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Population Ecology and Genetics of European Species of Intertidal Barnacles

Federica Gabriella Pannacciulli

ABSTRACT

Barnacles are one of the dominant components of littoral communities.
Because their abundance and accessibility on rocky shores they have been the object
of a large number of ecological studies. Their importance as fouling organisms and
more recently as bioindicators of pollution and long-term climatic changes have also
contributed to increased interest. The aim of this work was to investigate in greater
depth two important aspects of the biology of European barnacles: their population
ecology and genetics.

On the south-west coast of England four species of barnacles (Chthamalus
montagui, Chthamalus stellatus, Semibalanus balanoides and Elminius modestus)
occur together on the shore. Their species composition has been shown to fluctuate
with environmental temperatures. Warmer weather favours warm temperate species,
such as Chthamalus and Elminius, while colder conditions favour the boreal
Semibalanus. These observations were the result of a forty-five year survey carried
out on the barnacle populations of South Devon and Cornwall. Barnacles from a
shore near Plymouth, Cellar Beach, showed the most extensive variation in species
abundance over the long-term study. The present study investigated in greater detail
the changes in the barnacle populations of Cellar Beach over a three year period. The
beginning of the survey (September 1991) coincided with a decline of S. balanoides.
The reduction of this species generated a large amount of bare rock which only in part
became colonised by the other species. Due to the continuous availability of vacant
surface, it was suggested that competition for space was not the determining factor in
the decline of the Semibalanus population. A combination of rising temperature and
reduced larval supply were instead thought to be responsible for the observed pattern.

Data on breeding, settlement and recruitment, growth and mortality rates
(including differential post-settlement mortality of different settling cohorts) at
different stages of the life history were also obtained for all four species of barnacles
present at Cellar Beach. These results allowed speculations on the way population
dynamics affect the availability of bare rock and on the adaptive strategies of the
various species for coping with such a complex environment.

The population genetic structure of the barnacles C. stellatus and C. montagui
was also investigated. Protein electrophoresis on starch gels was used to compare
specimens of the two species collected from the NE Atlantic and Mediterranean
coasts. The existence of "Atlantic" and "Mediterranean" forms of C. montagui had
been suggested in the past but no division of this kind had been noted for C. stellatus.
With my investigations I attempted to enlarge the previous work on the subject by
analysing samples from the species' entire geographical range and also by extending
previous analysis to C. stellatus.

Both Chthamalus species were found to have marked differentiation of allele
frequencies between Atlantic and Mediterranean localities at a single locus. Within
the Mediterranean basin, allele frequencies indicated a greater degree of
differentiation in C. montagui than in C. stellatus. In both, species, mean
heterozygosity per locus was higher in the Mediterranean than in the Atlantic;
Mediterranean populations also possessed a greater range of alleles. Possible
explanations for the differentiation between the Atlantic and the Mediterranean, and
for the greater genetic diversity in the Mediterranean, are discussed. These centre on
climatic and attendant sea-level fluctuations during recent geological history, and
possible differences in the selective regimes imposed by the contrasting environments
of the Mediterranean and the Atlantic.

vii



General Introduction

GENERAL INTRODUCTION

Barnacles are important features of littoral communities world-wide.

Although they tend to be most abundant on exposed shores, their ability to live under

most physical conditions suggests that their occurrence in quantity is controlled less

by their own requirements and more by competition with other animals and plants

(mainly mussels and fucoid algae). As generally these competitors favour mostly

very exposed and sheltered areas, barnacles tend to colonise the areas left available,

which are those of intermediate exposure (Stephenson and Stephenson, 1972).

The objects of this study were the European species of intertidal barnacles

belonging to the class Cirripedia, superorder Thoracica (Darwin, 1851; 1854). The

study concerned symmetrical sessile barnacles belonging to the order Sessilia,

suborder Balanomorpha (classification proposed by Newman, 1987), and did not

include any investigation on stalked barnacles, such as Pollicipes pollicipes, which

are also common in the intertidal region of some European coasts.

In the intertidal zone of European rocky shores, five species of sessile

barnacles are generally present. On the Atlantic coasts these are: Semibalanus

balanoides, Chthamalus montagui, Chthamalus stellatus and Elminius modestus. In

the Mediterranean area the two Chthamalus species, together with Euraphia depressa,

constitute the whole of the intertidal barnacle population.

The ecological section deals with the barnacle populations of the South-West

of Britain and is therefore limited to the four Atlantic species. The genetic study

concentrated on C. montagui and C. stellatus which are the only two species of

intertidal barnacles that are common to both the Mediterranean and the Atlantic.

A brief outline of the taxonomy and biogeography of the species studied

follows here.

The boreal species Semibalanus balanoides (Linnaeus) belongs to the genus

Semibalanus Pilsbry, subfamily Semibalaninae, family Archaeobalanidae (Newman
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General Introduction

and Ross, 1976). Until 1976 this species was known under the name of Balanus

balanoides; after that time, following a major revision of the balanomorph barnacles

(Newman and Ross, 1976) its name was changed to Semibalanus balanoides. S.

balanoides is common in the intertidal zone of Western Europe and Atlantic North

America (Stubbings, 1975). On the north east coast of the Atlantic Ocean, it reaches

its southern limits in the cold Galician rias of north-western Spain (Fischer-Piette and

Prenant, 1956; 1957), while its northern distribution stretches over all the European

coasts to Spitzbergen (Fisher, 1943).

Charles Darwin (1854) was troubled by the genus Chthamalus during his

studies on barnacles; his problem was to decide whether similar but recognisable

morphological types should be regarded as species or varieties (Southward, 1983).

Influenced by his developing ideas on evolution and the search for variation within a

species as evidence for the basis of the origin of the species, Darwin grouped five

varieties of intertidal Chthamalus into the world-wide species Chthamalus stellatus

(Poli). Darwin's species is now considered to comprise two genera, Chthamalus

(subfamily Chthamalinae, family Chthamalidae) and Euraphia (Newman and Ross,

1976) within which there are five valid species from the original material described

(Southward, 1983). In the North East Atlantic C. stellatus remained unchallenged

until 1976 when Southward reconsidered the status of this species (Southward, 1976).

Morphological characters were used to separate two species of British barnacles:

Chthamalus montagui Southward from the "true" Chthamalus stellatus (Poli)

(Southward, 1976). Examination of the biochemical genetics of the two species,

using enzyme electrophoresis, confirmed the specific rank of the two species (Dando

et al., 1979). A detailed investigation of the geographical distribution of the two

Chthamalus species was later carried out by Crisp et al. (1981). This study showed

that C. montagui and C. stellatus are temperate species which overlap extensively in

geographical range. They occur together along the Atlantic coasts of Britain, Ireland,

France, Spain, Portugal and North Africa, and both also occur in the Mediterranean
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Sea. They have almost identical north-eastern limits to their distribution in the

English Channel and North Scotland, but C. stellatus may extend farther south along

the West African coast (for a map of the geographical distribution of the two species,

see genetic section).

Elminius modestus Darwin belongs to the genus Elminius, subfamily

Archaeobalaninae, family Archaeobalanidae (Newman and Ross, 1976). This species

was found until quite recently only in New Zealand and southern Australia but it is

now well established also in Europe. This species is responsible for one of the most

striking invasions of rocky shores. The establishment of this species on British shores

from ship-borne populations probably occurred in the early years of the second world

war, but went unnoticed until 1945 when it was discovered in Chichester harbour

(near Southampton) (Bishop, 1947). The original colonisation is thought to have

started from ships immobilised there at the outbreak of war. From here Elminius is

thought to have spread to the British coasts and to north France either by further ship-

borne invasions or natural drift of larvae along the coast. Studies carried out by Crisp

document the gradual invasion of E. modestus on British shores (Crisp, 1948; 1958;

1960; Crisp and Southward, 1959) and estimate a speed of invasion of 20-30 km per

year (Crisp, 1958). Thirty years after its arrival in south of England Elminius was

already recorded as far north as the Shetland Islands (Hiscock et al., 1978), the

German Waddensea (Michaelis, 1978) and the Danish coasts (Theisen, 1980).

Barnacles are good model organisms for ecological work because:

- they are sessile;

- are relatively easy to identify, count and monitor;

- are suitable for various types of experimental manipulation;

- the intertidal species are very accessible.

For all these reasons considerable work has been done on their ecology as reviewed in

the introduction to the ecological section.
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Less attention has been given to the population genetics of barnacles. In more

recent years, the advent of starch gel electrophoresis has stimulated studies of both

taxonomy and population differentiation of barnacles on a broad geographical scale,

as reviewed in the introduction to the genetics section.

In this study both the population ecology and genetics of the common

barnacles of the North Atlantic region were investigated. The overall aim of the work

was to understand temporal changes on both decadal (ecological studies) and

evolutionary (genetic studies) time scales.

The ecological work focused on the investigation of short term changes in

barnacle species composition. This study was aimed to provide useful information to

help interpret the long-term changes observed in the barnacle populations of the

south-west of England (Southward, 1991). The project also investigated further

details of the ecology of S. balanoides, C. montagui, C. stellatus and E. modestus.

The work was then extended to a study of changes which took place in

evolutionary time. The intraspecific genetic differentiation of populations of C.

stellatus and C. montagui from the Atlantic and Mediterranean basins was

investigated by enzyme electrophoresis.
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Ii. INTRODUCTION

Barnacles are one of the dominant components of littoral communities (see

Stephenson and Stephenson, 1972). Their importance as fouling organisms and more

recently as bio-indicators of pollution and climatic change, has demanded basic

knowledge about their biology and ecology. Because of their abundance and

accessibility on the shore, their ecology has been the subject of study over a hundred

years. In his definitive studies of the group, Darwin (1851; 1854) fully realised that

many species of barnacles had strong intertidal preferences. The work by Hatton and

Fischer-Piette (1932) and Moore and Kitching (1939), started the modern era of

studies on barnacle ecology. During the last forty years, Barnes (for studies on

reproduction, growth, etc. e.g. Barnes, 1955; 1956a; 1962; Barnes and Crisp, 1956;

Barnes and Barnes, 1968), Connell (for studies on competition, distribution etc. e.g.

1959; 1961a; 1961b; 1983), Crisp and coworkers (for studies on breeding, hatching,

settlement, growth, distribution, invasion by E. modestus, etc. Crisp, 1948; 1950;

1956; 1961; 1964b; Crisp et al., 1981; 1991; Crisp and Bourget, 1985) and Southward

(for studies on taxonomy, distribution, cirral activity, long-term changes, etc. e.g.

Southward, 1955; 1976; 1991; Southward and Crisp, 1952; Southward et al., 1975;

1995) are among those who produced classic work on this subject (see Southward,

1987 for a complete review). A great deal of literature has also been published on the

role of barnacles in the rocky shore community (e.g. Paine (1966; 1969; 1981; 1984),

Dayton (1971), Menge (Menge, 1976; Menge and Sutherland, 1976; 1987; Menge and

Lubchenco, 1981), Underwood (Underwood, 1978; 1986; 1991; Underwood et al.,

1983; Underwood and Denley, 1984; Underwood and Fairweather, 1986) and

Hawkins (Hawkins, 1981a; 1983; Hawkins and Hartnoll, 1982; 1983; . Hawkins et al.,

1992)).

The following is a brief account of some aspects of the biology of the four

species (Semibalanus balanoides, Chthamalus montagui, Chthamalus stellatus and
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Elminius modestus) which are the object of this study. This account is not intended to

review all the literature available on the subject, but simply to introduce some selected

information considered useful for a better understanding of population biology.

The four species mentioned above, are generally found on open rock in the

eulittoral zone of North Atlantic shores. A fifth species, Balanus perforatus, can

occasionally be found together with the above species. As B. perforatus occurs

mainly low on the shore and in crevices, and as only a few specimens were seen

during the work, it was omitted from the study.

I 1.1 BARNACLE DISTRIBUTION

I 1.1.1 Horizontal distribution

Important studies on barnacle distribution along the wave exposure gradient

were carried out by Lewis (1964). According to this author, barnacles are almost

ubiquitous and are the dominant and most characteristic organisms of the eulittoral

zone throughout the world (see also Stephenson and Stephenson, 1972). He regarded

barnacles as being the main colonisers on moderately exposed shores, as fucoids are

on sheltered and mussels and red algae on very exposed ones. In his opinion

barnacles are generally restricted to this type of environment, by competition with the

other organisms rather than unsuitable physical conditions. This assumption is

confirmed by the fact that barnacles can occasionally be found in areas where fucoids

and mussels are normally dominant. In these areas barnacle settlement occurs for

instance on steep slopes or vertical rocks where fucoids and mussels are generally less

abundant (Stephenson and Stephenson, 1972). Barnacles can also be found on flat

surfaces of very exposed shores. This type of environment may be too harsh for

colonisation by fucoids (Vadas et al., 1990) and desiccation may limit mussels to the

lower eulittoral zone (Suchanek, 1978; 1985; Tsuchiya, 1983). Biotic factors can also

be responsible for the presence of barnacles on shores which are normally dominated
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by other organisms. Intensive grazing by limpets for instance, can inhibit algal

growth and indirectly favour barnacle settlement (Jones, 1948; Southward and

Southward, 1978; Hawkins, 1981a; 1981b; 1983; Hawkins et al., 1992). On

heterogeneous coasts, it is often possible to observe all three types of communities

within a few metres from each other.

I 1.1.2 Vertical zonation and species distribution

Vertical zonation of barnacles has received much attention. Barnacle species

are generally limited by physical factors towards the upper limit and by biological

ones at the lower (Connell, 1961a; 1961b; 1972). Brief exposure to sea-water and

consequent problems with desiccation and poor food supply, are limiting on the high

shore. On the other hand, there are some advantages of living on the high shore:

competition for space and predation may be less in this environment. Mid and low

shore barnacles instead, are constantly competing for space (Connell, 1961a; 1961b),

are more subject to predation and to the destructive force of wave action; turn-over is

therefore much more pronounced at these shore levels. The presence of encrusting

algae can constraint the expansion of barnacles lower on the shore (Hawkins and

Hartnoll, 1982). The very lowest limit of the barnacle distribution is considered to be

set by the upper limit of the laminarians below (Lewis, 1964).

The intertidal barnacle community of shores in the south-west of England, the

area where this study was made is formed by four different but co-occurring species.

These species are: Chthamalus montagui, Chthamalus stellatus, Semibalanus

balanoides and Elminius modestus.

The two Chthamalus species can occasionally be separated by habitat, with C.

stellatus predominant on exposed shores and C. montagui on moderately sheltered

ones, but in this particular case their distribution overlaps. Where they overlap, C.

montagui is found more commonly in the upper barnacle zone (MI-IWS and MHWN),
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Ecology - Introduction

while C. stellatus is more dominant lower down (MTL and below). Occasionally, C.

stellatus can occur higher up on the shore in wave-washed, wet or shaded places

(Southward, 1976; Crisp et al., 1981). According to Burrows (1988), processes of

larval dispersal, larval development and settlement appear to be the most important

factors producing the different adult distributions in the two Chthamalus species.

Juvenile mortality also accounts for this difference. C. stellatus in fact, is found to be

more susceptible to desiccation during the early stages of life than C. montagui.

Morphological differences in the shape of the opercular plates may account for this

(Foster, 1971a). C. montagui juveniles may require desiccation for consolidating their

shell plates (Burrows, 1988).

S. balanoides is generally speaking distributed between high water of neap

tides (MHWN) and low water of neap tides (MLWN) (Stubbings, 1975). Cyprids are

capable of settling on the high shore owing to the short period required to attach to the

rock surface, but desiccation tends to kill most of them before the next tidal

immersion (Foster, 1971a). For this reason, the upper zonal boundary of adult

Semibalanus is below the limit of larval settlement (Foster, 1971b). When S.

balanoides is found in conjunction with Chthamalus, Semibalanus tends to colonise

shaded positions lower on the shore. Because of this, it is much more in competition

for space with C. stellatus than with C. montagui which favours sunny situations in

the upper shore (Southward, 1976; Crisp et al., 1981). Where barnacles are very

abundant, a white and regular "barnacle line" can be observed. This is generally

produced by dense aggregations of S. balanoides, but in situations towards high shore

where it becomes darker and more ragged, then the C. montagui component is

prevalent. Chthamalus species have the ability to survive at very low densities, their

capacity to self-fertilise (Barnes and Crisp, 1956; Barnes and Barnes, 1958) can be

considered an adaptation to this particular situation. Semibalanus and Elminius

instead are cross fertilizing hermaphrodites and need therefore to be in the vicinity of

conspecifics in order to mate (Barnes and Crisp, 1956; Barnes and Barnes, 1958;

Walley et al., 1971).

8
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The fourth common inhabitant of the south-west shores, is E. modestus, an

australasian immigrant which arrived in south England in the forties (Bishop, 1947;

Crisp, 1948; 1958; 1960; Crisp and Southward, 1959) and was recorded for the first

time at the study site (Cellar Beach, South Devon) in 1953 (Southward, 1991).

Elminius is usually common at mid and low shore, and in general below MHWN. At

these shore levels, competition for space with S. balanoides can be very intense. In

comparison to the other three species, E. modestus is a better coloniser of the subtidal

and can tolerate quite low salinities. Of the four in fact, Elminius is often the most

abundant in estuaries.

I 1.2 BARNACLES as BIO-INDICATORS of LONG-TERM CLIMATE

CHANGES

During the last few decades, global warming as a possible consequence of

human action has been at the centre of the interest of the scientific community

(Gregory, 1988). There have been some contentions about whether the observed

warming was due to short term natural fluctuations or to the beginning of a warmer

era. The real problem in fact, was to separate the normal variation from a

superimposed trend. Increased computing power allowed more precise calculations of

global mean temperatures, whilst improved instrumentation provided more accurate

measurements of atmospheric constituents. Thanks to these technological

improvements, very recently it became possible to demonstrate the existence of a

trend of rising temperature and link it to increasing concentrations in the atmosphere,

of carbon dioxide, methane and chlorofluorocarbons produced by human activities

(Bolin et al., 1986). The link can be explained through the so-called "greenhouse

effect". The gases mentioned above are not transparent to all infra-red radiation, and

therefore, an increase in their concentration in the atmosphere would lead to greater

trapping of the longer wavelengths of solar radiation that would otherwise be re-

radiated back into space. Since the end of the past century, air temperatures have
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increased by between 0.3 and 0.6°C with most of the increase taking place during the

past forty years. Predictions of air temperature change, that might result from the

greenhouse effect, have estimated an increase in average temperature of between 1

and 3°C in the next fifty years (Southward and Boalch, 1994).

Changes in sea water temperature have been observed in association with

changes in air temperature during the last seventy years (Southward, 1960; Russell et

al., 1971; Southward et al., 1975; Southward et al., 1995). Records of temperature

from various stations in the English Channel, were collected since the end of the

nineteenth century. Cyclic fluctuations in sea temperature showed signs of a secular

trend superimposed on short term cycles. For the first half of the twentieth century,

an increase in sea temperature was observed. This was particularly noticeable for the

period between 1928 and the fifties, when the temperature rose by 0.46°C

(Southward, 1960). A much cooler period followed these years and lasted until the

1970s. This period corresponded to a secular decline in sea temperature, already

expected from the analysis of long-term fluctuations over the century. Since 1979,

the trend reversed (Southward, 1980; Southward eta!., 1995).

When the noise was removed, the short term fluctuations of sea temperature

were found to have a 10-11 year cycle. This cycle was discovered to be perfectly

phased with some changes in the solar radiation and in particular with curves of

annual mean sunspot numbers (Southward et al., 1975). Marine biological records

showed signs of both secular and 10-11 year cycles. Since 1975, however, the

biological data diverged from the solar cycle and in the case of intertidal organisms, it

started to show more fit with the mean inshore sea temperatures (Southward, 1980).

Changes in weather pattern and a global climate shift are believed to be involved

(Southward, 1991). Incidentally, it was in the seventies that an increase in the

atmospheric concentration of CO2 was first noticed.

The western end of the English Channel is close to a boundary between

species of fish and invertebrates that flourish best in colder waters and others that do
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better in warmer waters. Among biological records, changes in the distribution of

certain marine species in relation to changes in sea temperature, were noticed here

during the last century (see Southward, 1980; Southward and Boalch, 1994;

Southward et al., 1995 for review). Fluctuations in the herring and pilchard fisheries

of Devon and Cornwall were an example (Southward et al., 1988). Another case was

the change in the relative proportions of species of intertidal barnacles (Southward,

1967; 1980; 1991).

On the South Devon coast, the two warm-water species, Chthamalus montagui

and Chthamalus stellatus, and the boreo-arctic Semibalanus balanoides, are found

together in direct competition. In this area, all three species are close to the extremes

of their distribution range, with Chthamalus reaching its northern limit in the Shetland

Isles and Semibalanus its southern limit in northern Spain/Portugal. Towards the

limits of the geographical range of an animal, both its abundance and exact

boundaries may fluctuate from time to time. These fluctuations can sometimes be

correlated with environmental changes, and thus may help to assess the relative

importance of the factors that control distribution (Southward and Crisp, 1956).

Already in the fifties, Southward and Crisp (1952; 1954) noticed an increase

in the density of Chthamalus and a decrease in Semibalanus in the south-west. They

related these changes to an increase in sea temperature that occurred in the previous

decades. According to them, warmer temperatures would promote the fecundity and

survival of the Chthamalus populations. Low winter temperatures would instead

favour Semibalanus by delaying embryonic development to a point where larvae may

benefit more from the spring phytoplankton (Southward and Crisp, 1956). After 1961

the temperature trend reversed. Colder weather characterised most of the following

fourteen years and an increase in Semibalanus associated with . a decrease in

Chthamalus was detected (Southward, 1967; 1980; 1991). From 1975 up to present

day, temperatures rose again and once more Chthamalus populations benefited from

these favourable conditions. Since its arrival on the south-Devon coasts in the fifties,

fluctuations in the density of E. modestus were also monitored. Among the four
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species, this was the one which showed the highest variation, probably in relation to

its dependence on "good" years for reproduction and survival. No particular trend

was observed, with the exception of the fact that warmer years seemed to favour

Elminius.

Maximum fluctuations of all four species were found to take place on the low

shore. Here the high turn-over, presumably due to predation and competition with

algae and mussels, would allow a quicker replacement of species. It is important to

note, that in spite of the oscillations in species abundance, the total density of

barnacles has always remained fairly constant. Reductions of one species have been

balanced by increases in another. In addition, bare rock has always been present,

indicating that some factor other than substratum availability was limiting the

stockholding capacity of the habitat (Southward, 1991).

In relation to changes in sea-temperature, changes in the barnacle species

composition of South Devon, were found to have cyclic fluctuations of 10-11 years.

These cycles, however, had a 2-year phase lag on the temperature ones. As well as

sea temperatures since 1975 the amplitude of the fluctuations in the proportion of the

barnacle species started to decrease and to show an upward trend in the direction of an

increase of the Chthamalus species (Southward, 1991). Large temperature changes

operate on the survival of barnacles of the various species, for instance by altering the

frequency of the cirral beat and consequently food intake (Southward, 1955).

Temperature also operates on the maturation and reproduction of adult barnacles

which are designated to produce larvae for the next settlement season. A good larval

supply for the following year though, is not the only requisite to successful

recruitment. A certain amount of bare rock in fact, is needed in order to allow cyprids

to settle. High mortality of one species due to adverse climatic conditions, will

produce the bare rock necessary to allow larvae of the other species to settle

successfully. The time required for these processes to take place, can partly justify

the observed 2-year phase lag between cycles of temperature and cycles of changes in

barnacle species composition (Southward, 1991).
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Darwin (1872) cautioned against attributing the distribution of an organism

directly to temperature differences in the environment. He pointed out that

competition between species would probably be the most exacting factor, but that this

would be influenced by conditions of temperature or climate, which favoured one or

the other competitor. Southward believed that temperature, like other environmental

factors, influences the relative number of Chthamalus and Semibalanus, by its effect

on competition between them for space and food (Southward, 1967) (see also

Connell, 1961a; 1961b). He suggested that in the south-west of England, on the

border of their distributions, the two competing genera are in a state of dynamic

equilibrium and that even quite minor changes in the physical environment, will

favour one or the other species. Before concluding, it is worth mentioning that the

role of the predator Nucella lap illus as a structuring factor on the investigated

barnacle zone, has been minimal since the decline of this species in the seventies due

to TBT pollution (Bryan et al., 1986; Gibbs and Bryan, 1986). Its decline coincided

with the beginning of the irregularities in the fluctuations of the barnacle species

composition. It is therefore difficult, to separate the effects of the decrease in

predation from those of global warming (Southward, 1991).

According to Southward, continuance of the barnacle observations, could help

to distinguish the other biotic and abiotic factors involved in controlling the relative

proportions of the species in relation to changes in temperature and climate and

provide an early-warning system for the biological effects of global change in climate

(Southward, 1991).

I 1.3 MATING SYSTEM

Most sessile aquatic organisms release eggs and sperm into the water for

external fertilisation, or transmit sperm between mates through the water. Barnacles

are different, they are hermaphroditic organisms. The general prevalence of

hermaphroditism among sedentary and sessile animals has been attributed to
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difficulties in gaining access to a mate (Tomlinson, 1966; Ghiselin, 1974). Such

problems will be particularly acute in early colonising individuals, and in populations

habitually at low effective density. There are two possible advantages of

simultaneous hermaphroditism where opportunities to mate are limited. Firstly, any

two mature individuals will be potential mates for purposes of cross-fertilisation

(Tomlinson, 1966). Secondly, a completely isolated self-compatible individual will

still be able to produce sexual progeny by self-fertilisation (Altenburg, 1934; Baker,

1955). Barnacles perform internal fertilisation by copulation (Klepal, 1990), which

imposes extremely restricted mating distances limited by the length of the penis (in S.

balanoides about two to three times the shell length (Stubbings, 1975)). Gregarious

settlement of cyprids (Knight-Jones, 1953) makes cross-fertilisation possible by

producing dense aggregations of potential mates.

Chthamalus stellatus may self-fertilise in reproductive isolation, that is when

the nearest neighbour is too far away for copulation to occur. It does it only after a

delay, however, and such offspring sometimes exhibit reduced viability (Barnes and

Crisp, 1956; Barnes and Barnes, 1958). Barnes and Barnes (1958) suggested that

facultative self-fertilisation might occur in all species of Chthamalus. Specimens of

C. montagui, isolated before the beginning of the reproductive season, were found to

carry broods and release larvae believed to be viable (F.P. personal observation;

experiments to test this capacity, were carried out both in the field and in the

laboratory). Semibalanus balanoides and Elminius modestus appear to be obligate

cross-fertilisers, failing to reproduce in the absence of a mate (Barnes and Crisp,

1956).

I 1.4 BREEDING

Barnacles brood developing embryos within their mantle cavity before

releasing larvae in the first of six naupliar instars.
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Various studies have been carried out on the breeding habits of Chthamalus

montagui and stellatus. Unfortunately many were before the two species were split

by Southward (1976). Patel and Crisp (1960) observed that Chthamalus would only

breed at temperatures equal to or above 15°C; this implies that the length of the

breeding season should vary with latitude, becoming progressively shorter with

distance north. Crisp (1950), Crisp and Davies (1955), Le Reste (1965), Achituv and

Barnes (1976) all suggested that Chthamalus produces several broods each year.

Burrows et al. (1992) were the first to study in detail the reproductive biology of the

two species of Chthamalus after they had been separated by Southward (1976). From

fieldwork observations in the south-west of England, they found that both species

bred between the beginning of May and the end of September. In vivo laboratory

experiments, allowed determination of the length of time taken from oviposition to

hatching. In agreement with results already found by Barnes and Crisp (1956) it was

estimated that at 15°C the total brood development required about three weeks to be

completed. Furthermore, C. montagui required 23 days to arrive to maturation, while

C. stellatus required 26. By observing the amount of time each individual spent

brooding every year, and dividing this time by the number of days each brood was

retained in the mantle cavity, it was possible to estimate the number of broods

released each year. They calculated that both species had an average of between one

to two broods per year at high shore levels, two to three broods at mid shore and two

and a half to four broods at low shore. A similar study (O'Riordan et al., 1992)

carried out on experimental plates in Lough Hyne, south-west Ireland, indicated that

the number of broods not only differed with shore levels, but also with year classes

(older barnacles producing more broods). Barnacles of both species were found to

produce from 0 to 2 broods already in their first year of life. Similar behaviour had

already been observed by Southward and Crisp (1954). The minimum size at which

barnacles belonging to class 0+ were found to breed was 4.5 mm of rostro-carinal

diameter for C. montagui and 4.0 mm for C. stellatus. In the case of C. stellatus

though, older individuals of size smaller than 4.0 mm were also found to breed. This
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indicates that the capacity to breed is not always size-dependent. The main breeding

season in south-west Ireland was observed between June and August, sporadic winter

breeding, with production of embryos which appeared to be viable, was also observed

in this area for both Chthamalus species (O'Riordan, 1992).

A probable explanation for the increase in number of broods with decreasing

shore level, is related to the variation in food supply to different shore heights. The

lower the shore level, the more the food, the more energy available for growth and

reproduction (e.g. work by Bertness et al., 1991 on S. balanoides). Differences in

number of eggs per brood was also found to be correlated to food supply. In the

Burrows et al. study (1992) barnacles from sheltered or moderately exposed shores,

where particulate matter is abundant, were larger and also produced more eggs. They

also found that the number of eggs per brood was very variable and was estimated to

be between 500 and 1500 for an animal of 0.5 mg body weight. If food supply is so

important for the reproductive output, C. stellatus which is mainly found on the low

shore, should have an advantage over the high shore species C. montagui. On the

other hand as C. montagui favours more sheltered areas where suitable food might be

more abundant, its capacity to produce larvae should still be considerable.

Differences in larval production, associated with differences in coastal topography

and hydrography would have important implications for the larval supply and

recruitment to a certain area.

The breeding system of Semibalanus balanoides differs considerably from that

of the two Chthamalus species. Semibalanus, like other species with a boreo-arctic

distribution, produces a single brood per year (Barnes and Barnes, 1968). For gonad

maturation, this species requires several weeks below the critical temperature of 12°C

(Crisp and Patel, 1969). In late autumn all or nearly all individuals in the same

locality become fertilised within a few days of one another (Stubbings, 1975). The

eggs are then incubated through the winter until the spring algal bloom when they are

released in the water (Stubbings, 1975). Due to the danger of losing the egg masses
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while moulting, S. balanoides suspends quite substantially its moulting cycle during

the breeding season (Crisp and Patel, 1958; Patel and Crisp, 1961). After the laying

down of the egg masses the barnacle enters in a debilitated condition which results

from the discharge of reproductive material; this in turn leads to an uptake of water

with a subsequent reduction of feeding activity (Barnes, 1962). Growth consequently

slows down. The term `anecdysis' is used to indicate this particular physiological

condition (Barnes, 1962). At the end of the breeding season, when larvae are released

in the water, all the normal activities are restored and the barnacle moults. In general,

larval production is carried out by individuals belonging to class 1+ but a small

percentage of one year old barnacles are also capable of breeding (Arnold, 1977).

Arnold also showed that barnacles with a shell length of at least 7 mm in their first

year of life were producing broods. For barnacles of this age class, the number of

eggs per individual was found to be less than 10% of those produced by older

individuals of the same size. Individuals belonging to class 1+ but with a shell length

of 6 mm were also found breeding. This result is in agreement with that observed for

C. stellatus and implies that reproductive capacity is not only dependent on age but

also on size.

According to Crisp (1959) there are differences between time of fertilisation at

different levels on the shore, different grades of exposure and different latitudes.

Specimens high on the shore, in sheltered situations and in higher latitudes become

fertilised before those near low water, on exposed coasts or in low latitudes. Some of

this information was confirmed by Bertness et al. (1991). These authors found that

growth and reproductive output of S. balanoides were much more pronounced in

embayed situations where primary production was extremely high. Hence, they

suggested that sites with exceptionally high secondary production may . serve as major

suppliers of larvae and recruits within a region, as long as larval transport among sites

works in an efficient way. When comparing different habitats, they also found great

differences in barnacle secondary production at different levels on the shore.

According to them, and in partial disagreement with Crisp (1959), at low tidal heights
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in exposed habitats, barnacles had higher growth and reproduction than those at

higher tidal heights.

Boreo-arctic species are characterised by large brood size, large egg size and

prolonged embryonic development (Crisp and Davies, 1955). Large eggs give rise to

large nauplii that are probably better adapted to eating the large planktonic organisms

typical of cold waters (Barnes and Barnes, 1968). A significant direct correlation

between brood size and aperture length was observed by King et al. (1993). Barnes

and Barnes (1968) also studied the relationship between body weight and egg

numbers and found that there was considerable variability from one individual to the

other. The number of eggs produced by one individual could vary from as few as 400

to as many as 8000. In their study, egg numbers were found to be lower at upper

shore levels as a consequence of the lower food intake and consequently smaller size

of the individuals at this tidal height. In terms of wave action they also discovered

that very exposed conditions were not favourable to high egg numbers and growth.

This is probably a consequence of the detrimental effect of the waves on the cirral

activity and of the poorer food supply characteristic of open coasts.

Of the four species found on the intertidal zone in Devon, Elminius modestus

is certainly the one with the highest reproductive output. Breeding starts at a very

early age: two month old animals were found to possess fertilised eggs (Crisp and

Davies, 1955). As a consequence of the fact that Elminius is able to breed over a wide

temperature range (from 6 to 20°C and above), its breeding season can last all year

around (Crisp and Davies, 1955). Under excellent nutrient conditions this species can

produce a brood in 14 days. It follows that the total number of broods produced in a

year could potentially be 26 (Barnes and Barnes, 1968). Nevertheless, within the

littoral zone, Elminius seems to produce broods much less frequently, possibly in

relation to the nutritional status of the environment. In spring and summer the

fecundity is probably limited by the rate of development of the embryos (oviposition

never occurs until the previous brood is liberated); in autumn and winter by nutrition
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(Crisp and Davies, 1955). Elminius eggs are very small and therefore more nauplii

are produced per unit weight of tissue. This species has a significant advantage over

boreal species like Semibalanus which produce only a few eggs once a year. This

efficiency in egg production, probably accounts for the rapid spread of Elminius.

Although not as productive as Elminius, the Chthamalus species also have an

advantage over Semibalanus thanks to their production of smaller eggs and successive

broods.

It is worth pointing out that both Semibalanus and Elminius can become

infected with the parasite Hemioniscus balani. Naylor (1972) noted up to 90%

infection in Semibalanus specimens from the south-west coast of England.

Southward and Crisp (1952) suggested that in the British Isles, Chthamalus was never

infected with the parasite. However Healy (1986) who worked in south-east Ireland

observed the infection in both species. The infection prevents maturation of the ovary

and so renders barnacles sterile.

I 1.5 PLANKTONIC PHASE

Another peculiarity of barnacles is the capacity to control the time at which

larvae are released into the plankton. The so-called hatching substance, discovered in

1956 (Crisp, 1956), has been found in no organisms other than thoracican barnacles.

This substance, a prostaglandin-like compound (Clare et al., 1982; 1985), is produced

by adult tissue only at a certain time of the year and is capable of stimulating larval

release. In S. balanoides during the period between June and October, its production

is largely reduced (Clare and Walker, 1986). During the winter months, its bio-

synthesis is restored and when environmental conditions become suitable for larval

release, the substance is secreted into the mantle cavity. The resumed feeding activity

of the parent after winter starvation, is the stimulus for secretion of the hatching

substance. It is in this way that adult boreo-arctic barnacles tune the dining of larval
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release with the beginning of the spring algal bloom (see Crisp et al., 1991 for

review).

On the south coasts of England, barnacle larval release takes place at different

times of the year depending on the species. S. balanoides releases larvae generally in

March (Crisp, 1959), C. montagui and C. stellatus start in May/June and go on until

September (Burrows, 1988; Burrows et al., 1992), while E. modestus produces larvae

all year around as long as the sea temperature does not fall below 6°C (Crisp and

Davies, 1955). The released nauplii swim, feed and grow in the plankton, before

metamorphosing into a non-feeding cyprid stage which settles on a solid surface to

metamorphose into the juvenile barnacle. The periods of larval development in the

plankton are generally influenced by water temperature. In the case of both S.

balanoides and E. modestus, the length of larval development decreases with

increasing temperature (Harms, 1984). In S. balanoides it is reduced from 30 days at

the beginning of the hatching season (beginning of March) to 18 days at the end. In

E. modestus larval development lasts 30 days in spring, but when the water

temperature reaches its maximum in August it takes only 14 days (Harms, 1984).

From laboratory investigations, Burrows (1988) estimated that the length of the larval

development in the two Chthamalus species (in conditions of excess food and 19°C

temperature) lasted 14 days in C. montagui and 22 in C. stellatus. From the analysis

of plankton samples collected in the south of England, the same author discovered

that late stages of Chthamalus larvae were abundant only when the sea temperature

exceeded 15°C. Hence, he concluded that larvae released in May and June could fail

to develop beyond the first two naupliar stages as a consequence of the low sea

temperatures. Again according to Burrows, the longer larval phase of C. stellatus

appeared to allow a greater dispersal for larvae of this species than for those of C.

montagui. The larval dispersal range of barnacles can vary, in some cirripedes it has

been recognised to be in the order of 15 to 20 km (Strathmann, 1974; Crisp, 1976).

The dispersion of larvae has been viewed as a mechanism for partitioning the risk of
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mortality in a spatially uncertain environment (Strathmann, 1974; Crisp, 1976; Barnes

and Barnes, 1977; Wethey, 1985a).

I 1.6 SETTLEMENT and RECRUITMENT

As a general definition, while the term settlement is used for those barnacles

which just attached to the substratum, the expression recruitment is used to indicate

those which survived the settlement period. Connell further extended this concept by

indicating with the term recruits all those barnacles which not only survived the first

few months of life, but also became part of the adult breeding population (Connell,

1985). Even in areas of dense barnacle cover, recruitment has been shown to reflect

settlement quite well, especially low on the shore (Holm, 1990).

Several studies investigated the mechanism responsible for the exploration and

the attachment of the cyprid to the substratum (see Walker (Walker, 1970; 1971;

1973; Walker and Yule, 1984) and Yule (Yule and Crisp, 1983; Yule and Walker,

1984a; 1984b; 1985; 1987) for details).

In recent years, considerable attention has been paid to the study of settlement

and recruitment and their importance in structuring intertidal communities.

Settlement in barnacles varies locally, regionally and temporally, but the causes of

this variation are uncertain (Hawkins and Hartnoll, 1982; Caffey, 1985; Gaines et al.,

1985; Kendall eta!., 1985; Wethey, 1985b; Raimondi, 1990).

Variation in supply of competent larvae from adult barnacles into the plankton

can be a first cause of variation in intensity of settlement. Often though, competent

larvae are released in the plankton, but changes during the planktonic phase modify

the larval supply to a particular area. Kendall et al. (1985), observed great annual

changes in number of cyprids reaching the coast, but no changes in the reproductivity

of adults living on that coast. It was then concluded that something happening during

the planktonic phase was responsible for the variation in larval supply.
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Variation in larval supply to the shore is believed to play an important role in

influencing settlement intensity and consequently community structure. Studies on

this subject have been carried out by several authors. Gaines et al. (1985), working in

California on a strong upwelling system, found a perfect relationship between cyprid

concentration in the water column and settlement, demonstrating that larval supply

controls benthic communities. Sutherland (1987) confirmed this point by showing the

link between the decline of a population and scarce larval supply to the area. Larval

supply to a certain area can be influenced by various phenomena. Direction and

intensity of the wind during the settlement season have been proved to influence the

larval supply to a particular shore and modify the settlement rate on that shore.

Onshore winds are generally associated with higher settlement (Hawkins and

Hartnoll, 1982). In contrast, Shanks (1986), did not find a correlation between

settlement intensity and wind speed or direction, but between settlement and

maximum daily tidal range. He observed that peaks in the settlement occur from one

to four days before spring tide. The pattern in which planktonic cyprids come in

contact with the surface is very important in determining the pattern of settlement.

Vertical swimming of the larvae in the water column can determine the depth of

spatfalls (Hui and Moyse, 1987). Bertness et al. (1992) suggest that larval supply to a

shore increases with wave exposure but decreases with increasing level on the shore

(see also Hawkins and Hartnoll, 1982; Wethey, 1984; 1985b; Minchinton and

Scheibling, 1991).

Variation in larval development can cause temporal patterns in settlement.

Peaks in settlement have been attributed to possible waves in larval release (Wethey,

1984), but synchronous release has instead been observed. Larval behaviour has then

been used to explain periodicity: larvae could synchronise settlement to the cycle of

the moon (see Pineda, 1994 for an example). Various hypotheses have been put

forward to explain peaks in settlement, but the real causes are not yet understood

(Wethey, 1985b).
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Cyprid behaviour has been proved to be responsible for part of the settlement

pattern on the shore. Cyprid density appears to be directly correlated to the amount of

bare rock available in conditions of high settlement (Minchinton and Scheibling,

1993a). When high settlement occurs, the rock surface looks like a mosaic of dense

aggregates of cohorts punctuated by gaps of bare rock; in low settlement situations,

organisms belonging to different cohorts are mixed together and vacant space is

abundant everywhere (Roughgarden et al., 1985). Under high settlement densities

barnacles can adopt 'spacing-out' behaviour from other individuals (Hui and Moyse,

1987).

Gregarious settlement of cyprids has been observed in several species of

barnacles, notably S. balanoides and E. modestus (Knight-Jones and Stevenson, 1950;

Knight-Jones, 1953; Barnett and Crisp, 1979; Wethey, 1984). Cyprids tend to settle

in the proximity of conspecifics or on barnacle bases left behind on the substratum.

An exception is E. modestus whose larvae settle readily in contact with adult

barnacles in the field, and do not discriminate between conspecific and alien adults

(Hui and Moyse, 1982). Raimondi (1988) succeeded in inducing settlement of

Chthamalus anisopoma above its upper limit on the shore by using conspecific

extract. Chemical cues are thought to be responsible for this type of behaviour (see

Gabbott and Larman, 1987 for review). Cues left by dead barnacles have been proved

to be short-lived (less than 2 months) and unless the settlement season occurs very

soon after the death of the adults the effect of these is minimal (Wethey, 1984).

Chemical cues to barnacle settlement are also provided by non-barnacle organisms

which share the same habitat. Chthamalus anisopoma was found to be attracted to

surfaces where Acanthina angelica was present (Raimondi, 1988); Acanthina is the

major predator of adult Chthamalus in California. The occurrence of this species,

against which barnacles can build a predator-resistant morphology, was probably

considered a reliable indicator of the presence of Chthamalus (Lively, 1986).

Certain characteristics of the substratum also act as cues for settlement

(Bourget, 1988). Cracks and pits constitute a great attraction to cyprids (Barnes,
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1956b), but at least in the case of S. balanoides, settlement on these surfaces does not

provide any survival advantage (Wethey, 1984). In very exposed situations though,

living in pits and crevices provides shelter and increases survivorship (Connell,

1961a). Regarding the orientation of the barnacle, in S. balanoides and E. modestus,

this has been proved to be dependent on the direction of the incident light and on the

direction of flow at the time of settlement (Barnes et al., 1951).

The non-overlapping vertical distribution of two species, can result from the

interaction of two factors: a restricted settlement pattern of each species to a particular

height on the shore (generally the height on the shore reflects the position of the

cyprids in the water column) and post-settlement mortality which affects the two

species in different ways (Grosberg, 1982). Mortality at the early stages of life is

often associated with desiccation problems (Foster, 1971a; 1971b). Desiccation

affects high shore S. balanoides and E. modestus on both sheltered and exposed

coasts. As already mentioned in the species zonation section, cyprids of Semibalanus

settle at high shore but do not survive, limiting in this way the distribution of S.

balanoides to lower levels on the shore. Adults of Elminius can occasionally be

found higher on the shore than those of Semibalanus. This is probably a consequence

of the longer period over which this species settles. A longer settlement season

increases the chances of favourable climatic conditions during settlement, allowing

the survival of some individuals. In the case of the two Chthamalus species, high

post-settlement mortality was observed at low shore in C. montagui and at high shore

in C. stellatus (Burrows, 1988). C. montagui morphology is believed to confer a

better resistance to desiccation stress which allows this species to colonise the upper

shore. In addition, it has been suggested (Burrows, 1988) that C. montagui could

need a certain amount of exposure to the air in order to harden its shell plates, this

characteristic would make low sites on the shore not very suitable for this species. C.

stellatus instead, does not have great resistance to desiccation and survives better at

lower sites on the shore. A later study, carried out by O'Riordan (1992), suggested

that the pattern of vertical distribution of Chthamalus at exposed sites may be the
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result of the pattern of larval distribution in the water column. At sheltered sites,

post-settlement mortality due to differential desiccation stress in the two species, is

instead believed to be responsible for the zonation of the adults of the two species.

When distributions overlap, direct competition between two species occurs,

but only in areas with a high settlement rate (this is the case of Californian species

studied by Gaines and Roughgarden, 1985). The stronger competitor for space will

eventually exclude the other species and, according to Hui and Moyse (1987), in

evolutionary time this behaviour will influence the biogeographical distribution of the

two. It can be dangerous though, to consider competition directly responsible for

setting a species' geographical limits. A good example of this comes from the studies

on the interactions between S. balanoides and C. montagui. Connell (1961b)

suggested that C. montagui's northern limit was set by competition with Semibalanus.

Later Kendall and Bedford (1987), discovered that in Wales C. montagui breeds and

settles over a much shorter period than in the south of England. As a consequence of

this, the low level of larval supply more than the direct competition with S.

balanoides, has to be blamed for the thinning of the Chthamalus populations towards

its northern limit.

Separation of the season of settlement of different species can have important

effects upon potential competitive interactions. S. balanoides settles during the spring

and colonises bare surface made available by winter storms. E. modestus settles all

year around, but mainly during the summer, and is therefore given ample

opportunities for colonising bare area as it comes available (Crisp and Davies, 1955;

Hui and Moyse, 1987). Temporal separation of settlement could reduce most of the

competition between the fast growing juveniles of the two species. In Britain the two

Chthamalus species settle simultaneously towards the end of the summer but, thanks

to the limited overlapping of their vertical distribution, do not very often enter into

direct competition (Burrows, 1988).
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I 1.7 GROWTH

Studies on growth of intertidal barnacles have shown that growth rate can be

influenced by abiotic (temperature, light, current, exposure, tidal level and surface

contour) and biotic (food supply, population density, competing organisms, parasites,

reproduction, size, species and age) factors (see Crisp and Bourget, 1985 for review).

The first studies on the growth of S. balanoides were carried out by Moore

(1934) who observed variation in growth rate in relation to age, season and tidal level.

In general the growth rate of Semibalanus has been recorded to be higher in younger

barnacles and to increase with decreasing level on the shore in the first year of life.

From the second year onward growth was observed to be faster at higher shore levels

(Moore, 1934). Maximum growth has been described to take place during the

summer months and slow down during the winter. Most of the factors affecting

growth rate, act by modifying the food intake. For instance, individuals exposed to

high flow speeds feed more frequently and grow to larger sizes than those exposed to

low flow speeds (Bertness et al., 1991; Sanford et al., 1994). Algal cover inhibits

growth by limiting access to food or by interfering with the cirral beat and hence with

the feeding activity (Barnes, 1955).

The growth rate of Chthamalus had already been studied prior to their

separation into two species (Hatton, 1938; Moore and Kitching, 1939; Barnes, 1956a).

Later Burrows (1988) carried out a detailed study of the growth of the two species

separately and observed that the rates of the two species were remarkably consistent

over both gradients of tidal height and exposure to wave action. The only significant

difference observed between the two, was that C. stellatus grew faster than C.

montagui at the low levels of the most exposed shores, while C. montagui overtook C.

stellatus at the most sheltered ones. These differences could be explained by

differences in setation of the cirri of the two species (Southward, 1976) which would

lead to differing feeding efficiencies in the different planktonic environments (Crisp et

al., 1981). These observations further support the hypothesis that C. stellatus is better
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adapted to low shore wave beaten habitats and C. montagui to mid-high shore

embayed situations. Chthamalus growth was found to virtually cease during the

winter and begin again the following spring (Fischer-Piette, 1941; Barnes, 1956a;

Burrows, 1988). This winter reduction could be explained through the slowing effect

of low temperatures on cirral activity and consequently on food intake.

Elminius modestus was showed to have a very fast growth rate. In only two

months individuals were capable of reaching a shell length of 5 to 7 mm (Crisp and

Patel, 1961). Growth was observed to be linear during this initial period and then

slowed down in correspondence with the onset of maturity.

I 1.8 MORTALITY

There are various causes of mortality in intertidal barnacle communities.

Many recent studies have focused on the importance of disturbance, competition and

predation as causes of mortality and hence causative agents in setting distribution

patterns and structuring communities (Connell, 1983; Schoener, 1983; Sih et al.,

1985).

In the life of a barnacle, the pelagic phase is a period of drastic morphological

changes and of the highest mortality at any time of the life history. Predation by other

marine organisms or failure to reach a suitable substratum in time (Lucas et al., 1979),

are probably the most common causes of death during planktonic life.

At the sessile stage, various abiotic (desiccation and wave action) and biotic

factors (inter and intraspecific competition, predation, parasitism and human

disturbance) can influence mortality.

Among abiotic factors, I have already mentioned the catastrophic effect of

desiccation on the early stages of settlement of the four species in this study (refer to

section on settlement and recruitment). Physiological and morphological adaptations

are the only defences that sessile animals can adopt against this type of environmental

stress; a reduction in the overall permeability to water loss is the secret for success.
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Cyprids and spat, have been recognised to be the most vulnerable to desiccation,

owing to their greater surface area to volume ratios (Foster, 1971a). Besides

desiccation, very low winter temperatures can decimate marine organisms (Crisp,

1964a; Barnes and Barnes, 1966). In barnacles, low temperatures and freezing can

inhibit cirral activity and consequently cause starvation (Southward, 1955; 1964).

Very intensive wave action has also been shown to cause great mortality among

intertidal barnacles, especially on exposed sites. Along the Ligurian coast (Italy), an

exceptional storm wiped off up to 92% of the total Chthamalus populations living on

the exposed sites (Relini and Galizia, 1991). It is worth pointing out that barnacles

organised in dense colonies are more sensitive to wave action than isolated ones

(Barnes and Powell, 1950). If the barnacles at the edge of the colony are damaged,

the rest of the group is very likely to break up. This phenomenon has been observed

particularly in 'hummocks', dense aggregates of barnacles (generally S. balanoides

specimens) with long tubular shells, very small basal attachment and large contact

surface with neighbouring barnacles (Barnes and Powell, 1950). Shanks and Wright

(1986) demonstrated that breaking waves can throw rocks and pebbles against

organisms on the shore and cause fatal damage to them.

In dense settlement, growth soon causes the barnacles to touch one another

and become crowded, resulting in intense inter and intraspecific competition for space

and food which occasionally leads to death. Barnacles have been observed to grow

on top of each other, covering the opercular plates of the lower individuals and

restricting their feeding activity (Barnes and Powell, 1950; Crisp, 1961). Limpets and

older barnacles (Connell, 1961a; Dayton, 1971; Hawkins, 1983; Miller and Carefoot,

1989) have also been seen to displace younger barnacles or to grow over them. Algal

overgrowth can provoke death too, by limiting the barnacle cirral. activity and

therefore the ability to feed (Barnes, 1955). Removal of barnacles by Fucus plants

can also occur (Burrows and Lodge, 1950; Hawkins et al., 1992).

The dog-whelk Nucella lapillus is considered the main predator of intertidal

barnacles along the British coasts. According to Connell (1959; 1961a) in areas
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where this gastropod is abundant, the lower limit of S. balanoides distribution is set

by Nucella predation. Predation by this dog-whelk tends to affect larger individuals

rather than smaller ones (Dunkin and Hughes, 1984). The same authors observed two

different methods used by Nucella to attack barnacles: smaller individuals tended to

be prised open, larger ones are drilled. Most of the studies carried out in Britain have

aimed to investigate the effect of predation by Nucella on S. balano ides (Connell,

1961a; Hughes and Burrows, 1990). Recently, some work has also been done on

predation on the two Chthamalus species (Burrows, 1988). Nucella not only selects

prey on the basis of size within species (as shown in Semibalanus) but also between

species, Burrows (1988) discovered that dog-whelks fed preferentially on C. stellatus

which is the largest species available. Regarding the predation technique used,

Nucella was found to prise the smaller C. montagui and drill the larger C. stellatus.

Predation of Nucella on E. modestus was found to be carried out by means of prising

(Barnett, 1979). It is important to remember that due to the effects of tri-butyltin

(TBT) pollution, during the seventies dog-whelks on British coasts declined. Their

role in controlling population structure through predation may therefore be lower than

in the past (Hawkins et al., 1994). Other organisms such as small crabs, fish (such as

blenny and wrasse), nudibranchs, polychaetes, flatworms (Hurley, 1975) and

nemertean worms (Paine, 1981) could be important predators of barnacles, but their

effect on barnacle populations is probably limited when compared with dog-whelks.

The main barnacle parasite, Hemioniscus balani, can have a weakening effect

on barnacles, increasing their risk of mortality. All four species in this study, and in

particular S. balanoides and E. modestus, have been shown to be affected by this

parasite (Naylor, 1972; Healy, 1986).

Human disturbance can affect shore communities in different ways. Human

trampling on rocks has been showed to have immediate effects on various intertidal

organisms, but no long-term implications (Bally and Griffiths, 1989). Devastating

effects have instead been caused by oil-spill disasters and consequent use of toxic
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dispersants (Southward and Southward, 1978; Southward, 1979; Hawkins and

Southward, 1992).

I 1.9 LONGEVITY

S. balanoides has been recognised to live for approximately three years at low

shore and five to six years at higher levels (Moore, 1934). The two Chthamalus

species are believed to live much longer. Photographic monitoring over a twenty year

period of selected groups of Chthamalus along the Ligurian coast (Italy), showed that

on relatively sheltered shores, specimens of C. montagui survived for at least 10 years

and C. stellatus for 17 (Pannacciulli, 1991). Southward (pers. comm.) suggests that

both species of Chthamalus could live for several decades. In contrast the life span of

E. modestus is believed to be very short. According to Southward (1991), very few

Elminius survive beyond the first year of life in South Devon.

I 1.10 OBJECTIVES

Barnacles have been shown to be good indicators of climate changes. The

change in ratio of southern (Chthamalus) and northern (Semibalanus) species

correlates well with temperature (see previous section on barnacles as bio-indicators

of long-term climate changes). However, in order to better understand long term

variation in the balance of the Chthamalus and Semibalanus populations, shorter term

detailed studies of their population biology and interactions are required in the south-

west of England. This was started by Burrows (1988), whose study was mainly

concerned with comparisons of the biology of C. montagui and C. stellatus, following

their separation by Southward (1976). Interactions between Chthamalus and

Semibalanus had been studied by Connell (1961b) who showed the effect of

competition in setting vertical zonation patterns. At Millport, where Connell's study

was carried out, C. montagui is the only Chthamalus species present. In south-west
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Britain, C. montagui and C. stellatus intermingle with S. balanoides making

interactions more complex. S. balanoides is also less abundant than at Millport, and

its settlement density is much less (Hawkins and Hartnoll, 1982). The presence, of

the Australian species E. modestus on much of the south coast, increases even further

the potential complexity of interactions. Therefore study of the population biology of

Elminius is also needed.

The barnacle populations at Cellar Beach, (South Devon, see section on study

site in methods for details) along the transect monitored by Southward during the past

forty years (1991), were selected for this study. Over the forty year period, Cellar

Beach showed most variation in the relative proportions of the different species of

intertidal barnacles. During Southward's long-term study, the site could only be

visited once or twice a year, as part of a wide-ranging survey of south-west England.

In the present study monitoring was carried out fortnightly over one year, with

subsequent less frequent follow up visits.

The period of intensive monitoring was aimed to:

- investigate changes in availability of bare surface, space occupancy by limpets and

algae, and above all monitor changes in the barnacle cover and abundance and hence

community structure;

- carry out a detailed investigation of settlement and subsequent recruitment in C.

montagui, C. stellatus, S. balanoides and E. modestus during the 1991/1992

settlement season;

- determine growth rates for each species, in relation to age class and shore level;

- analyse differential post-settlement mortality in connection with timing of settlement

(early versus late settling within a season), and examine variation in mortality rates at

different shore levels and among age classes.

The information gathered allows consideration of whether space is limiting,

what factors directly influence the balance of the species at various shore levels and

how influential the invading species (E. modestus) has been. During the survey (see
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also Southward, 1991), it also became apparent that the S. balanoides population

markedly declined. The reasons for this are discussed.
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12. GENERAL METHODS

I 2.1 DESCRIPTION of the STUDY SITE

All the fieldwork was carried out in South Devon (England), on a shore 15

miles east of Plymouth (see Fig I 2.1). The selected site was Cellar Beach (National

Grid reference SX 531477) at the mouth of the River Yealm. The freshwater input in

this area is very small and consequently the fauna is fully marine. The rocky part of

Cellar Beach is characterised by steeply sloping rocks made of Dartmouth slates of

Devonian age. This area of the beach receives minimal sunshine almost all year

around as it faces north-north-west. Desiccation does not seem to be a major problem

here for the organisms which live on the rocks. Wave action is also relatively

moderate on this shore; the shelter created by Wembury reef and a sand bar visible at

low tide reduces the fetch and consequently the wave amplitude. Occasionally

though, in conditions of high tide and strong inshore wind from the west, the shore

becomes exposed to waves. Its location allows reasonable chances of working

throughout the year.

I 2.2 SAMPLING DATES

The study began in September 1991, just as C. montagui and C. stellatus were

beginning to settle from the plankton. Between September 1991 and the end of

September 1992, the fieldwork was carried out twice a month on the lowest spring

tides, with the exception of one sampling date at the beginning of January 1992.

Following this year of intensive monitoring, sampling was undertaken on three

subsequent occasions over the following two and a half years. During 1993, sampling

was carried out in May (at the end of Semibalanus settlement) and November (at the

end of Chthamalus settlement). The final survey took place at the beginning of

January 1995, almost three and a half years after the beginning of the study.
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Figure 12.1: Map showing the location of the study site, Cellar Beach.
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A total of thirty sampling sessions was accomplished.

I 2.3 PHOTOGRAPHIC SURVEY

A series of small quadrats was selected at Cellar Beach on the same transect

surveyed by Southward (1991) for forty years. Six rePlicates about 20 cm apart were

chosen at high, mid and low shore. As some of the quadrats on the mid shore were

partially covered with algae, another extra four were selected at this tide level. These

extra four quadrats were located about 4 metres away from the original group of 6.

See Table I 2.1 for details.

Table I 2.1: Details of tide levels and replicates used in the photographic survey

Shore level Tide level Tidal height

(above	 C.D.)

n° of

replicates

code for replicates

HIGH MHWN 4.3m 6 H1, H2, H3, H4, H5, H6

MEDIUM MTL 3.3 m 6 Ml, M2, M3, M4, M5, M6

4 MA, MB, MC, MD

LOW MLWN 2.2m 6 Ll, L2, L3, L4, L5, L6

In order to locate the camera over exactly the same area on repeated visits,

small holes were drilled in the rock to position a tripod. The tripod consisted of a

chemical retort stand which carried a frame in which the camera was placed. A

bracket was attached to the stand to carry a side mounted flash. A perspex plate

supported by an aluminium frame was also attached to the tripod and placed between

the flash and the photographed area to diffuse the light and help fill shadows.

Close-up photographs were taken on a black and white "Panatomic-X" film

with a SLR camera fitted with a 50 mm lens in macro mode. Each photograph

covered an area of approximately 9 x 6 cm 2 which was taken as the quadrat size.

Unfortunately, due to movements of the camera in the tripod frame, which at the time

went undetected, some of the photographs covered only half of the original quadrat.

This problem affected a few sets of photographs taken half way through the study. I
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will refer to these as "half photographs". The problem was solved by screwing the

camera firmly onto the tripod.

On every sampling session two photographs were taken of each quadrat: one

with a five pence coin used as a reference scale, the other one without a coin to avoid

loss of information due to the coin presence. Photographs without the coin were

enlarged to approximately 24 x 16 cm2 for easier analysis and printed out on Ilford

Multigrade III photographic paper.

To determine the scale of each photograph it was necessary to measure the

coin on the negative, refer this to the size of the negative and the size of the negative

to the one of the enlargement. In order to get the most accurate measurement of the

coin, each negative was enlarged on an Image Analyser and the coin diameter

measured. The scale for each one of the 660 prints was determined. The total number

of 660 was obtained by photographing the 22 fixed replicates on each one of the 30

sampling sessions. In the text, I will use the term "set of photographs" to refer to the

photographs taken of each one of the 22 replicates on a single sampling session. With

the expression "series of photographs" I will mean instead the sequence of 30

photographs taken of each single replicate.

I 2.4 COLLECTION OF ROCK SAMPLES

Additional destructive sampling was undertaken at corresponding tide levels.

Five random rock samples bearing barnacles and being approximately 40 cm 2 each in

size, were collected from the three shore levels on each sampling session (with the

exception of January 1995). Care was taken to select samples from all over Cellar

Beach in order to get a representation of the entire shore. All samples were carried

back to the laboratory, analysed (see below) and left to dry out naturally. They were

then stored for subsequent reference. To avoid development of mould, the rock chips

were wrapped in paper envelopes instead of plastic bags.
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3. METHODS and RESULTS

I 3.1 CHANGES in the COMMUNITY STRUCTURE

METHODS

I 3.1.1 Changes in amount of bare rock, percentage cover of barnacles, algae and

limpets from the analysis of photographs

Initial analysis of photographs concentrated on establishing patterns of space

occupancy by the major components of the community. The natural changes in

percentage cover of barnacles, bare rock, algae and limpets, were determined

throughout the period of study by analysing photographs from each one of the

sampling sessions.

A sheet of acetate paper on which a regular array of 100 dots had been plotted

was placed over each photograph. This method is known as the "point intercept"

method (Meese and Tomich, 1992). The number of points covering barnacles, bare

rock, algae and limpets was recorded. To limit the generation of noise in the data due

to analysing each time different parts of the photograph, the grid was placed always in

the same position on each photograph of the time series. In this way it was possible to

follow more or less exactly the real changes in the percentage cover of that particular

replicate through the time.

The "half photographs" were left out from the percentage cover analysis as it

was thought they would have not supplied all the necessary information.

Six out of the ten mid-shore replicates had to be left out too. Thi's was due to

algal overgrowth on these six replicates. The general measures of percentage cover in

fact, would have been affected by the predominance of the algal cover.
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I 3.1.2 Changes in species composition of barnacles from the analysis of

photographs

In the analysis of barnacle species composition two techniques were adopted.

Both percentage cover and abundance of individuals were assessed. Because of

differences in size between species these two measurements give differing results but

both give ecologically useful information. Percentage cover indicates the area of

space occupied by each species. Large species may occupy a large area but be of low

overall abundance.

I 3.1.2.1 Percentage cover

The percentage cover of the four species of barnacle present at Cellar Beach

was determined using the point intercept method described above. Photographs of

each replicate were analysed monthly.

I 3.1.2.2 Absolute abundance

Changes in number of individuals belonging to each of the four species was

estimated by sub sampling the area in question. This method is the one which has

been used by other authors (Moore, 1936; Southward, 1985) to investigate this

problem in barnacles. Its application in this study will enable direct comparisons with

the previous work.

The following approach was then used. All photographs were analysed at the

beginning of the study to see if there was any marked difference in species ratio

between replicates at each tide level. Only small differences were noted. Four

replicates were then randomly chosen at each of the three tide levels. An area of 10

cm2 (2 x 5 cm) with a dense barnacle cover was selected on each of the 12 replicates.

This area was carefully chosen in that part of the quadrat which was common to all

the photographs, including the "half photographs". All barnacles in this area were

counted and scored for species. When species were scarce, such as E. modestus on
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the high shore, the sub sampled area was increased from 10 to 25 cm 2. The same area

was analysed on each photograph of the time series. An overall picture of the changes

in barnacle community structure over the three and a half years period of study was

finally obtained.

I 3.1.3 Changes in species composition from the analysis of rock samples

For every sampling date, all barnacles found on the rock samples were

identified and counted. All rock samples were also measured and the amount of bare

rock available estimated. The last two measurements were taken by placing a piece of

acetate paper on which a grid had been plotted over the samples. The use of a sheet of

acetate paper instead of a rigid grid presented its advantages, the sheet in fact could be

shaped to adhere to the rock contour allowing a more accurate estimate of size. The

grid was placed over the samples and the number of cm 2 covering bare and colonised

rock recorded separately. Variation in species density was so estimated. As the

samples were collected always from the same tide levels but from different parts of

the shore, a certain amount of variation was observed among them.

Only two years of data are available for this particular study because, as

mentioned before, no rock samples were collected in January 1995.

RESULTS

I 3.1.4 Changes in amount of bare rock, percentage cover of barnacles, algae and

limpets from the analysis of photographs

Results for this section are presented in Table I 3.1.1 and Figs I 3.1.1a-7a.

In September 1991 at the beginning of the study, barnacles occupied the majority of

space at all three tidal levels on the selected transect at Cellar Beach (see Fig I 3.1.1a-
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