydrodynamics influence temporal variation too, affecting, on fine scales, the arrival of
larvae on the shore (Gaines et al., 1985). For example, certain localities may experience
settlement at certain times, but not even seconds, minutes or hours later, when the water
may be calmer, changes in sea levels could have occurred or the state of the tide could
have changed (Pineda, 2000).

When looking at barnacle settlement, parameters such as water temperature, salinity,
availability of food, illumination, reproductive output, mortality rates, presence of
conspecifics, algal cover, and the presence of biofilm should be considered. All these
factors change at different temporal scales and could therefore also influence the
differential arrival of larvae (Gaines et al., 1985; Hills & Thomason, 1996). It has also
been shown that changes in salinity, light and turbulence of water trigger a behavioural
response in crab settlement. Megalops larvae remain swimming during flooding of the
tide at night, while they settle just before low tide, when turbulence declines (Tankersley
et al., 2002). Tidal amplitude can also control settlement of megalops larvae in a
Mozambican mangrove system (Paula et al., 2001).

In the present study, the effect of tide (meaning the days prior to and immediately
following spring tide) was investigated, but sampling was done only close to spring tide

to observe whether tidal amplitude around the spring cycle would influence the settlement
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of Perna. The results were negative, probably because the differences in tidal range were
minimal in this particular case.

Looking at seasonal collections, there were distinct peaks in larval abundance throughout
the 16 months of study and within this period of high numbers of larvae, variability was
specifically determined by the phase of the moon, with more larvae settling at new rather
than full moons. However, it appeared that moon by itself did not significantly influence
the rates of settlement. This lack of a moon effect, as a main factor, could have been
because of clouding by the interaction between time and moon. In fact, it appeared that
there was a strong influence of the moon only when there were peaks in larval abundance
and only at specific locations. From these results it seems that the spatial and temporal
factors examined become relevant in explaining settlement variability only when rates of
settlement are relatively high.

The influence of lunar cycle on settlement of intertidal invertebrates has been suggested
by other studies, but for some of them the influence of the moon probably reflects the
influence of the tidal amplitude as flood tides are expected to be around a particular phase
of the moon (Reyns & Sponaugle, 1999; Paula et al., 2001). It has been shown that lunar
cycle also influences the settlement of barnacles. Nevertheless, although temporal
variability alone is generally very important for understanding settlement, the behaviour
of some species could be triggered by physical or biological factors that vary periodically
(Pineda, 2000). Finally, the influence of time on fine scales was clearly shown in one of
the daily collections in the present study. Variability in larval abundance was very high

with settler rates changing sharply form one day to the next.
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This last result indicates that on this coast, the intertidal system is extremely
unpredictable with respect to settlement rates and emphasises the importance of a short

interval sampling design if one wishes to detect differences in settler abundance as this

changes over very fine scales of time and space.
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Chapter 4

Coupling of larval availability and settlement of Perna perna

“Anyone who has never made mistakes
has never tried anything new”
Albert Einstein
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Introduction

In several studies it has been observed that the abundance of pelagic larvae and of settlers
could certainly influence the final size of the adult population (Connell, 1985; Hurlbut,
1991; Pulfrich, 1996; Stoner & Davis, 1997; Mariani et al., 2000; Pineda, 2000; Beukema
et al., 2001; Norkko et al., 2001; Drouin et al., 2002; Lipcius & Stockhausen, 2002;
Pineda et al., 2002; Harii & Kayanne, 2003; Jeffery, 2003).

In particular, it is very important to look at possible relationships between the above
mentioned life stages and the possible effects of larval availability and settlement on the
adult population. In fact, it could be that links between larval availability and settlement
could help to infer the population size and dynamics of the adults (Olson, 1985; Pineda,
1991; Miron et al., 1995; Pineda, 2000; Ross, 2001; Satumanatpan & Keough, 2001).

The ideal way to understand population dynamics of an intertidal species would be to
quantify all different stages of the life cycle and to look at all possible relationships
amongst these stages: from sexual maturity to spawning, from larval dispersal in the
water column to final recruitment to the adult population. However, this seems
unrealistic, as it is very difficult to follow and measure simultaneously all the phases of a
life cycle, especially when allowing for spatial and temporal replication. Therefore, for
the present study, only the relationships between two factors, involved in structuring
intertidal populations, were inspected: larval availability and settlement (Harrold et al.,
1991; Hurlbut, 1991; Minchinton & Scheibling, 1991; Jeffery & Underwood, 2000;
Olivier et al., 2000; Pineda, 2000; Pineda et al., 2002).

The combined design of the studies discussed in chapters two and three allows us to

examine possible relationships between the numbers of mussel larvae collected from the
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water column and the numbers of settlers found on the rocks. In fact, dispersal of Perna
perna larvae, on the south coast of South Africa, appears to be unexpectedly limited in
space (McQuaid & Phillips, 2000). So, it could be that larvae collected from the water are
retained relatively locally and that the larvae collected from the rocks would originate
from comparatively local larval stocks (Pulfrich, 1997; Stoner & Davis, 1997; Poulin et
al., 2002; Zeidberg & Hammer, 2002). Certainly, the relatively fine scales used in this
study should allow the identification of coupling (Hunt & Scheibling, 1998) between
larval availability and settlement. So, we could expect to find a correlation between
abundances of Perna perna larvae in nearshore waters and of settlers collected on

adjacent intertidal stations.

Materials & Methods

Coupling patterns between larval availability of Perna perna in the water and settlement
on the rocks were investigated.

The data used to examine possible relationships between the amount of larvae in the
water and the abundance of settlers on the shore, were the same as the ones used for the
larval availability (see chapter two) and the settlement (see chapter three) studies. Thus,
only details of the statistical analysis description will be given.

Statistical analysis: Possible coupling between the abundance of Perna larvae in the water

column and settlers on scouring pads was investigated by performing correlation analysis
between the two factors. For this study, seasonal and daily abundances of larvae in the

water were correlated with the abundances of settlers for the same daily periods and
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likewise for seasonal data. In addition to this, the data collected on larval availability and
settlement (analysed in chapters two and three), were plotted against each other for each
study respectively (seasonal, daily 2000, daily 2001) (Figs.1 to 3).

For each temporal survey, the means of larvae collected at the two sites, High Rocks
(HR) and Kenton (KE) were plotted and the correlation coefficients (r) were calculated.

The package used for the statistical analysis was Statistica 6.0 (Statsoft).

Results

From the analysis of data performed in chapters two and three, a strong influence of
location (fine spatial scale) was observed for settlement, but not for larvae in the water
column. Therefore, at first, the mean of larval abundance from the three locations at each
site was calculated. This was plotted against the numbers of settlers at each location at the
same site. This did not show any obvious relationships. Secondly, since no spatial effect
was observed for the larval availability study, the mean of larvae at each site was
calculated, plotted and correlated against the mean of settlers at each location, and also at
each site. This also did not show any correlation and the results of this analysis will not be
shown in this context. Therefore, for each study, the mean of all three locations at each
site was calculated for the larvae in the water and for the settlers on the pads and these
values were correlated.

The plotting and analysis of data clearly showed that there was no correlation between
larvae in the water and settlers arriving ashore. The graphs plotted from all three studies,
but especially from the seasonal and the daily 2001 surveys, showed a complete lack of

correlation (Figs.1 to 3).
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The correlation coefficients for all three studies were very low and none were significant
(Table 1).
The raw data indicated that the lack of correlation was not due to a lag effect and cross-

correlation or lag analysis was clearly unwarranted.

Table 1 Correlation analyses for seasonal, daily 2000 and 2001 data. r = correlation coefficient; p
= probability value. See text for detailed description of the analyses.

Seasonal correlation 2000 Daily correlation 2001 Daily correlation

r r r
-0.08 . 0.37 . 0.21
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Discussion

The problem arising from external fertilization in open populations, such as sedentary
intertidal marine organisms with planktonic larval stages, is that the possible scales of
dispersal of larvae may vary widely (Roughgarden et al., 1985; Norkko et al., 2001; Van
Dover et al.,, 2001; Poulin et al., 2002). Larvae can potentially disperse over large
distances (Widdows, 1991), but it has been demonstrated that longshore dispersal in the
majority of mussel larvae on the south coast of South Africa is relatively limited, with
most larvae dispersing over scales of less than 10km (McQuaid & Phillips, 2000).
Therefore, it could be expected that local populations of larvae in the water column will
serve as stocks for local settlement onto local adult mussel beds (Van Dover et al., 2001).
To investigate this issue, the present study was designed in such a way that intertidal
stations for the settlement study were physically opposite offshore stations for the larval
availability survey. However, the number of larvae collected at the nearshore stations did
not correlate with the abundance of settlers on the adjacent intertidal locations. From
these results it emerges that, on scales of hundreds of meters (locations were in fact about
300 meters apart and 500 meters offshore), there is no direct coupling between mussel
larval abundance in the water and settlers on the rocks.

Considering only the spatial scales that have been examined in this study, it could be that
the settlers collected from a particular location arrive from a source of larvae in the water
column not directly opposite the intertidal locations. Dispersal and delivery of larvae
would act on scales greater than one kilometer. It appears that the dynamics of water

movement and larval transport and delivery are the only explanation of why larval
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availability and settlement were not coupled, especially if we accept that mussel larvae
are transported in the water as passive particles (Bourget, 1988; Harvey et al., 1995;
McQuaid & Phillips, 2000; Ross, 2001). It seems that water currents have a major role in
the transport and delivery of larvae from the water column to the shore, at least on scales
of hundreds of meters.

A different explanation for this uncoupling of larval abundance and settlement could be
sought in the time scales used in the study. In fact, the abundance of larvae in the water
probably could have been correlated with the amount of settlers on the rocks at temporal
scales different from the ones investigated in this study. The time scales sampled in the
present study could have hidden correlations between dispersal and settlement. Indeed,
sometimes the lack of correlation between larval abundance and settlement could derive
from sampling problems during quantification of processes. Over or underestimation of
patterns could be the real reason for lack of correlation, especially if the distribution of
larvae is patchy (Pineda, 2000), as is the case for Perna perna larvae (McQuaid &
Phillips, 2000).

The examination of correlations was done on a relatively large temporal scale, through
fortnightly collections, and on a much finer scale, using daily collections from 2000 and
2001. There is reason to believe that there could be a methodological problem especially
for the large time scale in the sampling of larval availability. Perhaps larvae in the water
could have arrived to the adjacent intertidal locations at intervals that were not considered
in this study. For example, it could be that peaks in abundance of larvae in the water were

overlooked due to the timing of the sampling. However, the daily collections should have
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given more precise information on the possible presence of larvae in the water column,
since the samples were collected every day and the chances of missing pools of larvae
coming from local sources would have been much reduced. Nevertheless, even the daily
scale could have been an insufficiently precise measure of coupling if the abundance of
larvae in the water column was determined by short-term effects such as tidal or day/night
cycles. Also, a very fine-scale sampling design would not help with the precision of
measurements if one considers again the natural patchiness of larvae in the water column
(McQuaid & Phillips, 2000).

The potential methodological problem that arises from the choice of temporal scales in
this study seems to be less relevant for the way settlement was investigated. In fact,
settlement integrates information on collection of data over time, while larval sampling is
instantaneous, even with replicated sampling (Pineda, 2000). In addition, in this study
artificial collectors were left on the shore between one tidal cycle and the next, during the
fortnightly survey. Therefore, the collection of data was integrated in time. One could
argue that some larvae could be lost if the pads were left on the shore for several days
(Pineda, 2000). Nevertheless, most of the larvae would actually remain attached and pads
should give a good measurement of the settlement that had occurred on a stretch of rocky
shore, during a particular time interval (McQuaid, pers. comm.; Lawrie et al., in prep.).
Very fine-scale sampling procedures could be the answer to this problem (Pineda, 2000).
Collecting samples at fine spatial and especially temporal scales could help in identifying
the real patterns of distribution and therefore, give a more realistic and clear indication of

coupling of larval availability and settlement. For example, broad sampling time interval
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seems to be the main reason for uncoupling of larval abundance and settlement in a study
of distribution of larvae of Concholepas in Chile by Poulin et al. (2002).

However, a better approach to sampling in such a variable system, would be an integrated
sampling design allowing the recording of larval abundance in the water through a period
of time. Integration of larval abundance measurement over time could be achieved by
using intertidal traps and/or nets left in the water for a pre-determined period of time.
Intertidal traps were tried in the present study, using traps based on models from Setran
(1992) and Castilla & Varas (1998). However, the intense sand movement and the wave-
exposed nature of shores in the study area made the use of the intertidal traps impossible
as they became completely clogged very quickly. Also, plankton nets could not be set and
used in nearshore waters because of the absence of calm seas during the present study.
Larvae, especially when transported in the water, are part of a very patchy and extremely
variable system (McQuaid & Phillips, 2000; Natunewicz & Epifanio, 2001). One of the
main sources of variability for larvae in the water and arrival at the shore is the
hydrodynamics of water currents, so that coupling, or its absence, depends strongly on
this factor (Pineda, 2000). Therefore, when investigating processes like dispersal and
settlement on a particular stretch of coast, preliminary and relatively broad investigations
should be carried out to gain an understanding of the main patterns that generally affect
these processes. At the same time, scales of investigation should be kept as fine and
integrated as possible.

The complexity of this system is so high that studies such as this one are rather
uncommon. There are in fact, few investigations that have tried to link different steps in

the life cycle of marine invertebrates with their pelagic larval stages (barnacles and
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ascidians: McGuinness & Davis, 1989; Jenkins et al., 2000; ascidians: Hurlbut, 1991,
barnacles: Gaines & Bertness, 1992; annelids: Verdier et al., 1997; ascidians, barnacles,
bryozoans, hydrozoans: Walters & Wethey, 1996; echinoderms: Balch & Scheibling,
2000). In particular, fewer studies have inspected the factors, relationships or variables
that regulate the passage of invertebrate larvae from nearshore waters to the intertidal
adult habitat (Gaines et al., 1985; Pineda, 2000; Satumanatpan & Keough, 2001; Lipcius
& Stockhausen, 2002; Pineda et al., 2002; Lawrie & McQuaid, in prep.).

Also, those few studies that have looked at possible relationships between larvae in the
water and larvae arriving the shore have found that these processes were generally
uncoupled. For example, Pulfrich (1996) found that the arrival of mussel larvae on
Wadden Sea rocky shores did not match with either the breeding cycle of the adults or
with larval abundance in the water column. Also, Miron et al. (1995) have looked at
possible relationships between the distribution of barnacle larvae at different depths and
settlement at three different levels on the shore. Positive correlation was found only
between the numbers of larvae in bottom waters and the larvae settling on the low
intertidal. When looking at relationships between larval availability and recruitment,
rather than settlement, post-settlement mortality may be a major reason for uncoupling of
processes (Ross, 2001).

One of the few studies in which positive correlation has been observed between cyprid
availability in the water and settlement of barnacles on the rocks was by Minchinton &
Scheibling (1991). They also found that settlement was a positive function of recruitment
and adult density. In fact, about 80% of variation in recruit and adult density was

explained by the numbers of settlers. Lopez et al. (1998) found negative relationships
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between the abundance of echinoid larvae and their recruitment in those years when many
larvae were collected, indicating that, in this case, mortality of larvae was density-
dependent.

The present study considered temporal scales in such a way that the product of
consecutive spawning episodes could be detected, through fortnightly sampling, as
mussel larvae are expected to spend up to three weeks in the water column before settling
on the rocks (Widdows, 1991; Pulfrich, 1997). Also, the daily 2000 and 2001 samples,
lasting three and five weeks respectively, should have allowed the detection of coupling
between availability of larvae and settlement, assuming, again, that larval stages in the
water become competent after approximately three weeks (Pulfrich, 1997).

In conclusion, considering both relatively large and fine scales, the present study has
given a realistic view of the spatial and temporal dynamics that control Perna perna
larvae in the water and their arrival to the shore, indicating that no correlation existed.
The lack of correlation between availability of larvae in the water and settlers on the
shore could be due to two main factors. One reason for the lack of correlation could be
the mentioned methodological problem regarding the sampling precision and also the lack
of integration of larval data. Secondly, the lack of correlation between larval and settler
abundances could be due to differential delivery of larvae arriving from nearshore
sources. Differential delivery would impose a differential and therefore, uncorrelated

distribution of individuals in the water column and on the shore.
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Chapter 5

Effect of wind on settlement of Perna perna

“Contrariwise- continued Tweedledee- if it was so, it might be,
and if it were so, it would be; but as it isn’t, it ain’t.
That’s logic!”
Lewis Carroll
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Introduction

Many studies on the dispersal of invertebrate pelagic larvae and their arrival on the rocky
shore have suggested wind as a possible influence (Pineda, 1991; Bertness et al., 1996;
Wing et al., 1998; Roman & Boicourt, 1999; Pineda, 2000; Natunewicz et al., 2001;
Norkko et al., 2001; Poulin et al., 2002; Barnay et al., 2003). For example, it has been
shown that settlement of megalops larvae in estuaries occurs in pulses and that these
pulses follow wind events (Natunewicz & Epifanio, 2001). In this particular case, the
transport of larvae was suggested to be wind-driven, with northward winds spreading
larvae offshore and affecting the size of larval patches (Natunewicz & Epifanio, 2001).
Shanks (1998) also suggested that the transport of megalops larvae of Penaeus and Uca
was affected by wind-driven surface currents. Poulin et al. (2002) noticed that larvae of
the gastropod Concholepas concholepas, in Chile, were retained between the shore and
the nearshore waters (< 5 km from the coast) due to alternating events of upwelling (when
larvae were moved offshore) and relaxation (when larvae were brought back close to the
shore). Raimondi (1990) suggested that the highest settlement peaks in barnacles occurred
following days of strong winds and before the maximum high tides. In particular, he
observed that an increase in wind the day before settlement would move larvae onshore,
favouring delivery and settlement.

On the coast of South Africa it has been observed that inshore currents are wind forced
(Schumann et al., 1988; Schumann 1989, 1999; Goschen & Schumann, 1994). In
particular, the influence of wind on surface currents is direct, while the effect of wind

decreases below the surface (Field et al., 1980). Field et al. (1980), when investigating
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the effect of wind on nearshore surface currents in the Benguela system, showed that, at
11m depth, currents were related to the strength and direction of the wind over the
previous 36 hours.

However, most investigations on coastal current circulation on the south coast of South
Africa have been limited to Algoa Bay (see Fig.1, chapter 2). Current patterns and the
influence of the wind may change on very fine spatial scales, especially in the nearshore
waters where local variability of the coastal and bottom topography are important (Field
et al., 1980; Goschen & Schumann, 1988). In addition to this, the action of wind, internal
waves and tides and, on this coast, the Agulhas current, can have different effects in bays
and on the open coastline (Goschen & Schumann, 1988; Pineda, 2000). For example,
Goschen & Schumann (1988) found that the influence of wind is reduced on the open
coast just outside the eastern end of Algoa Bay, compared to within the Bay itself.
Conversely, the effect of the Agulhas current is greater outside Algoa Bay, than in the
Bay (Goschen & Schumann, 1988).

Despite the importance of wind effects on pelagic larval transport and delivery, the
number of studies on the relations between local wind patterns and larval transport and
delivery is very limited in South Africa. Moreover, most of these studies have been
restricted to the examination of dispersal, transport and retention and settlement
mechanisms of the ichthyoplankton, especially of commercially important fish species
like sardines, mackerel, anchovies, pilchards and soles (Beckley & van Ballegooyen,
1992; Boyd et al., 1992; Mann, 1992; Olivar et al., 1992; Roy et al., 1992; Villacastin-
Herrero et al., 1992; Tinley et al., 1997; Hutchings et al., 1998). Such larvae are less

likely to behave as passive particles than those of invertebrates. Hutchings et al. (2002)
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have considered the strong currents around the Southern African coastline as a potential
risk for offshore dispersing planktonic eggs and larvae from broadcast spawners,
especially pelagic, demersal and inshore-dwelling fishes. Boland (1997) has suggested
that the geographic differences in adult barnacle abundance between the south and west
coasts of South Africa could be due to pre-settlement processes. Larval transport would
be regulated by onshore winds on the south coast and offshore wind-driven currents on
the west coast, leading to a differential distribution of larvae along the two coasts
(Boland, 1997).

In general, very few studies have examined the distribution of invertebrates in nearshore
waters (Barange & Boyd, 1992). Even fewer have explored the relations between the
processes that influence the population dynamics of benthic species and wind-forced
currents (Commito et al., 1995; McQuaid & Phillips, 2000).

Providing evidence of the relationships between physical and biological processes
becomes very important especially when trying to estimate, predict or simply to
understand the final size of benthic populations. For example, mathematical models have
been applied to predict the recruitment of the annelid Owenia fusiformis in the Gulf of
Lyon, France. In this case, larval dispersal and recruitment were dominated by wind-
driven currents. In particular, the simulations indicated that different proportions of larvae
would be lost depending on the wind climate; 60% of the larvae reached adults habitats
during maximum downwelling events as opposed to only 15% during upwelling events
(Verdier-Bonnet et al., 1997). Therefore, clarification of the relationships between wind
patterns and settlement rates of a species such as Perna perna, is very important in order

to understand and predict population dynamics and distribution.
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Materials & Methods

In this study possible relationships between wind direction and settlement rates were
considered. During this study, the data analysed for settlement were taken from the
fortnightly seasonal pad collections completed during the settlement study (chapter three).
The mean numbers of settlers collected at each location during the fortnight full spring
tides were considered. The average of all locations was then calculated and used for
correlation analysis in association with the wind data.

Hourly records of wind direction and speed were taken from the Port Alfred weather
station (about 30 km from the study sites), for March 2000 to June 2001.

The wind records were initially divided into four main directions, NE, SE, SW and NW,
the predominant winds in this area. However, since the rocky shores of both Kenton-on-
Sea and High Rocks are south east oriented, only offshore and onshore winds were
considered in the analysis for purposes of plotting. Southeasterly winds were considered
onshore while the northwesterly winds were regarded as offshore. Also, the other two
directions of wind (NE and SW) made a low contribution to the annual and seasonal wind
patterns.

At first, the hours for which the wind had blown in one of these two main directions were
summed up for each month. The total hours of southeasterly winds in each month and the
total hours of northwesterly wind were plotted against the fortnightly means of settlers.
Because surface water currents, and the particles carried with them, can change direction
quickly and the maximum influence of the wind on surface water currents is given by the
wind during the previous 36, 24 and 12 hours (Field et al., 1980), the total hours of wind

blown in each of the considered directions were calculated for 12 and 24 hours previous
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to the collection of pads for the settlement counts. Settlement data, for each fortnightly
collection, were plotted against the corresponding 12-hour totals of southeasterly and
northwesterly winds. The correlation analysis was performed using the Statistica 6

software package.

Results

Preliminarily, correlation was run to examine the effect of wind on daily 2000 and 2001
settler abundance. However, since this analysis did not show even the most tenuous
relationship, these results are not going to be discussed here.

The relations between northwesterly, southeasterly winds, time of the year as a circular
variable and fortnightly means of settler abundance were initially determined by using
partial correlation. Partial correlation considers the relation between two parameters
holding others constant. Vectors calculated from the wind direction and speed were also
considered and used for partial correlation analysis. However, no significant results were
observed from any of these analyses and, therefore, the results of the partial correlation
are not shown here.

The examination of possible relationships between the abundance of settlers in the
scouring pads and the direction of the main offshore and onshore winds was particularly
difficult, and probably biased, for one main reason: the abundance of settlers arriving at
the shore was very low throughout almost the entire sampling period. Therefore, possible
negative or positive correlations between settler abundances and wind direction would not
have been easy to show. Nevertheless, a possible relationship between wind and settlers

can be observed when plotting the mean of seasonal settler abundances against,
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respectively, the sum of southeasterly and northwesterly winds blown during the month
previous to the pad sampling (Fig.1).

Settlers seemed to be most abundant when northwesterly winds dropped and
southeasterly onshore winds intensified (Fig. 1). This coincided with the start of spring
and continued for the whole summer. Westerly and easterly winds follow seasonal
fluctuations, with west winds prevailing throughout the year, but dropping during
summer, from October/November to March (Hunter, 1981; Schumann et al., 1991,
Schumann, 1999; Fig. 1). On the other hand, the maximum duration of easterly winds is
recorded during the summer months (Schumann et al., 1982; Phillips, 1994).

When examining the relationship between the fortnightly means of settler abundance and
the sum of southeasterly winds in the 12 hours previous to sampling, no significant
correlation could be detected (Table 1). However, plotting of the data suggested a positive
relationship between the two variables. Whenever southeasterly winds were minimal, or
had just started blowing, settler abundance increased. It seems that the onset of
southeasterly winds may enhance the number of settlers (Fig.1). Therefore, although the
number of settlers was generally low, there was a slight (non-significant) positive relation
between these winds and the abundance of settlers (Fig. 2).

Figure 1 suggests that, as the duration of offshore northwesterly winds increased, there
was a decrease in the number of settlers, while an increase in settler abundance followed
periods during which this wind was not as dominant. A weak negative relation between
northwesterly winds and settler abundance can be detected, although this is biased by a
single point (Fig.2). On a seasonal basis, it appeared that when the northwesterly winds

prevailed (winter months), the abundance of settlers was very low, while maximum
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numbers of settlers were collected in the pads when these winds almost reached their
minimum (27 December 2000; see Fig.3, chapter three). Nevertheless, these possible
patterns were extremely weak and correlation analysis showed no significant relationship

in either case (Table 1).

Table 1 Correlation between wind direction and settler abundance. r = correlation coefficient; p =
probability value.

Correlation SE winds vs. settlers Correlation NW winds vs. settlers

r p r p
0.18 0.36 -0.13 0.49
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Discussion

The influence of wind on surface currents, larval transport and settlement of invertebrates
is likely to be very important. In fact, unless larvae are deep in the water, hydrodynamics
are amongst the main factors affecting the arrival of larvae on the shore, determining
settlement spatial variability and, therefore, giving shape to the final adult population size
and distribution (Gaines et al., 1985; Raimondi, 1990; Gaines & Bertness, 1992;
Bertness, et. al. 1996).

In the case of mussels, the effect of wind on larval delivery should be relatively easy to
detect because larvae, initially dispersed in the water column, are transported like passive
particles. Therefore, the direct action of wind on surface currents can limit larval dispersal
and influence the delivery of larvae to the rocks (Phillips, 1994).

Since the sites used for the present study were southeasterly oriented, the dominant winds
considered here were onshore and offshore winds, on the sea-land axis, rather than
longshore winds. It has been suggested that the biggest changes in wind direction and
speed occur on the sea-land axis, while the local coastline and topography also add
variation to the wind patterns (Jury & Guastella, 1987; Schumann et al., 1991).

In this study, relationships between wind patterns and settlement were difficult to detect
mainly because of the low numbers of settlers collected from the scouring pads
throughout the whole survey. In fact, no clear evidence of any real relationships could be
established in this case. Nevertheless, the results do suggest a possible trend of Perna
perna settlement on the shore mainly when offshore northwesterly winds drop and

onshore southeasterly winds increase.
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Many investigations have examined the relationship between wind patterns and
settlement, mostly of barnacles. These studies have often produced different results
regarding the influence of onshore or offshore winds on larval settlement. For example,
Shanks (1986) found no obvious relationship between settlement of barnacles and wind-
generated currents, while Hawkins & Hartnoll (1982) observed that the maximum
settlement of barnacles occurred during onshore winds, or better, during onshore flow.
Bertness et al. (1996) also confirmed the positive influence of onshore winds, when
examining wind-driven patterns in barnacle settlement. In contrast, Bennell (1981) found
a positive relation between settlement and offshore winds. Indirect evidence of the
influence of wind on settlement and recruitment was also given by the onshore
accumulation and delivery of larvae on a Californian shore, during periods of calm
weather (Roughgarden et al., 1991). Blanton et al. (1995) also found that the maximum
settlement of crab megalops larvae was reached during periods of calm winds. Lambert &
Harris (2000) suggest that sea urchin larvae from the Gulf of Maine concentrate onshore
during persistent onshore wind periods, when larval settlement reaches its maximum.

In this study, the wind patterns observed followed the normal pattern of seasonal wind
fluctuations in this area (Schumann et al., 1988; Schumann et al., 1991; Phillips, 1994).
Phillips (1994) confirmed that on the south coast of South Africa the predominantly
northwesterly winds of winter favour gametogenesis and spawning of mussels, while
recruitment is enhanced by south- and northeasterly winds, which are more frequent from
spring to autumn. Seasonal fluctuations in mussel spawning have also been observed in
two other studies carried on this coast. Both studies confirmed that the main spawning of

gametes occurred during the austral winter months, from May to September (Ndzipa,
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2002; Lawrie & McQuaid, in prep.), when there are strong offshore winds and maximum
localised upwelling (Schumann et al., 1982; Lasiak, 1986; Phillips, 1994).

Obviously spawning seasonality is important. In fact, during the winter months, when
spawning occurs, the probability of mussel larvae settling on the rocks is minimal. The
problem is that, during the winter months, the absence of settlement could be due to two
variables: wind and, or spawning. The low numbers of larvae collected during this study,
from May to August, could be due either to the timing of spawning (Ndzipa, 2002;
Lawrie & McQuaid, in prep.) or to the offshore winds that prevail during this time of the
year (Schumann et al., 1988; Phillips, 1994). The prevalence of offshore winds in winter
would transport larvae away from settlement sites. Alternatively, settlers could be missing
from the shore in winter because spawning had just occurred, since after external
fertilization, mussel larvae spend 3-4 weeks in the water column before becoming
competent to settle. However, at the temporal scales that have been investigated in this
study, no larvae were collected from the water column during winter. Therefore, it is
more likely that offshore wind could have transported larvae over distances greater than
500m. Alternatively, a possibility could exist that winter spawning was minimal or absent
during the year of the study, but this aspect was not measured in this study.

During the rest of the year, in particular during spring and summer, the predominance of
onshore southeasterly winds increases, possibly resulting in larvae being transported
ashore. The peak of settlement observed at the end of December 2000 could have been

favoured by the slight increase of onshore winds. However, this interpretation, although
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suggested from the plotting of settler abundances and wind data, is highly speculative as
no significant correlation was recorded.

In conclusion, it seems that the low numbers of settlers collected in the scouring pads
during this study have probably masked the possibility of finding significant relationships
between wind and settlement.

In order to establish the possible effects of wind direction on the settlement of Perna
larvae, further investigations would be necessary. These studies should probably be
carried out in bays, to maximise the abundance of settlers, as settlement rates are usually
higher in bays or harbours than on the open coast (Phillips, 1994; Archambault &
Bourget, 1999; pers.obs; Bownes, pers. comm.). However, when examining the effects of
wind on inshore larval transport and delivery, we should also consider the importance of
the shoreline topography and the extreme variability of wind on very fine spatial scales
(Xie & Eggleston, 1999). Wind does influence the surface and deeper water currents, but
its direct effect is controlled and modified by the local topography, the sea-land interface,
boundary layer structure and finally by the choice of sites where wind measurements are
performed (Goschen & Schumann, 1988; Schumann, 1989; Archambault & Bourget,

1999).
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Chapter 6

General Discussion

“ If we knew what we were doing, it
would not be called research”
Albert Einstein
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Sexual reproduction through external fertilization is a very common strategy found in
organisms living on land and sea, from plants, to many marine invertebrates, especially
sessile and sedentary forms (Crisp, 1976). External fertilization often leads to high
dispersal of gametes and zygotes or larvae. In the case of sedentary organisms, external
fertilization also leads to settlement and recruitment of juveniles to the adult substrata
(Bhaud, 2000).

External fertilization, with the associated potentials for high levels of dispersal and the
necessity for larval return to suitable substrata via settlement, leads to many evolutionary
trade-offs. External fertilization involves both advantages and disadvantages. For
example, in the case of the rocky shores and mussel populations, there is high mortality of
gametes during spawning. Gametes can disperse rapidly in such a high wave energy
environment and prezygotic selection is almost absent in mussels (Thorson, 1950;
Underwood & Keough, 2001). Only few sedentary forms, like barnacles, copulate; many
organisms do not show courtship behaviour and there is no barrier to gene flow due to
incompatibility of genital organs, since no copulation occurs (Knox, 1963). Moreover, the
eggs spawned by one female can mix with sperm released by different males. Therefore,
the great disadvantage of external fertilization is that there is no individual selection for
the best partner. This removes several potential barriers to hybridisation and also leads to
potential loss of energy caused by the generally high rates of hybridisation failure.

On the other hand, there are advantages to external fertilization. The most important and
obvious are the greater chances of gene exchange and recombination in external fertilizers
than in species with asexual or internal fertilization strategies (Stearns, 1993). To ensure

fertilization success, especially in a variable environment like water, many species have
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adopted synchronization of spawning, to increase egg and sperm encounters (Knox, 1963;
Morgan, 1995; Morgan, 2001; Underwood & Keough, 2001). Among external fertilizers,
including mussels, the only pre-zygotic barrier available to prevent hybridisation is
incompatibility of the gametes. However, this type of barrier is not entirely effective since
there are successful cases of mussel hybridisation. For example, Mytilus edulis and M.
galloprovincialis, on the southwestern British coast, do hybridise successfully (Gilg &
Hilbish, 2003). Nevertheless, Bierne et al. (2002) suggest that assortative selection and
reduced hybrid fitness maintain and limit the mussel hybrid zone in Europe.

Dispersal and settlement of larvae involve trade-offs too. Again, using mussels as an
example, the biggest disadvantage is the high, unavoidable larval waste due to the
mortality of the larvae while still in the water, or during their transport away from the
shore (Thorson, 1950; Todd, 1985; Dame, 1996; Underwood & Keough, 2001). Because
larval wastage cannot be avoided; it seems that the concept of “spreading the risk”
proposed by Reddingius & den Boer (1970) applies. If larvae are retained, there is a risk
of rapid disappearance of local populations whenever patches of adult populations are
removed, due to physical or biological disturbance (Underwood & Keough, 2001).

Yet, the largest evolutionary advantage is the gene flow that is guaranteed by larval
transport and delivery (Scheltema, 1986; Strathmann et al., 2002). Since one of the main
causes of adult mussel mortality is competition for space on the shore (Griffiths &
Hockey, 1987), dispersal of larvae ensures the establishment and success of open
populations. The adults will be far from their offspring and offspring will settle far from
their siblings (Strathmann, 1974; Todd, 1985). Because of the pressures of intra- and

interspecific competition for space, sedentary forms like mussels also need to maximise
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their occupation of space and to exploit any empty areas available (Todd, 1985; Dame,
1996; Seed et al., 2000). Dispersal guarantees effective occupation of space at different
spatial scales (Crisp, 1976), while re-colonisation of empty patches after physical or
biotic removal of adult population will also be faster than in closed populations
(Underwood & Keough, 2001).

The last major advantage of the reproductive strategy exhibited by mussels is the
production of a long planktotrophic larval stage, able to feed while being transported in
the water column (Bayne, 1976; Todd, 1985; Scheltema, 1986). This could be seen as a
negative point for the development and survival of the individual itself, since the newly
hatched larva, requiring a large amount of food, depends totally on extrinsic
phytoplankton resources, and larval mortality rates in the water are very high (Thorson,
1950; Todd, 1985; Lutz & Kennish 1992). However, it appears that within species,
competition for food in the water column is not a restricting factor for planktonic marine
larvae (Strathmann, 1996). In addition, planktotrophic larvae are energetically cheap to
produce since the eggs contain a small quantity of yolk (Thorson, 1950).

It seems rather that the main risk for mussel larvae is to be transported over large
distances before returning to the settlement sites. Therefore, being able to provide food
for itself and especially being able to delay metamorphosis (Thorson, 1950; Bayne,
1976), if necessary, are effective adaptations in an environment where the unpredictable
direction and strength of currents are amongst the main determinants of transport and
delivery of larvae (Underwood & Keough, 2001).

In addition to the evolutionary trade-offs associated with the reproductive and life

strategies of mussels, there are also ecological trade-offs. For example, since there is little
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or no behavioural influence on larval transport in the water column, or on larval delivery
to the shore, it appears that dispersal and settlement are powerfully affected by abiotic
factors, in particular, currents (McQuaid & Phillips, 2000). In fact, currents can control
the scales of dispersal of larvae and individual survival rates. Balanced against this are the
positive evolutionary effects of currents in terms of external fertilization, dispersal and
settlement. In particular, the action and influence of abiotic parameters like currents on
larval transport and delivery vary greatly at different spatial and temporal scales. The
variability of currents can make dispersal and settlement of larvae even more
unpredictable processes making the prediction of final population structure even more
difficult.

This study has confirmed the high levels of variability in time and space when examining
the abundance of larvae in the water and of settlers on the shore. Temporal variability was
particularly obvious in this study, both on large (seasonal, lunar phase and tidal) and finer
(daily) temporal scales. Since the density of larvae varies so much in time, reliable and
precise predictions of the presence or arrival of larvae cannot be made on this coast.
Nevertheless, the summer season proved to be the period with the highest abundances of
settlers. Different studies, performed on this stretch of coast, have demonstrated that the
main mussel spawning time is during the winter months. However, the different studies
have not agreed on specific months during winter (Lawrie & McQuaid, in prep; Ndzipa &
McQuaid, in prep). The same seems to apply to the seasonality of larval settlement. The
summer months have proven to be the preferred months for mussel settlement, but again,
different studies show peaks of settlement during different months in this season (Lawrie

et al., in prep; present study).
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Summer appears to be an appropriate season for settlement, as the weather and water
conditions are more benign than during the stormy and turbulent conditions typically
encountered during the winter months. However, even in summer, hydrodynamic
conditions in the southern hemisphere are probably less predictable than in the northern
hemisphere (Dame, 1996).

Many studies have shown the influence of the tidal and lunar phases on spawning,
transport and delivery of pelagic invertebrate larvae (Eggleston et al., 1998; Jeffery &
Underwood, 2000; Paula et al., 2001; Flores et al., 2002; Tankersely et al., 2002). This
effect could be an additional mechanism for ensuring synchronisation of spawning,
dispersal and settlement (Knox, 1963). Being transported simultaneously and, especially,
being delivered together, could help larvae to reduce losses caused by predation, although
it could also increase intraspecific competition.

The present study does not show a clear positive relation between tidal or lunar phases
and settlement. However, although the statistical analyses are equivocal, the data suggest
that there is a certain synchronisation of settlement during the new moon phase.

This could also be interpreted as a tidal effect, especially of tidal amplitude, on larval
delivery. In fact, the settlement peaks for this study corresponded with new moon phases
during the months of September, November, December 2000 and January, February
2001. In almost all these cases, the tidal amplitude during these spring tides was relatively
small, with maximum tidal height being rather low. This could appear to be problematic
for colonisation of substrata, as small tidal amplitude would give larvae less chance to
settle on the shore during maximum spring tides. On the other hand, smaller tidal

amplitude could also mean relatively small turbulence, less wave impact at the delivery
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sites and, thus, less risk of the newly settled larvae being removed by currents. However,
this interpretation of the new moon influence on larval delivery is speculative since no
statistically significant pattern was observed. Also, more work should be done, focusing
not only on the study of the tidal influence on settlement and delivery, but also on the
hydrodynamics of waves at very fine spatial scales that act directly on the delivery of
larvae on the shore.

Another factor that could have a strong impact on the delivery of larvae to the shore is the
wind (Gaines & Bertness, 1992; Bertness et al., 1996; Forward et al., 1997; Natunewicz
& Epifanio, 2001; Underwood & Keough, 2001; Flores et al., 2002; Tankersely et al.,
2002). The wind can show seasonal patterns in speed and direction and certainly this is
the case for the south east coast of South Africa. Offshore winds dominate during winter,
while onshore winds prevail in summer (Phillips, 1994; pers obs). Previous studies,
carried out in this area, have shown that spawning of mussels occurs mainly during the
winter months (Ndzipa, 2002; Lawrie & McQuaid, in prep.) when the prevailing winds
are offshore. Therefore, gametes and larvae are likely to be transported offshore during
this season (Phillips, 1994; pers obs.).

In this study, wind did not seem to be strongly linked to the arrival of larvae onto the
shore, though there was a tendency for settlement to occur during the onshore winds,
characteristic of the summer (Fig. 1, chapter 5) when larvae are likely to be passively
transported back to the shore.

The measurement of dispersal of invertebrate larvae concerns the possible spatial scales
over which larvae are transported in the water column. If the spatial scales of transport

and delivery are known, predictions on the inshore larval distribution can be made and,

138



population structure could also be estimated indirectly (Underwood & Denley, 1984;
Raimondi, 1990; Minchinton & Scheibling, 1991; Minchinton & Scheibling, 1993;
Connolly et al., 2001; Morgan, 2001).

This study shows clear spatial patterns of distribution, which differ for larvae in the water
and settlers on the rocks. Larval distribution in the water column was not significantly
affected by scales of a few kilometers (site scale), although differences in larval
abundances were found between the two sites. Also, the availability of larvae did not
show a significant location effect. However, location (scales of hundreds of meters)
consistently showed significant effects on settler abundances. For example, the location
KE B showed persistent maximum numbers of settlers during both daily settlement
studies and the neap tide recruitment study.

The effect of location on settler abundance highlighted differential delivery of larvae on
the shore at scales of hundreds of meters. It may even be that differential delivery could
act at smaller scales, with settler distribution being regular even on scales of meters, but
this was not tested here. Adult mussel distribution on the shore is very irregular, varying
between isolated patches of a few animals to large areas entirely covered with mussels.
Wahl (2001) observed a very patchy distribution of organisms when examining
variability of settlers of algae and blue mussels among replicates 50 meters apart. The
patchiness, often encountered in adult populations, could reflect what happens on the
shore during settlement. If larvae are delivered in a uniform way, without discrimination
among settlement areas, post-settlement mortality would determine the final coverage of
juveniles and adults on the shore (Knox, 1963; Underwood & Denley, 1984; Erlandsson

& McQuaid, unpubl. data). Alternatively, larvae could show differential settlement with
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settlement itself being highly variable at very fine scales (Underwood & Denley, 1984).
de Vooys (2003) showed that chemical communication stimulates aggregation behaviour
in adults of Mytilus edulis, but he also suggests that the same chemical cues used by the
adults could also influence settlement. The possibility of settlement cues provided by
juvenile or adult conspecifics was not considered during this survey, but it makes a very
interesting topic for future studies on mussel settlement and its influence on final
population structure.

In order to understand better the scales of transport and delivery of larvae and to make
possible predictions on the future of larvae and the structure of adult populations (Seed,
1976; Underwood & Keough, 2001), dispersal and settlement should be assessed
simultaneously (Suchanek, 1985; Underwood & Keough, 2001). Local studies on mussel
larval dispersal suggest that the scales of transport of the majority of larvae are relatively
limited (of the order of 10’s of kilometers; McQuaid & Phillips, 2000). However, the
influence of factors like currents and wind can enhance these scales considerably. Large
or increased scales of dispersal may not be advantageous for planktotrophic larvae and
may lead to a great loss of larvae, because of advection away from suitable settlement
areas (Palmer & Strathmann, 1981). Many studies of fish and invertebrates suggest larval
retention, with various kinds of control retaining larvae relatively close to the sites of
reproduction (Keough, 1988; Gaines & Bertness, 1992; Underwood & Keough, 2001).
Sale (1991) suggests that it would be “safer” for coral reef fish larvae to settle “close to
home” rather than far away, although variation in settlement rates, at fine spatial scales, is

still observed due to the patchy distribution of adults on the reef. In general, we could,
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therefore, speak of “ideal intermediate” scales of dispersal, where larvae are transported
over distances that still guarantee successful settlement on the shore after a few weeks.
This study did not show any coupling between the abundance of larvae in the water and
of settlers on the rocks. This observation reinforces the idea of the importance of the
scales of larval transport and delivery as regulated by physical factors, especially by
hydrodynamics. Although the results of this study do not provide direct insight on the
scales of dispersal, we can see that larvae are transported over spatial scales that do not
couple with the scales at which they are delivered to the shore. Being transported far, but
not too far from the parental sites could be an advantage for the survival of the individual
and the population as a whole. Mussels are still guaranteed good gene flow and are still
able to re-occupy territories after disturbance or colonise new areas. They are also able to
ensure the settlement of offspring far from their parents to avoid competition for space
amongst related individuals. However, mussel larvae have no control over their transport
in the water. If hydrodynamics are so important, this could explain the contrasting results
from different studies.

To conclude, this study, by examining the variation in larval availability and settlement of
Perna perna larvae on a range of spatial and temporal scales, has highlighted the
importance of those ecological components, especially hydrodynamics, operating at
different steps of the life history and influencing the survival of individuals and the
structure of the population. Larval availability and settlement are among those parameters
that crucially regulate the distribution and abundance of marine mussel populations
(Morgan, 2001; Underwood & Keough, 2001). The combined investigation of both larval

availability and settlement has allowed us to understand the different spatial scales of
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distribution of mussel larvae and settlers on this coast. In particular, through this design, it
has been possible to determine the spatial scales of settlers arriving to the shore (hundreds
of meters). It has also been possible to show that differential delivery of larvae, rather
than differential distribution of larvae in water, determines the final distribution of
settlers, and possibly of adults, on the shore. However, in addition to differential delivery,
post-settlement mortality should also be taken into account when trying to understand the
distribution of adult and the final size of the adult populations. The main findings of this
study could be summarised in two conceptual models represented in figure 1. These
models show two possible ways of structuring adult mussel populations from the point of
view of differential spatial distribution of larvae in the water column or differential
delivery of settlers on the shore. Adults on the shore are characterised by different
population sizes (A or B in figure 1). The final size could be determined either by a
different amount of larvae, distributed differentially in the water or by differential
delivery, acting at settlement level. Both models should include a certain degree of post-
settlement mortality, which was not taken into account in this study. The model that best

suits the results of this study is differential delivery, model number 2 (Fig. 1).
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Fig. 1 Conceptual models for mussel distribution on the shore. 1) Final population size
determined by differential larval availability. 2) Final population size determined by
differential settlement. A and B represent two possible adult population on the shore
(scales hundreds of meters); Black lines represent the shoreline; circular bodies represent
mussel larvae in the water; long bodies represent adult mussels on the shore.

Final Summary and ideas for future research

The spatio-temporal approach of this study has been fundamental to a deeper
understanding of the variability of Perna perna larval abundance in the nearshore waters
and their settlement on the rocks.

First, the analysis of the spatial variability of larval and settler abundance has highlighted
the importance of differential delivery of larvae from the water to the shore. This process
seems to provide good support for what could be identified as spatial synchronisation,
meaning the accumulation and assemblage of larvae towards the settlement substrata.

The temporal aspect of the study has allowed an understanding of synchronisation of
arrival on the shore, despite the strong variability in timing of larval abundance in
nearshore waters. This suggests the importance of wind and lunar/tidal action on the

delivery of Perna perna larvae. However, this aspect should be carefully tested using a
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specific experimental design focused on the effects of tidal and lunar phases and on the
precise action of the wind on the surface water currents. This last feature would require an
understanding of local hydrodynamics and coastal water circulation patterns.

Finally the lack of coupling between the abundance of larvae in the water column and
settlers on the shore emphasises the fact that dispersal, under the influence of currents,
determines the transport of larvae from nearshore waters to the shore. However, this
process operates at different scales, depending on how far offshore the larvae are carried.
In addition, even if past studies have proved dispersal to be limited to local scales, it still
operates at scales that are at least larger than a kilometer. Nevertheless, future studies on
the scales of dispersal and on the spatio-temporal relationships between dispersal and
settlement should seriously consider a much finer temporal scale sampling design. The
presence and abundance of larvae in the water is highly variable, but an intense and
frequent sampling design could facilitate the interpretation of the coupling phenomenon
and determine in a more accurate way the real scales of distribution of larvae while still in
the water. To conclude, all these studies, dealing with the abundance and distribution
patterns of invertebrate pelagic larvae in the water and their arrival onshore, should
include knowledge of local hydrodynamic conditions, which have been claimed to be one

among the most important causes of variability in terms of both time and space.

144



References

“Probable impossibilities are to be
preferred to improbable possibilities™
Aristotle

145



Abelson A, Denny M (1997) Settlement of marine organisms in flow. Annu Rev Ecol
Syst 28: 317-339

Acufa A (1977) Variacion estacional de la fijacion larval del mejillon Perna perna en los
bancos naturals de la costa norte del Estado Sucre, Venezuela. Bol Inst Oceanogr Univ
Oriente 16: 79-82

Alexander SE, Roughgarden J (1996) Larval transport and population dynamics of
intertidal barnacles: a coupled benthic/oceanic model. Ecol Monogr 66: 259-275

Archambault P, Bourget E (1999) Influence of shoreline configuration on spatial variation
of meroplanktonic larvae, recruitment and diversity of benthic subtidal communities. J
Exp Mar Biol Ecol 238: 161-184

Balch T, Scheibling RE (2000) Temporal and spatial variability in settlement and
recruitment of echinoderms in kelp beds and barrens in Nova Scotia. Mar Ecol Prog Ser
205: 139-154

Baldwin B, Borichewsky J, Lutz RA (1995) Predation on larvae: filtration by adult
bivalves directly and indirectly kills bivalve larvae. Benthic Ecol Meeting. Abs only

Barange M, Boyd AJ (1992) Life history, circulation and maintenance of Nyctiphanes
capensis (Euphausiacea) in the Northern Benguela system. S Afr J Mar Sci 12: 95-106

Barnay AS, Ellien C, Gentil F, Thiébaut E (2003) A model study on variations in larval
supply: are populations of the polychaete Owenia fusiformis in the English Channel open
or closed? Helgoland Mar Res 56: 229-237

Bayne BL (1964) Primary and secondary settlement in Mytilus edulis L. (Mollusca). J
Anim Ecol 33: 513-523

Bayne BL (1965) Growth and the delay of metamorphosis of the larvae of Mytilus edulis.
Ophelia 2: 1-47

Bayne BL (1976) The biology of mussel larvae. In: Bayne BL (ed) Marine mussels: their
ecology and physiology. Cambridge University Press, Cambridge, pp 81-120

Beckley LE, van Ballegooyen RC (1992) Oceanographic conditions during three
ichthyoplankton surveys of the Agulhas Current in 1990/91. S Afr J Mar Sci 12: 83-93

Begon M, Harper JL, Townsend CR (1990) Ecology - individuals, populations and
communities 2" edn. Blackwell Scientific Publications, Boston

Bennell SJ (1981) Some observations on the littoral barnacle populations of North Wales.
Mar Env Res 5: 227-240

146



Berry PF (1978) Reproduction, growth and production in the mussel, Perna perna
(Linnaeus) on the east coast of South Africa. Investigational report of the Oceanographic
Research Institute. S A Ass Mar Biol Res 48: 1-28

Bertness MD, Gaines, SD, Wahle RA (1996) Wind-driven settlement patterns in the
acorn barnacle Semibalanus balanoides. Mar Ecol Prog Ser 137:103-110

Beukema JJ, Dekker R, Essink K, Michaelis H (2001) Synchronized reproductive success
of the main bivalve species in the Wadden Sea: causes and consequences. Mar Ecol Prog
Ser 211: 143-155

Bhaud M (2000) Two contradictory elements determine invertebrate recruitment:
dispersion of larvae and spatial restrictions on adults. Oceanol Acta 23: 409-422

Bierne N, David P, Boudry P, Bonhomme F (2002) Assortative fertilization and selection
at larval stage in the mussels Mytilus edulis and M. galloprovincialis. Evolution 56: 292-
298

Blanton J, Wenner E, Werner F, Knott D (1995) Effects of wind-generated coastal
currents on the transport of blue crab megalopae on a shallow continental shelf. Bull Mar
Sci 57: 739-752

Boland JM (1997) Is the geographic pattern in the abundance of South African barnacles
due to pre-recruitment or post-recruitment factors? S Afr J Mar Sci 18: 63-73

Bourget E (1988) Barnacle larval settlement: the perception of cues at different spatial
scales. ASI NATO Series Chelazzi & Vannini: 153-172

Boyd AJ, Taunton-Clark J, Oberholster GPJ (1992) Spatial features of the near-surface
and midwater circulation patterns off western and southern South Africa and their role in
the life histories of various commercially fished species. S Afr J Mar Sci 12: 189-206

Buchanan S, Babcock R (1997) Primary and secondary settlement by the green mussel
Perna canaliculus. J Shellfish Res 16: 71-76

Caceres CA, Soluk DA (2002) Blowing in the wind: a field test of overland dispersal and
colonization by aquatic invertebrates. Oecologia 131: 402-408

Caceres-Martinez J, Figueras A (1997) Mussel (Mytilus galloprovincialis Lamarck)
settlement in the Ria de Vigo (NW Spain) during a tidal cycle. J Shellfish Res 16: 83-85

Céceres-Martinez J, Figueras A (1998) Distribution and abundance of mussel (Mytilus

galloprovincialis Lmk) larvae and post larvae in the Ria de Vigo (NW Spain). J Exp Mar
Biol Ecol 229: 277-287

147



Céceres-Martinez J, Robledo JAF, Figueras A (1993) Settlement of mussels Mytilus
galloprovincialis on an exposed rocky shore in Ria de Vigo, NW Spain. Mar Ecol Prog
Ser 93: 195-198

Caley MJ, Carr MH, Hixon MA, Hughes TP, Jones GP, Menge BA (1996) Recruitment
and the local dynamics of open marine populations. Annu Rev Ecol Syst 27: 477-500

Calow P (1983) Life-cycle patterns and evolution. In: Wilbur KM (ed in chief) The
Mollusca. In Russell-Hunter WD (ed) Volume 6-Ecology. Academic Press, Orlando pp
649-678

Castilla JC, Varas MA (1998) A plankton trap for exposed rocky intertidal shores. Mar
Ecol Prog Ser 175: 299-305

Commito JA, Thrush SF, Pridmore RD, Hewitt JE, Cummings VJ (1995) Dispersal
dynamics in a wind-driven benthic system. Limnol Oceangr 40: 1513-1518

Connell JH (1985) The consequences of variation in initial settlement vs. post-settlement
mortality in rocky intertidal communities. J Exp Mar Biol Ecol 93: 11-45

Connolly SR, Menge, BA, Roughgarden J (2001) A latitudinal gradient in recruitment of
intertidal invertebrates in the northeast Pacific Ocean. Ecology 82: 1799-1813

Cooper K (1981) A model to explain the induction of settlement and metamorphosis of
planktonic eyed-pediveligers of the blue mussel Mytilus edulis L. by chemical and tactile
cues. J Shell Res 2: 117

Crisp DJ (1976) Settlement responses in marine organisms. In: Newell RC (ed)
Adaptation to environment — essays on the physiology of marine animals. Butterworths,
London pp 83-124

Dame RF (1996) Ecology of marine bivalves — an ecosystem approach. CRC Press, Boca
Raton pp 254

Delafontaine MT, Flemming BW (1989) Effects of larval settlement, topography and
wave action on the establishment of the intertidal barnacle Tetraclita serrata Darwin.
Repr Gen Distr Mar An: 363-371

Denley EJ, Underwood AJ (1979) Experiments on factors influencing settlement,
survival, and growth of two species of barnacles in New South Wales. J Exp Mar Biol
Ecol 36: 269-293

Devakie MN, Ali AB (2002) Effective use of plastic sheet as substrate in enhancing

tropical oyster (Crassostrea iredalei Faustino) larvae settlement in the hatchery.
Aquaculture 212: 277-287

148



de Vooys CGN (2003) Effect of a tripeptide on the aggregational behaviour of the blue
mussel Mytilus edulis. Mar Biol 142: 1119-1123

Dobretsov SV, Miron G (2001) Larval and post-larval vertical distribution of the mussel
Mytilus edulis in the White Sea. Mar Ecol Prog Ser 218: 179-187

Dobretsov SV, Wahl M (2001) Recruitment preferences of blue mussel spat (Mytilus
edulis) for different substrata and microhabitats in the White Sea (Russia). Hydrobiologia
445: 27-35

Drouin C-A, Bourget E, Tremblay R (2002) Larval transport processes of barnacle larvae
in the vicinity of the interface between two genetically different populations of
Semibalanus balanoides. Mar Ecol Prog Ser 229: 165-172

Ebert TA, Schroeter SC, Dixon JD, Kalvass P (1994) Settlement patterns of red and
purple sea urchins (Strongylocentrosus franciscanus and S. purpuratus) in California,
USA. Mar Ecol Prog Ser 111:41-52

Eckman JE (1996) Closing the larval loop: linking larval ecology to the population
dynamics of marine invertebrates. J Exp Mar Biol Ecol 200: 207-237

Eggleston DB, Lipcius RN, Marshall Jr LS, Ratcford SG (1998) Spatio temporal variation
in postlarval recruitment of the Caribbean spiny lobster in the central Bahamas: lunar and
seasonal periodicity, spatial coherence, and wind forcing. Mar Ecol Prog Ser 174: 33-49

Eyster LS, Pechenik JA (1987) Attachment of Mytilus edulis L. larvae on algal byssal
filaments is enhanced by water agitation. J Exp Mar Biol Ecol 114: 99-110

Field JG, Griffiths CL, Linley EA, Carter RA, Zoutendyk P (1980) Upwelling in a
nearshore marine ecosystem and its biological implications. Estuar Coast Mar Sci 11:
133-150

Flores AA, Cruz J, Paula J (2002) Temporal and spatial patterns of settlement of
brachyuran crab megalopae at a rocky coast in Central Portugal. Mar Ecol Prog Ser 229:
207-220

Forward Jr RB, Swanson J, Tankersely RA, Welch JM (1997) Endogenous swimming
rhythms of the blue crab, Callinectes sapidus, megalopae: effects of offshore and
estuarine cues. Mar Biol 127: 621-628

Forward Jr RB, Tankersley RA, Pochelon PN (2003) Circatidal activity rhythms in
ovigerous blue crabs, Callinectes sapidus: implications for ebb-tide transport during the
spawning migration. Mar Biol 142: 67-76

Fraschetti S, Giangrande A, Terlizzi A, Boero F (2003) Pre- and post-settlement events in
benthic community dynamics. Oceanol Acta 25: 285-295

149



Gaines S, Brown S, Roughgarden J (1985) Spatial variation in larval concentrations as a
cause of spatial variation in settlement for the barnacle, Balanus glandula. Oecologia 67:
267-272

Gaines SD, Bertness M (1993) The dynamics of juvenile dispersal: why field ecologists
must integrate. Ecology 74: 2430-2435

Gaines SD, Bertness MD (1992) Dispersal of juveniles and variable recruitment in sessile
marine species. Nature 360: 579-580

Garland ED, Zimmer CA (2002) Techniques for the identification of bivalve larvae. Mar
Ecol Prog Ser 225: 299-310

Gilg MR, Hilbish TJ (2003) Patterns of larval dispersal and their effect on the
maintenance of a blue mussel hybrid zone in the southwestern England. Evolution
57:1061-1077

Goschen WS, Schumann EH (1988) Ocean current and temperature structures in Algoa
Bay and beyond in November 1986. S Afr J Mar Sci 7: 101-116

Goschen WS, Schumann EH (1990) Agulhas current variability and inshore structures off
the Cape Province, South Africa. J Geoph Res 95: 667-678

Goschen WS, Schumann EH (1994) An Agulhas current intrusion into Algoa Bay during
August 1988. S Afr J Mar Sci 14: 45-57

Gosselin LA, Qian P-Y (1997) Juvenile mortality in benthic marine invertebrates. Mar
Ecol Prog Ser 146: 265-282

Graham KR, Sebens KP (1996) The distribution of marine invertebrate larvae near
vertical surfaces in the rocky subtidal zone. Ecology 77: 933-949

Griffiths CL, Hockey PAR (1987) A model describing the interactive roles of predation,
competition and tidal elevation in structuring mussel populations. S Afr J Mar Sci 5: 547-
556

Grosberg RK, Levitan DR (1992) For adults only? Supply-side ecology and the history of
larval biology. Trends Ecol Evol 7: 130-133

Guinez R, Castilla JC, (1999) A tridimensional self-thinning model for multilayered
intertidal mussels. Am Nat 154: 341-357

Hallam A (1990) Biotic and abiotic factors in the evolution of early Mesozoic marine

mollusks. In: Ross RM, Allmon WD (eds) Causes of evolution — a paleontological
perspective. University of Chicago Press, Chicago pp 249-269

150



Halliday T (1993) Evolutionary ecology. In: Skelton P (ed) Evolution — a biological and
paleontological approach. Addison Wesley Publishing Company, Wokingham pp 307-
369

Hanyu K, Toyama K, Kimura T, Sekiguchi H (2001) Larval and post-larval shell
morphology of the green mussel Perna viridis (Linnaeus, 1758). Am Malacol Bull 16:
171-177

Harder T, Lam C, Qian P-Y (2002) Induction of larval settlement in the polychaete
Hydroides elegans by marine biofilms: an investigation of monospecific diatom films as
settlement cues. Mar Ecol Prog Ser 229: 105-112

Harii S, Kayanne H (2003) Larval dispersal, recruitment, and adult population of the
brooding stony octocorals Heliopora coerulea, on Ishigaki Island, southwest Japan. Coral
Reefs 22: 188-196

Harris JM, Branch GM, Elliott BL, Currie B, Dye AH, McQuaid CD, Tomalin BJ,
Velasquez C (1998) Spatial and temporal variability in recruitment of intertidal mussels
around the coast of southern Africa. S AfrJ Zool 33: 1-11

Harrold C, Lisin S, Light KH, Tudor S (1991) Isolating settlement from recruitment of
sea urchins. J Exp Mar Biol Ecol 147: 81-94

Harvey M, Bourget E, Ingram RG (1995) Experimental evidence of passive accumulation
of marine bivalve larvae on filamentous epibenthic structures. Limnol Oceanogr 40: 94-
104

Hawkins SJ, Hartnoll RG (1982) Settlement patterns of Semibalanus balanoides (L.) in
the Isle of Man. J Exp Mar Biol Ecol 62: 271-283

Hicks DW, Tunnell JW, McMahon RF (2001) Population dynamics of the nonindigenous
brown mussel Perna perna in the Gulf of Mexico compared to other world-wide
populations. Mar Ecol Prog Ser 211:181-192

Hills JM, Thomason JC (1996) A multi-scale analysis of settlement density and pattern
dynamics of the barnacle Semibalanus balanoides. Mar Ecol Prog Ser 138: 103-115

Hunt HL, Scheibling RE (1998) Spatial and temporal variability of patterns of
colonization by mussels (Mytilus trossulus, M. edulis) on a wave-exposed rocky shore.
Mar Ecol Prog Ser 167: 155-169

Hunter IT (1981) On the land breeze circulation of the Natal Coast. S Afr J Sci 77: 376-
378

151



Hurlbut CJ (1991) The effects of larval abundance, settlement and juvenile mortality on
the depth distribution of a colonial ascidian. J Exp Mar Biol Ecol 150: 183-202

Hutchings L, Barange M, Bloomer SF, Boyd AJ, Crawford RIJM, Huggett JA, Kerstan M,
Korrubel JI, De Oliveira JAA, Painting SJ, Richardson AJ, Shannon LJ, Schuelein FH,
van der Lingen CD, Verheye HM (1998) Multiple factors affecting South African
anchovy recruitment in the spawning, transport and nursery areas. S Afr J Mar Sci 19:
211-225

Hutchings L, Beckley LE, Griffiths MH, Roberts MJ, Sundby S, van der Lingen C (2002)
Spawning on the edge: spawning grounds and nursery areas around the southern African
coastline. Mar Fresh Res 53: 307-318

Huxham M, Richards M (2003) Can postlarval bivalves select sediment type during
settlement? A field test with Macoma baltica (L.) and Cerastoderma edule (L.). J Exp
Mar Biol Ecol 288: 279-293

Jablonski D, Botjer DJ (1990) Onshore-offshore trends in marine invertebrate evolution.
In: Ross RM, Allmon WD (eds) Causes of evolution — a paleontological perspective.
University of Chicago Press, Chicago pp 21-75

Jeffery CJ (2003) Determination of abundance and distribution of an intertidal barnacle:
settlement or post-settlement mortality? Mar Ecol Prog Ser 246: 291-305

Jeffery CJ, Underwood AJ (2000) Consistent spatial patterns of arrival of larvae of the
honeycomb barnacle Chamaesipho tasmanica Foster and Anderson in new South Wales.
J Exp Mar Biol Ecol 252: 109-127

Jenkins GP, Black KB, Keough MJ (1999) The role of passive transport and the influence
of vertical migration on the pre-settlement distribution of a temperate, demersal fish:
numerical model predictions compared with field sampling. Mar Ecol Prog Ser 184: 259-
271

Jenkins SR, Aberg P, Cervin G, Coleman RA, Delany J, Della Santina P, Hawkins SJ,
LaCroix E, Myers AA, Lindegarth M, Power A-M, Roberts MF, Hartnoll RG (2000)
Spatial and temporal variation in settlement and recruitment of the intertidal barnacle
Semibalanus balanoides (L.) (Crustacea: Cirripedia) over a European scale. J Exp Mar
Biol Ecol 243: 209-225

Jenkins SR, Aberg P, Cervin G, Coleman RA, Delany J, Hawkins SJ, Hyder K, Myers
AA, Paula J, Power A-M, Hartnoll RG (2001) Population dynamics of the intertidal
barnacle Semibalanus balanoides at three European locations: spatial scales of variability.
Mar Ecol Prog Ser 217: 207-217

Johnson KB (1999) Predation on planktonic invertebrate larvae. Diss Abst Int Pt B — Sci
& Eng 59: 3195

152



Johnson KB, Brink LA (1998) Predation on bivalve veligers by polychaete larvae. Biol
Bull Mar Biol Lab Woodshole 194: 297-303

Johnson KB, Shanks AL (1997) The importance of prey densities and background
plankton in studies of predation of invertebrate larvae. Mar Ecol Prog Ser 158: 293-296

Johnson KB, Shanks AL (2003) Low rates of predation on planktonic marine invertebrate
larvae. Mar Ecol Prog Ser 248: 125-139

Jones CG, Lawton JH, Shachak M (1997) Positive and negative effects of organisms as
physical ecosystem engineers. Ecology 78: 1946-1957

Jury M, Guastella L (1987) Coastal wind and dispersion conditions at Koeberg: analysis
of data with application to mesoscale forecasting. S Afr J Sci 83: 435-440

Kautsky N (1982) Quantitative studies of gonad cycle, fecundity, reproductive output and
recruitment in a Baltic Mytilus edulis population. Mar Biol 68: 143-160

Keesing JK, Cartwright CM, Hall KC (1993) Measuring settlement intensity of
echinoderms on coral reefs. Mar Biol 117: 399-407

Keough MJ, Downes BJ, (1982) Recruitment of marine invertebrates: the role of active
larval choices and early mortality. Oecologia 54: 348-352

Keough, M.J (1988) Benthic populations: is recruitment limiting or just fashionable?
Proc. 6" Int Coral Reef Symp 1: 141-148

Kingsford MJ, Leis JM, Shanks A, Lindeman KC, Morgan SG, Pineda J (2002) Sensory
environments, larval abilities and local self-recruitment. Bull Mar Sci 70: 309-340

Knox GA (1963) Problems of speciation in intertidal animals with special reference to
New Zealand shores. In: Harding JP, Tebble N (eds) Speciation in the sea. The
Systematics Association. Published by the Systematics Association, London pp 7-29

Kobak J (2001) Light, gravity and conspecifics as cues to site selection and attachment
behaviour of juvenile and adult Dreissena polymorpha Pallas, 1771. J Moll Stud 67:183-
189

Lagersson NC, Hgeg JT (2002) Settlement behavior and antennulary biomechanics in
cypris larvae of Balanus amphitrite (Crustacea: Thecostraca: Cirripedia). Mar Biol 141:
513-526

Lambert DM, Harris LG (2000) Larval settlement of the green sea urchin,
Strongylocentrotus droebachiensis, in the southern Gulf of Maine. Invert Biol 119: 403-
409

153



Lasiak T (1986) The reproductive cycles of the intertidal bivalves Crassostrea cucullata
(Born, 1778) and Perna perna (Linnaeus, 1758) from the Transkei coast, Southern Africa.
The Veliger 29: 226-230

Lasiak TA, Barnard TCE (1995) Recruitment of the brown mussel Perna perna onto
natural substrata: a refutation of the primary/secondary settlement hypothesis. Mar Ecol
Prog Ser 120: 147-153

Lau SCK, Qian P-Y (2001) Larval settlement in the serpulid polychaete Hydroides
elegans in response to bacterial films: an investigation of the nature of putative larval
settlement cue. Mar Biol 138: 321-328

Lawrie SM, McQuaid CD (in prep) Supply-side ecology of the brown mussel, Perna
perna: an investigation into spatial and temporal variation and coupling between gamete
release and larval supply.

Lawrie SM, McQuaid CD, Antrobus SJ (in prep) Fine-scale spatial and temporal variation
in settlement of the brown mussel Perna perna: indirect evidence of differential
hydrodynamic delivery of larvae.

Levitan DR (1995) The ecology of fertilization in free-spawning invertebrates. In:
McEdward L (ed) Ecology of marine invertebrate larvae. CRC Press, Boca Raton, pp
123-156

Lewin R (1986) Supply-side ecology. Science 234: 25-27

Lincoln R, Boxhall G, Clark P (1997) A dictionary of ecology, evolution and systematics,
2nd edn. Cambridge University Press, Cambridge pp 361

Lindman HR (1974) Analysis of variance in complex experimental designs. Freeman edn,
New York pp 352

Lipcius RN, Stockhausen WT (2002) Concurrent decline of the spawning stock,
recruitment, larval abundance, and size of the blue crab Callinectes sapidus in
Chesapeake Bay. Mar Ecol Prog Ser 226: 45-61

Lopez S, Turon X, Montero E, Palacin C, Duarte CM, Tarjuelo | (1998) Larval
abundance, recruitment and early mortality in Paracentrotus lividus (Echinoidea).
Interannual variability and plankton-benthos coupling. Mar Ecol Prog Ser 172: 239-251

Lutz RA, Kennish MJ (1992) Ecology and morphology of larval and early postlarval
mussels. In: Gosling E (ed) The mussel Mytilus: ecology, physiology, genetics and
culture. Development in aquaculture and fisheries sciences 25. Elsevier, Amsterdam pp
53-85

154



Mann KH (1992) Physical influences on biological processes: how important are they? S
Afr J Mar Sci 12: 107-121

Mariani S, Uriz M-J, Turon X (2000) Larval bloom of the oviparous sponge Cliona
viridis: coupling of larval abundance and adult distribution. Mar Biol 137: 783-790

Marsden JE, Lansky DM (2000) Substrate selection by settling zebra mussels, Dreissena
polymorpha, relative to material, texture, orientation, and sunlight. Can J Zool 78: 787-
793

Marshall DJ, Pechenik JA, Keough MJ (2003) Larval activity levels and delayed
metamorphosis affect post-larval performance in the colonial ascidian Diplosoma
listerianum. Mar Ecol Prog Ser 246: 153-162

McGrath D, King PA, Gosling EM (1988) Evidence for the direct settlement of Mytilus
edulis larvae on adult mussel beds. Mar Ecol Prog Ser 47: 103-106

McGuinness KA, Davis AR (1989) Analysis and interpretation of the recruit-settler
relationship. J Exp Mar Biol Ecol 134: 197-202

McKinney ML (1986) Ecological causation of heterochrony: a test and implications for
evolutionary theory. Paleobiology 12: 282-289

McQuaid CD, Lindsay TL (2000) Effect of wave exposure on the growth and mortality
rates of the mussel Perna perna: bottom up regulation of intertidal populations. Mar Ecol
Prog Ser 206: 147-154

McQuaid CD, Phillips TE (2000) Limited wind-driven dispersal of intertidal mussel
larvae: in situ evidence from the plankton and the spread of the invasive species Mytilus
galloprovincialis in South Africa. Mar Ecol Prog Ser 201: 211-220

Meadows PS, Campbell JI (1972) Habitat selection and animal distribution in the sea: the
evolution of a concept. Proc R Soc Edinb (B) 73: 145-157

Mileikovsky SA (1973) Speed of active movement of pelagic larvae of marine bottom
invertebrates and their ability to regulate their vertical position. Mar Biol 23: 11-17

Minchinton TE, Scheibling RE (1991) The influence of larval supply and settlement on
the population structure of barnacles. Ecology 72: 1867-1879

Minchinton TE, Scheibling RE (1993) Variations in sampling procedure and frequency
affect estimates of recruitment of barnacles. Mar Ecol Prog Ser 99: 83-88

Miron G, Boudreau B, Bourget E (1995) Use of larval supply in benthic ecology: testing
correlations between larval supply and larval settlement. Mar Ecol Prog Ser 124: 301-305

155



Morgan SG (1995) The timing of larval release. In: McEdward L (ed) Ecology of marine
invertebrate larvae. CRC Press, Boca Raton, pp 157-191

Morgan SG (2001) The larval ecology of marine communities. In: Bertness MD, Gaines
SD, Hay ME (eds) Marine community ecology. Sinauer, Sunderland pp 159-181

Morse AN (1991) How do planktonic larvae know where to settle? Am Sci 79: 154-167

Morton B (1992) The evolution and success of the heteromyarian form in the mytiloida.
In: Gosling E (ed) The mussel Mytilus: ecology, physiology, genetics and culture.
Development in aquaculture and fisheries sciences 25. Elsevier, Amsterdam pp 21-52

Natunewicz CC, Epifanio CE (2001) Spatial and temporal scales of patches of crab larvae
in coastal waters. Mar Ecol Prog Ser 212: 217-222

Natunewicz CC, Epifanio CE, Garvine RW (2001) Transport of crab larval patches in the
coastal ocean. Mar Ecol Prog Ser 222: 143-154

Navarrete SA, Wieters EA (2000) Variation in barnacle recruitment over small scales:
predation by adults and maintenance of community pattern. J Exp Mar Biol Ecol 253:
131-148

Ndzipa V (2002) Synchronisation of the brown mussel Perna perna on the south coast of
South Africa. MSc thesis, Rhodes University pp 80

Noda T, Fukushima K, Mori T (1998) Daily settlement variability of the barnacle
Semibalanus cariosus: importance of physical factors and density-dependent processes.
Mar Ecol Prog Ser 169: 289-293

Norkko A, Cummings VJ, Thrush SF, Hewitt JE, Hume T (2001) Local dispersal of
juvenile bivalves: implications for sandflat ecology. Mar Ecol Prog Ser 212: 131-144

Olafsson EB, Peterson CH, Ambrose WG (1994) Does recruitment limitation structure
populations and communities of macro-invertebrates in marine soft sediments: the
relative significance of pre- and post-settlement processes. Oceanogr Mar Biol Annu Rev
32: 65-109

Olivar M-P, Rubies P, Salat J (1992) Horizontal and vertical distribution patterns of
ichthyoplankton under intense upwelling regimes off Namibia. S Afr J Mar Sci 12: 71-82

Olivier F, Tremblay R, Bourget E, Rittschof D (2000) Barnacle settlement: field
experiments on the influence of larval supply, tidal level, biofilm quality and age on
Balanus amphitrite cyprids. Mar Ecol Prog Ser 199: 185-204

Olson RR (1985) The consequences of short-distance larval dispersal in a sessile marine
invertebrate. Ecology 66: 30-39

156



Palmer AR, Strathmann RR (1981) Scale of dispersal in varying environments and its
implications for life histories of marine invertebrates. Oecologia 48: 308-318

Paula J, Dray T, Queiroga H (2001) Interaction of offshore and inshore processes
controlling settlement of brachyuran megalopae in Saco mangrove creek, Inhaca Island
(South Mocambique). Mar Ecol Prog Ser 215: 251-260

Petersen JH (1984) Larval settlement behaviour in competing species: Mytilus
californianus Conrad and M. edulis L. J Exp Mar Biol Ecol 82:147-159

Phillips NE, Gaines SD (2002) Spatial and temporal variability in size at settlement of
intertidal mytilid mussels from around Pt. Conception, California. Invert Reprod Dev 41:
171-177

Phillips TE (1994) Dispersal, settlement and recruitment: their influence on the
population dynamics of intertidal mussels. PhD thesis, Rhodes University pp 245

Pineda J (1991) Predictable upwelling and the shoreward transport of planktonic larvae
by internal tidal bores. Science 253: 548-551

Pineda J (1994) Spatial and temporal patterns in barnacle settlement rate along a southern
California rocky shore. Mar Ecol Prog Ser 107: 125-138

Pineda J (2000) Linking larval settlement to larval transport: assumptions, potentials, and
pitfalls. Oceanogr East Pacific 1: 84-105

Pineda J, Caswell H (1997) Dependence of settlement rate on suitable substrate area. Mar
Biol 129: 541-548

Pineda J, Riebensahm D, Medeiros-Bergen D (2002) Semibalanus balanoides in winter
and spring: larval concentration, settlement, and substrate occupancy. Mar Biol 140: 789-
800

Poulin E, Palma AT, Leiva G, Herndndez E, Martinez P, Navarrete SA, Castilla JC
(2002) Temporal and spatial variation in the distribution of epineustonic competent larvae
of Concholepas concholepas along the central coast of Chile. Mar Ecol Prog Ser 229: 95-
104

Pulfrich A (1996) Attachment and settlement of post-larval mussels (Mytilus edulis L.) in
the Schleswig-Holstein Wadden Sea. J Sea Res 36: 239-250

Pulfrich A (1997) Seasonal variation in the occurrence of planktic bivalve larvae in the
Schleswig-Holstein Wadden Sea. Helgolander Meeresunters 51: 23-29

157



Raimondi PT (1988) Rock type affects settlement, recruitment, and zonation of the
barnacle Chthamalus anisopoma Pilsbury. J Exp Mar Biol Ecol 123: 253-267

Raimondi PT (1990) Patterns, mechanisms, consequences of variability in settlement and
recruitment of an intertidal barnacle. Ecol Monogr 60: 283-309

Ramirez SC, Caceres—Martinez J (1999) Settlement of the blue mussel Mytilus
galloprovincialis Lamarck on artificial substrates in Bahia de Todos Santos B.C., México.
J Shellfish Res 18: 33-39

Reddingius J, den Boer PJ (1970) Simulation experiments illustrating stabilization of
animal numbers by spreading of risk. Oecologia 5: 240-284

Reed DC, Raimondi PT, Carr MH, Goldwasser L (2000) The role of dispersal and
disturbance in determining spatial heterogeneity in sedentary organisms. Ecology 81:
2011-2026

Reyns N, Sponaugle S (1999) Patterns and processes of brachyuran crab settlement to
Caribbean coral reefs. Mar Ecol Prog Ser 185: 155-170

Roberts D, Rittschof D, Holm E, Schmidt AR (1991) Factors influencing initial larval
settlement: temporal, spatial and surface molecular components. J Exp Mar Biol Ecol
150: 203-211

Rodriguez SR, Ojeda FP, Inestrosa NC (1993) Settlement of benthic invertebrates. Mar
Ecol Prog Ser 97: 193-207

Rojas JC (1969) Fluctuacion mensual de las larvas y crescimiento del mejillon Perna
perna (L) y las condiciones ambientales de la ensenada de Guatapanare, Edo. Sucre.
Venezuela. Bol Inst Oceanogr Univ Oriente 8: 13-20

Roman MR, Boicourt WC (1999) Dispersion and recruitment of crab larvae in the
Chesapeake Bay plume: physical and biological controls. Estuaries 22: 563-574

Ross PM (2001) Larval supply, settlement and survival of barnacles in a temperate
mangrove forest. Mar Ecol Prog Ser 215: 237-249

Roughgarden J, Gaines S, Possingham H (1988) Recruitment dynamics in complex life
cycles. Science 241: 1460-1466

Roughgarden J, Gaines SD, Pacala SW (1987) Supply side ecology: the role of physical

transport processes. In: Gee JH, Giller PS (eds) Organization of communities -past and
present. Blackwell Scientific, London pp 491-581

158



Roughgarden J, lwasa Y, Baxter C (1985) Demographic theory for an open population
with space-limited recruitment. Ecology 66: 54-67

Roughgarden J, Pennington JT, Stoner D, Alexander S, Miller K (1991) Collisions of
upwelling fronts with the intertidal zone — The cause of recruitment pulses in barnacle
populations of central California. Acta Oecol 12: 35-51

Rowley RJ (1989) Settlement and recruitment of sea urchins (Strongylocentrotus spp.) in
a sea-urchin barren ground and a kelp bed: are populations regulated by settlement or
post-settlement processes? Mar Biol 100: 485-494

Roy C, Cury P, Kifani S (1992) Pelagic fish recruitment success and reproductive
strategy in upwelling areas: environmental compromises. S Afr J Mar Sci 12: 135-146

Runnegar B, Pojeta Jr J (1985) Origin and diversification of the Mollusca. In: Wilbur KM
(ed in chief) The Mollusca. In Trueman ER, Clarke MR (eds) Volume 10-Evolution.
Academic Press, Orlando pp 1-57

Sale PF (1991) Reef fish communities: open nonequilibrial systems. In: Sale PF (ed) The
ecology of fishes on coral reefs. Academic Press, San Diego pp 564-598

Satumanatpan S, Keough MJ (2001) Roles of larval supply and behaviour in determining
settlement of barnacles in a temperate mangrove forest. J Exp Mar Biol Ecol 260: 133-
153

Scheltema RS (1974) Biological interactions determining larval settlement of marine
invertebrates. Thal Jugosl 10: 263-296

Scheltema RS (1986) On dispersal and planktonic larvae of benthic invertebrates: an
eclectic overview and summary of problems. Bull Mar Sci 39: 290-322

Scheltema RS (1995) The relevance of passive dispersal for the biogeography of
Caribbean molluscs. Am Malac Bull 11: 99-115

Schumann EH (1989) The propagation of air pressure and wind systems along the South
African coast. S Afr J Sci 85: 382-385

Schumann EH (1999) Wind-driven mixed layer and coastal upwelling processes off the
south coast of South Africa. J Mar Res 57: 671-691

Schumann EH, Perrins L-A, Hunter IT (1982) Upwelling along the south coast of the
Cape Province, South Africa. S Afr J Sci 78: 238-242

Schumann EH, Ross GJB, Goschen WS (1988) Cold waters events in Algoa Bay and
along the Cape south coast, South Africa, in March 1987. S Afr J Sci 84: 579-584

159



Schumann EH, lllenberger WK, Goschen WS (1991) Surface winds over Algoa Bay,
South Africa. S AfrJ Sci 87: 202-207

Seed R (1976) Ecology. In: Bayne BL (ed) Marine mussels: their ecology and
physiology. Cambridge University Press, Cambridge, pp 13-65

Seed R, Suchanek TH (1992) Population and community ecology of Mytilus. In: Gosling
E (ed) The mussel Mytilus: ecology, physiology, genetics and culture. Development in
aquaculture and fisheries sciences 25 Elsevier, Amsterdam pp 87-169

Seed R, Richardson CA, Smith K (2000) Marine mussels, their evolutionary success,
ecological significance and use as chronometers of environmental change In: Harper EM,
Taylor JD, Crame JA (eds) Evolutionary biology of the Bivalvia. Geol Soc Spec Publ
177. The Geological Society, London pp 465-478

Setran AC (1992) A new plankton trap for use in the collection of rocky intertidal
zooplankton. Limnol Oceanogr 37: 669-674

Shanks AL (1986) Tidal periodicity in the daily settlement of intertidal barnacle larvae
and an hypothesized mechanism for the cross-shelf transport of cyprids. Biol Bull 170:
429-440

Shanks AL (1998) Abundance of post-larval Callinectes sapidus, Penaeus, Uca, and
Libinia collected at an outer coastal site and their cross-shelf transport. Mar Ecol Prog Ser
168: 57-69

Siddall SE (1980) A clarification of the genus Perna (Mytilidae). Bull Mar Sci 30: 858-
870

Sokal RR, Rohlf FJ (1995) Biometry, 3" edn. Freeman, New York pp 887

Sprung M (1984) Physiological energetics of mussel larvae (Mytilus edulis). 1. Shell
growth and biomass. Mar Ecol Prog Ser 17: 283-293

Stamps JA, Krishnan VV (1990) The effect of settlement tactics on territory sizes. Am
Nat 135: 527-546

Stearns SC (1993) The evolution of life histories. Oxford University Press, Oxford pp 249
Stoner AW, Davis M (1997) Abundance and distribution of queen conch veligers
(Strombus gigas Linne) in the central Bahamas. |. Horizontal patterns in relation to

reproductive and nursery grounds. J Shellfish Res 16: 7-18

Strathmann RR, Branscomb ES, Vedder K (1981) Fatal errors in set as a cost of dispersal
and the influence of intertidal flora on set of barnacles. Oecologia 48: 13-18

160



Strathmann R (1974) The spread of sibling larvae of sedentary marine invertebrates. Am
Nat 108: 29- 44

Strathmann RR (1996) Are planktonic larvae of marine invertebrates too scarce to
compete within species? Oceanol Acta 19: 399-407

Strathmann RR, Hughes TR, Kuris AM, Lindema KC, Morgan SG, Pandolfi JM, Warner
RR (2002) Evolution of local recruitment and its consequences for marine populations.
Bull Mar Sci 70: 377-396

Suchanek TH (1985) Mussels and their role in structuring rocky shore communities. In:
Moore PG, Seed R (eds) The ecology of rocky coasts. Hodder and Stoughton, London pp
70-96

Tamburri MN, Zimmer-Faust RK (1996) Suspension feeding: basic mechanisms
controlling recognition and ingestion of larvae. Limnol Oceanogr 41: 1188-1197

Tankersley RA, Welch JM, Forward Jr RB (2002) Settlement times of blue crab
(Callinectes sapidus) megalopae during flood-tide transport. Mar Biol 141: 863-875

Thorson G (1950) Reproductive and larval ecology of marine bottom invertebrates. Biol
Rev 25: 1-45

Tinley RL, Nelson G, Radloff SE, Buxton CD (1996) Ichthyoplankton distribution and
dispersal in the Tsitsikamma National Park Marine Reserve, South Africa. Proc Air
Waste Manag Ass 17: 1-14

Todd CD (1985) Reproductive strategies in North-temperate rocky shore invertebrates.
In: Moore PG, Seed R (eds) The ecology of rocky coasts. Hodder and Stoughton, London
pp 203-219

Todd CD (2003) Assessment of a trap for measuring larval supply of intertidal barnacles
on wave-swept, semi-exposed shores. J Exp Mar Biol Ecol 290: 247-269

Underwood AJ (1997) Experiments in ecology — their logical design and interpretation
using analysis of variance. Cambridge University Press, Cambridge pp 504

Underwood AJ, Denley EJ (1984) Paradigms, explanations, and generalizations in models
for the structure of intertidal communities on rocky shores. In: Strong DR, Simberloff D,
Abele LG, Thistle AB (eds) Ecological communities — Conceptual issues and the
evidence. Princeton University Press, Princeton pp 151-180

Underwood AJ, Fairweather PG (1989) Supply-side ecology and benthic marine
assemblages. Trends Ecol Evol 4: 16-20

161



Underwood AJ, Keough MJ (2001) Supply-side ecology: the nature and consequences of
variations in recruitment of intertidal organisms. In: Bertness MD, Gaines SD, Hay ME
(eds) Marine community ecology. Sinauer Associates, Inc. Publishers, Sunderland pp
183-200

Van Dover CL, Jenkins CD, Turnipseed M (2001) Corralling of larvae in the deep sea. J
Mar Biol Ass UK 81: 823-826

van Erkom Schurink C Griffiths CL (1990) Marine mussels of southern Africa — their
distribution patterns, standing stocks, exploitation and culture. J Shell Res 9: 75-85

Verdier-Bonnet C, Carlotti F, Rey C, Bhaud M (1997) A model of larval dispersion
coupling wind-driven currents and vertical larval behaviour: application to the
recruitment of the annelid Owenia fusiformis in Banyuls Bay, France. Mar Ecol Prog Ser
160: 217-231

Villacastin-Herrero, CA, Crawford RIJM, Field JG (1992) Statistical correlations between
purse-seine catches of chub mackerel off South Africa and selected environmental
compromises. S Afr J Mar Sci 12: 157-165

Wahl M (2001) Small scale variability of benthic assemblages: biogenic neighborhood
effects. J Exp Mar Biol Ecol 258: 101-114

Walters LJ, Wethey DS (1996) Settlement and early post-settlement survival of sessile
marine invertebrates on topographically complex surfaces: the importance of refuge
dimensions and adult morphology. Mar Ecol Prog Ser 137: 161-171

Widdows J (1991) Physiological ecology of mussel larvae. Aquaculture 94: 147-163

Wiens JA, Stenseth NC, Vanhorne B, Ims RA (1993) Ecological mechanisms and
landscape ecology. Oikos 66: 369-380

Winer BJ (1971) Statistical principles in experimental design, 2" edn. M°Graw-Hill, New
York pp 907

Wing SR, Botsford LW, Quinn JF (1998) The impact of coastal circulation on the spatial
distribution of invertebrate recruitment, with implications for management. Can Spec
Publ Fish Aquat Sci 125: 285-294

Xie L, Eggleston DB (1999) Computer simulations of wind-induced estuarine circulation
patterns and estuary-shelf exchange processes: the potential role of wind forcing on larval
transport. Estuar Coast Shelf Sci 49: 221-234

Young CM (1987) Novelty of “supply-side ecology”. Science 235: 415-416

162



Yulianda F (1998) Settlement of marine boring bivalve larvae on wood soaked
horizontally and vertically in Pelabuhan Ratu Bay, West Java. Phuk Mar Biol cen Sp Publ
18: 125-128

Zar JH (1996) Biostatistical analysis, 3" edn. Prentice Hall, Upper Saddle River, N.J. pp
662

Zeidberg LD, Hammer WM (2002) Distribution of squid paralarvae, Loligo opalescens
(Cephalopoda: Myopsida), in the Southern California Bight in the three years following
the 1997-1998 El Nifio. Mar Biol 141: 111-122

163



	Abstract
	Acknowledgments
	Chapter 1
	General Introduction
	Structure of the thesis

	Chapter 2
	Nearshore larval availability of Perna perna on the south co
	Introduction
	Materials & Methods
	1) Seasonal study
	2) Lunar study
	3) Daily study, 2000
	Day*Site

	3’\) Daily study, 2001
	Day

	Summmary of larval availability results

	Discussion
	Size and abundance
	Spatial variability
	Temporal variability


	Chapter 3
	Settlement of Perna perna on the south coast of South Africa
	Introduction
	Materials and Methods
	Results
	1) Seasonal study
	Date

	2) Lunar study
	Date
	Date*Moon*Location


	3) Tidal Study
	Date
	Date *Location
	Date*Tide*Location



	4) Daily study (2000)
	4’\) Daily study \(2001\)
	Day
	Day*Location


	5) Neap tide recruitment study
	Fortnight
	Fortnight * Location


	Summary of settlement/recruitment results

	Discussion
	Size and abundance
	Spatial variability
	Temporal variability


	Chapter 4
	Coupling of larval availability and settlement of Perna pern
	Introduction
	Materials & Methods
	Results
	Discussion

	Chapter 5
	Effect of wind on settlement of Perna perna
	Introduction
	Materials & Methods
	Results
	Discussion

	Chapter 6
	General Discussion
	References

