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SUMMARY

This is a study of the foraging behaviour of Carcinus maenas on Mytilus edulis and of
Thalamita danae on Perna viridis. Particular attention is given to differences arising

in foraging behaviour as a result of intraspecific prey heterogeneity and experimental
protocol.

Intersite and temporal differences in the population density, shell morphology, biomass
and byssal attachment strength of Mytilus edulis were found. Byssal attachment
strength and shell strength were highly variable amongst individuals of a similar size.

Carcinus maenas is strongly heterochelous. Intraspecific differences in the chelal
mechanics, but not in the chelal geometry, were recorded; major chelae of large male
crabs were significantly stronger than the major chelae of females and small males.

Stomach content analyses showed that Carcinus maenas has a broad diet in which
Mytilus edulis forms an important component.

Intersite differences in Mytilus edulis shell morphology altered the foraging behaviour
of Carcinus maenas, and intersite and temporal variations in mussel flesh weight
altered the prey value curves. Both C.maenas and Thalamita danae were highly prey

size-selective when foraging on groups of different sized mussels, the size of prey most
vulnerable to predation altering with the size composition of the group.

The handling times of mussels for both species of crab were reduced when mussels
were presented as part of a group as compared to when mussels were presented singly.
For Carcinus maenas the reduced handling times resulted from the less extensive

gleaning of mussel shells whilst for Thalamita danae reduced handling times appeared
to result from the greater use of a more time efficient opening technique.

When Carcinus maenas were presented with mussels of differing attachment strengths,
crabs selected more weakly attached mussels over those with a more firm and rigid

attachment. This selection did not appear to be based on prey value or prey length but

rather on the resulting slight movement of weakly attached mussels whenever these
were touched by a foraging crab.
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techniques of edge chipping and boring (open circles) and using the handling
time-shell length regression equations presented in Table 4.3. which
excluded data from these lengthier techniques (closed circles). Arrows
denote those sizes of prey predicted to be the most profitable.

B The size of Church Island Mytilus edulis most vulnerable to four sizes of

Carcinus maenaswhen prey presented to crabs in groups of five mussels in
each of five size classes; 5-10, 10-15, 15-20, 20-25, 25-30 mm shell length.

4.12. A The relationships between prey value and shell length of Aberffraw
Mytilus edulis for four size classes of Carcinus maenas. Prey value was

calculated using the handling time-shell length regression equations
presented in Table 4.2, which included data from the lengthier opening
techniques of edge chipping and boring (open circles) and using the handling
time-shell length regression equations presented in Table 4.3. which
excluded data from these lengthier techniques (closed circles). Arrows
denote those sizes of prey predicted to be the most profitable.

B The size of Aberfiraw Mytilus edulis most vulnerable to four sizes of
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4.13.

4.14.

4.15

4.16.

4.17.

3.1

Carcinus maenas when prey presented to crabs in groups of five mussels in
each of five size classes; 5-10, 10-15, 15-20, 20-25, 25-30 mm shell length.

Seasonal variations in the prey value of Church Island Mytilus edulis. Prey
value was calculated using the flesh weight - shell length regression equation
determined for mussels in September 1996 (closed circles) and February
1997 (open circles), presented in Table 2.2 and the handling time-shell

length regression equations presented in Table 4.3. Arrows denote the size
of mussel predicted to be most optimal.

Seasonal variations in the prey value of Aberfiraw Mytilus edulis. Prey
value was calculated using the flesh weight - shell length regression
equations determined for mussels in June 1997 (closed circles) and
November 1996 (open circles), presented in Table 2.2 and the handling

time-shell length regression equations presented in Table 4.3. Arrows
denote the size of mussel predicted to be most optimal.

The relationships between prey value and shell length of Church Island
Mpytilus edulis (closed circles) and Aberffraw M.edulis (open circles) for
four size classes of Carcinus maenas. Prey values were calculated using the
flesh weight-shell length regression equations determined in July 1996,
presented in Tables 2.2 & 2.3 and the handling time - shell length regression

equation presented in Tables 4.3. Arrows denote the size of mussel
predicted to be the most profitable.

The relationships between prey value and shell length of Church Island
Mytilus edulis (closed circles) and Aberffraw M.edulis (open circles) for
four size classes of Carcinus maenas. Prey values were calculated using the

flesh weight-shell length regression equations determined in March 1996,
presented in Tables 2.2 & 2.3 and the handling time - shell length regression

equation presented in Tables 4.3. Arrows denote the size of mussel
predicted to be the most profitable.

The number of Mytilus edulis from Church Island (closed bar) and

Aberfiraw (hatched bar) eaten by four size classes of Carcinus maenas
when mussels from the two sites are presented together.

A. Prey value curves for three Carcinus maenas (42.3, 44.5, 54.0 mm CW)
when foraging on Mytilus edulis presented singly (closed circles, Trial 1), as
part of group comprising five mussels in each of the following size classes:
>-10, 10-15, 15-20, 20-25, 25-30 mm shell length (pluses, Trial 2) and as
part of a group comprising 11, 7, 3, 3, 1, mussels in the following size
classes 5-10, 10-15, 15-20, 20-25, 25-30 mm shell length respectively

(crosses, Trial 3). Arrows denote those sizes of mussel predicted to be the
most profitable.

B. The number of mussels eaten by each crab (42.3, 44.5, 54.0 mm CW)
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J3.2.

>.3.

5.4.

S5.5.

3.0.

over a five day period when mussels were presented as part of group
comprising five mussels in each of the following size classes; 5-10, 10-15,
15-20, 20-25, 25-30 mm shell length (closed bar, Trial 2) and as part of a
group comprising 11, 7, 3, 3, 1, mussels in the following size classes 5-10,
10-15, 15-20, 20-25, 25-30 mm shell length respectively (hatched bar, Trial

3).

Comparison of (A) prey value curves (predicted flesh content of mussel/

handling time) with (B) adjusted prey value curves (predicted flesh
eaten/handling time) determined when three Carcinus maenas (42.3, 44.5,

54.0 mm CW) foraged on Mytilus edulis presented singly (closed circles), as
part of group comprising five mussels in each of the following size classes;
5-10, 10-15, 15-20, 20-25, 25-30 mm shell length (pluses) and as part of a

group comprising 11, 7, 3, 3, 1, mussels in the following size classes 5-10,
10-15, 15-20, 20-25, 25-30 mm shell length respectively (crosses).

A. Prey value curves for three Carcinus maenas (52.4, 52.8, 54.1 mm CW)
when foraging on Mytilus edulis presented singly (closed circles, Tnial 1), as
part of group comprising five mussels in each of the following size classes;
5-10, 10-15, 15-20, 20-25, 25-30 mm shell length (pluses, Trial 2) and

singly (crosses, Trial 3). Arrows denote those sizes of mussel predicted to
be the most profitable.

B. The number of mussels eaten by each crab (52.4, 52.8, 54.1 mm CW)
over a five day period when mussels were presented as part of group

comprising five mussels in each of the following size classes; 5-10, 10-15,
15-20, 20-25, 25-30 mm shell length (closed bar, Tnial 2).

Comparison of (A) prey value curves (predicted flesh content of mussel/
handling time) with (B) adjusted prey value curves (predicted flesh

eaten/handling time) determined when three Carcinus maenas (52.4, 52.8,
54.1 mm CW) foraged on Mytilus edulis presented singly (closed circles), as
part of group comprising five mussels in each of the following size classes;

5-10, 10-15, 15-20, 20-25, 25-30 mm shell length (pluses) and again singly
(crosses).

The number of Mytilus edulis consumed each day by four different sizes of
Carcinus maenas when mussels were presented as five mussels in each of

the following size classes, 5-10, 10-15, 15-20, 20-25, 25-30mm shell length
(closed bar) and when mussels were presented as 11, 7, 3, 3, 1, individuals

in the following size classes 5-10, 10-15, 15-20, 20-25, 25-30mm shell
length respectively (hatched bar).

The number of Mytilus edulis consumed each day by three size classes of
Carcinus maenas when presented with 11, 7, 2, 2, 3 mussels respectively in

the following size classes, 5-10, 10-15, 15-20, 20-25, 25-30 mm shell
length; representative of the population from the high shore Aberffraw
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6.1.

0.2.

6.3.

6.4.

6.3.

7.1,

1.2.

(closed bars), and with 10, 3, 3, 2, 5, 2, mussels respectively in the
following size classes 5-10, 10-15, 15-20, 20-25, 25-30, 30-35 mm shell

length; representative of the mid shore population at Aberffraw (open bars).

Location of study sites in Hong Kong.

Length-frequency distribution of Perna viridis from the high shore level at
Wu Kai Sha.

The relationship between chelal height (A), apodeme area (B) and carapace
width in Thalamita danae. Data are presented for both the major (closed
circles) and the minor (open circles) chelae.

A. Breaking times plotted against shell length of Perna viridis when mussels
presented singly (closed circles) and mussels presented as part of a group

(open circles). Data from mussels opened by the insertion technique are
marked with an ‘1’. Lines fitted by eye.

B. Handling times plotted against shell length of Perna viridis when mussels
presented singly (closed circles) and mussels presented as part of a group
(open circles). Data from mussels opened by the insertion technique are
marked with an ‘1’. Handling times (Th) are related to shell length (SL) by

the following regression equations which have been fitted to the raw data.
mussels presented singly: In Th=4.09 +0.233 SL

mussels presented as part of a group: In Th=4.55+0.128 SL.

C. Prey value of Perna viridis to Thalamita danae when mussels presented

singly (closed circles) and as part of a group (open circles) to the crab. Prey
value was determined using the above handling time - shell length regression
equation and the flesh weight - shell length regression equation presented in

Table 6.1. Arrows denote the size of mussel predicted to be the most
optimal.

The number of Perna viridis consumed each day by three sizes of Thalamita
danae when mussels were presented in groups comprising five mussels in
each of the following size classes, 10-15, 15-20, 20-25, 25-30, 30-35mm
shell length (closed bars) and when mussels were presented in groups

comprising 1, 2, 9, 10, 3 mussels respectively in the size classes 10-15, 15-
20, 20-25, 25-30, 30-35mm shell length (open bars).

Schematic diagram illustrating the way in which ‘weak’ (A) and ‘firm’ (B)
attachment were attained.

The number of weakly and firmly attached Mytilus edulis in an optimal size

class (10-15 mm shell length) eaten by Carcinus maenas of 41.1 mm
CWover a three day period.



1.3.

14

7.3.

1.6.

The number of weakly and firmly attached Mytilus edulis in an optimal size

class (10-15 mm shell length) eaten by Carcinus maenas of 43.8 mm CW
over a three day period.

The number of weakly and firmly attached Mytilus edulis in an optimal size

class (10-15mm shell length) eaten by Carcinus maenas of 44.3 mm CW
over a three day period.

The number of weakly and firmly attached Mytilus edulis in an optimal size

class (15-20mm shell length) eaten by Carcinus maenas of 54.3 mm CW
over a three day period.

The number of weakly and firmly attached Mytilus edulis in an optimal size
class (15-20mm shell length) eaten by Carcinus maenas of 54.8 CW mm

over a two day period. Data were not obtained for a third day since the crab
stopped eating.
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CHAPTER 1.
GENERAL INTRODUCTION

Predation is a powerful biotic force and the behaviour of predators can
profoundly influence the structure of the communities in which they occur. The effects
of predation may be seen at several different levels; population, community and
evolutionary. Predatory activity can have a beneficial effect on a community.
Depressing the number of individuals of a prey species which 1s a superior competitor
for example may enhance the biodiversity of the community (Paine, 1966, Menge,
1983). In areas of intense predatory pressure, the settlement and/or establishment of
a prey population can be prevented (Blundon and Kennedy, 1982a; Jensen and Jensen,
1985; Sanchez-Salazar ef al., 1987a). The scarcity of the cockle, Cerastoderma edule,
from the low shore at Traeth Melynog, North Wales, has been shown to result directly
from the intense predatory behaviour of the shore crab, Carcinus maenas (Sanchez-
Salazar et al., 1987a). Thus, predation can influence the distribution of the prey species

which may consequently be restricted largely to areas that are inaccessible to the
predator, such areas provide an effective spatial refuge. Some prey species seek to
minimise the risk of predation by altering their behaviour, the copepod Acartia
hudsonica for instance, fed less in the hours of daylight when the visual predator, the
three-spined stickleback, Gasterosteus aculeatus was present (Bollens and Stearns,
1992). Predation can also exert a powerful evolutionary pressure; the development of
spines on tropical gastropods is generally considered to result from predation pressure
from decapod crustaceans (Zipser and Vermetj, 1978). Evolutionary pressure can also
work on the predator as well as the prey and the predominance of right-handedness

amongst crabs feeding on hard-shelled molluscs is thought to arise as a way of dealing

with the dextral spiralling of gastropod shells (Ng and Tan, 1985). This led Vermeij
(1977) to conclude that the structure of a predator’s feeding appendages and the
external structure of its prey species result, at least in part, from a co-evolutionary arms
race. The influence of predation is thus profound and an understanding of the

mechanisms underlying 1t important to the study of the interactions between predator
and prey species.



Ultimately the relationship between the morphology and strength of the
predator’s feeding appendages and the morphology and strength of the prey will
determine the range of prey sizes and the type of prey that the predator can consume
(Brown et al., 1979, Kaiser et al., 1992). Studies investigating these relationships
provide the researcher with information concerning the fundamental foraging scope of
the predator, 1.e. the potential range of prey that the predator can consume. But simple
deternﬁnatidn of the fundamental foraging scope i1s not adequate to describe the

foraging behaviour of predators and their potential impact on the community. Many

predators are highly prey selective. Selection of a particular prey species or of a
particular prey size has been observed in a diverse array of animal groups including
decapod crustaceans (Juanes, 1992), birds (Sutherland, 1982), fish (Croy and Hughes,
1991; Juanes and Conover, 1994) and molluscs (Hughes and Burrows, 1991;
McQuaid, 1994). The fundamental foraging scope will differ from the realised foraging
sCope, 1.€. the size and type of prey that are actually consumed in the field, and it is this
that needs to be determined if the vulnerability of prey 1s to be accurately assessed.
In recent years models have been developed to explain the mechanisms
underlying prey selection and to predict which types of prey are most vulnerable: The
prime model has been the Optimal Foraging Theorem under the energy maximisation
premise (see Hughes, 1980 for review). The selection of a prey type or size is assumed
to confer some sort of selective advantage on the predator. Under the energy
maximisation premise, net energy intake is assumed to be proportional to the fitness
of the predator and thus selection of prey which maximises the predator’s net rate of
an energy intake is an optimal strategy. The currency of optimal foraging theory under
this premise 1s E/T, the assimilated energy per unit foraging time, or prey value. This
can be calculated for a range of prey types and sizes and observed prey selection can
be tested against predictions made from this model. A central premise to this theory
is that the predator has the ability to assess the prey value of an individual prey item
and 1s able to rank it in relation to others that it encounters. Although there is evidence
that ammals do feed optimally (e.g. Elner and Hughes, 1978; Hughes and Elner, 1979,
Juanes and Conover, 1994), there is little evidence that predators have this ability to

assess prey value. The ability of the common shore crab, Carcinus maenas, to actively



select amongst a highly variable prey species, Mytilus edulis, is explored in this thesis.

The Optimal Foraging Theorem provides a simple yet valuable theoretical
framework in which to analyse foraging behaviour. Many studies have used the
decapod/hard-shelled mollusc relationship to test predictions from the optimal foraging
model (e.g. Elner and Hughes, 1978; Hughes and Seed, 1981; ap Rheinallt, 1986,
Dawvidson, 1986). There are sound reasons for this since hard-shelled molluscs occur
over discrete size ranges and it is relatively easy to measure both their size and energy
content. Different components of the predator’s foraging behaviour with such prey are
easily observed and decapods often consume large quantities of the prey such that data
can be quickly collected. Moreover, both decapods and hard-shelled molluscs are
common, easy to collect and easy to maintain under laboratory conditions. Additionally

many hard-shelled molluscs such as mussels, clams and oysters form commercially

important food stocks which lends further importance to such studies (Ropes, 1968;
Walne and Dean, 1972; Armold, 1984; Huang et al., 1985; Sponaugle and Lawton,
1990).

My study extends work that has previously been conducted on the European
shore crab, Carcinus maenas foraging on hard-shelled molluscs (e.g. Elner and

Hughes, 1978, Hughes and Elner, 1979, Elner and Raffaelli, 1980; Cunningham, 1983;
Jubb et al.,, 1983, Ameyaw-Akumfi and Hughes, 1987) and concentrates on the

relationship between this predator and the mytilid prey species, Mytilus edulis. During
the course of this studentship the opportunity arose to examine briefly another
crab/mollusc predator/prey interaction, that between the tropical-subtropical portunid,

Thalamita danae and the green-lipped mussel, Perna viridis, in Hong Kong. Despite
evidence that T.danae is a significant predator of P.viridis, which forms an important
commercial aquaculture stock throughout Asia (Huang ef al., 1985) little previous
work has been conducted on this predator/prey relationship (Seed, 1990a).
Carcinus maenas is a brachyuran, or true crab. It belongs to the family
Portunidae which contains crabs that are characterised by their flattened fifth pair of
pereiopods. C.maenas is native to Europe where it is found in abundance from the
eulittoral zone down to depths of 60 metres (Ingle, 1980). Its distribution within this

depth range depends on age, moult stage (as indicated by carapace colour), season and



sex (Crothers, 1968; Atkinson and Parsons, 1973; Hunter and Naylor, 1993, Warman
et al., 1993). Whilst part of the C.maenas population, the juveniles, tends to be
resident in the intertidal or shallow sublittoral zones shore and part subtidally; larger
red crabs, 1.e. those in an extended intermoult period, an element of the population 1s
tidally migratory, foraging up the shore on the flood tide and retreating on the ebb
(Hunter and Naylor, 1993; Warman ef al., 1993). Although omnivorous C.maenas s
a natural predator of hard-shelled molluscs, which often form a significant component
of its diet (Ropes, 1968; Elner, 1978; Elner, 1980, Raffaelli ez al., 1989) and it has
been found to be an 1deal expenimental animal, responding well to life in the laboratory
aquaria (see for example Hughes and Elner, 1978). Furthermore C.maenas has been
steadily extending its geographical range and is now found in North America and
Australia (see Cohen ef al., 1995; Grosholz and Ruiz, 1995; Lafferty and Kuris, 1996,
and references therein), where it often out competes indigenous crab species and
destroys stocks of hard-shelled molluscs (Ropes, 1968). An understanding of the
mechanisms underlying prey selection and the determination of prey most vulnerable

to attack 1s therefore particularly important.

Mpytilus edulis is a member of the family Mytilidae. It is a common bivalve
mollusc which can be found from the high intertidal zone down to the sublittoral zone
throughout much of the cooler waters of the northern and southern hemispheres (Seed
and Suchanek, 1992). M.eduliscan survive in a wide range of environmental conditions
and thrives both on sheltered and wave-exposed shores. Features of this bivalve alter
with the environmental conditions in which it is found, influencing the population
density and structure, shell morphology, flesh weight and byssal attachment strength:;
populations living on shores receiving moderate to high wave action tend to have high

population densities, a more elongate shell form (Seed, 1968) and stronger byssal

attachment strength (Witman and Suchanek, 1984) than those living on shores with
relatively little wave action. Variations may also occur between tidal elevations and

typically mussels from the low shore are faster growing, more elongate in shape and

prone to wide oscillations in population density resulting from high densities of

settlement but also high predation rates (Seed, 1980a). In contrast, those populations

from the high shore tend to consist of slower growing and smaller individuals which



posses a more tumid shell; these populations are also relatively stable in terms of their
densities than those occurring on the low shore. High shore populations tend to have
a greater shell-flesh weight ratio (Seed, 1980a) and this, together with their more
rounded shell may result in these mussels being relatively stronger than those from a
low shore population. A tidally foraging predator, such as Carcinus maenas, may
therefore encounter such varations in M.edulis populations even over a single

foraging excursion and factors such as shell shape, flesh weight, byssal attachment

strength and population density may all significantly affect the foraging behaviour of

this predator.

Previous studies have shown that Carcinus maenas feeds optimally on bivalves

such as Mytilus edulis (Elner and Hughes, 1978, Jubb et al., 1983) and Cerastoderma
edule (Sanchez-Salazar ef al., 1987b) and on gastropods such as Nucella lapillus
(Hughes and Elner, 1979), Littorina saxatalis ( = rudis) and Littorina compressa (=
nigrolineata) (Elner and Raffaelli, 1980), that is it selects those sizes of prey which
maximise its net energy intake. Elner and Hughes (1978) concluded that C.maenas
actively selected optimally sized mussels, rejecting small individuals on the basis of
their size and large individuals on the basis of their shell strength, the ‘Prey Evaluation
Hypothesis’. Further investigations into the foraging behaviour of C.maenas with
M.edulis led Jubb et al.,, (1983) to propose an alternative ‘Relative Stimulus
Hypothesis’, where the active selection of the optimally sized mussels was mediated
by integrating stimuli received by the legs (size and number of mussels touched) and
the chelae (shell strength of the mussel held in the claws). However, when foraging on
gastropods, the selection of the optimal size of prey appeared to be an entirely passive
response to encounter rate and shell strength, both of which increased with increased

prey size. Since C.maenas could not open the largest gastropods this passive response

led to medium sized gastropods (the optimal size) predominating in the diet (Hughes
and Elner, 1979; Elner and Raffaelli, 1980). It seems somewhat strange that a predator

should actively select for size in one species of prey yet passively select another. This
thesis will address this apparent paradox.

Experiments investigating the foraging of Carcinus maenas on Mytilus edulis

have often presented the prey in a somewhat artificial way for example as unattached



individuals scattered randomly over the floor of the aquarium (Elner and Hughes,
1978, Jubb et al., 1983). Recently however, there has been a call for a more context-
sensitive approach to foraging behaviour experiments, that considers the way in which
the predator 1s likely to encounter the prey species in the field (Sponaugle and Lawton,
1990, Lawton and Zimmer-Faust, 1992). If the results of foraging behaviour observed
in the laboratory are to be used to assess prey vulnerability in the field then elements
of the natural environment need to be taken into consideration. Indeed, experiments

which have been made more context-sensitive have not only illustrated that prey

vulnerability can be altered (West and Williams, 1986; Lee and Kneib, 1994; Hughes
and Seed, 1997) but have also prowvided additional information regarding the
mechanisms underlying prey selection which were not observed in more simplistic
experimental protocols (Hughes and Seed, 1997, Seed and Hughes, 1997). The
experiments described in this thesis have taken the first steps towards a more context-
sensitive approach to foraging studies, using the information gained from previous

experiments as a departure point.

The effect of predation on a prey species has often been investigated solely in

terms of the effect on the density and structure of the prey population (e.g. Pollock,
1979, Gnttiths and Seiderer, 1980; Sanchez-Salazar ef al., 1987a; Seed 1990a).
However, predation in the field will be modified through the influence of environmental
structure and dynamics. Structural elements of the environment alter predatory
behaviour for example the sea horse, Hippocampus erectus which is an ambush
predator in areas of high seagrass but a pursuit predator where seagrass is absent
(James and Heck, 1994). Environmental structure has also been shown to alter
predation intensity (Arnold, 1984; Leber, 1985; Sponaugle and Lawton, 1990) and
prey size selectivity (Lee and Kneib, 1994) in predatory decapods. Environmental
dynamics such as wave action may regulate the relative importance of predation
compared to competition as a structuring force within certain rocky shore communities

(Menge, 1978, Griffiths and Hockey, 1987), and can also alter certain features of the

prey population. In marine mussels, for example, shell shape, byssal attachment

strength, flesh weight and population structure (Seed, 1968; Witman and Suchanek,
1984, Young, 1985) are all significantly altered by the environment. Although such



factors could affect the value of the prey to the predator by making it more difficult to
open, detach or access, the effect of intraspecific differences in prey on foraging
behaviour has been largely ignored. Such differences could be important amongst
different populations of prey and this thesis investigates the effect of intraspecific
variability on the foraging behaviour of both C.maenas and Thalamita danae. The

ability of C.maenas to differentiate between individual prey items offering the same

prey value is also investigated.

Chapter 2 documents the charactenstic features of two populations of AMytilus
edulis, one population from the high shore of a wave-exposed site, Aberffraw, the
other from a low shore of a wave-sheltered site, Church Island. Both of these sites are
located on the island of Anglesey off the coast of North Wales. These populations
represent the extreme forms of M.edulis that a locally foraging crab is likely to
encounter. Those variables such as population structure, shell morphology, flesh and
shell weight, byssal attachment strength and shell strength, which are most likely to
influence crab foraging behaviour and compared betweenﬁ individuals from the two prey
populations. Chapter 3 documents the chelal morphology of Carcinus maenas. The
abundance and size distribution of C.maenas at Aberffraw and Church Island are
briefly investigated and the rationale for using these two mussel populations in
subsequent laboratory experiments 1s vernified by investigating the natural diets of crabs
at these locations. Chapter 4 records the foraging behaviour of C.maenas when

presented with mussels from Aberffraw and Church Island. Prey value curves are
derived for mussels from both populations and the ability of crabs to select between

contrasting prey items is investigated. The way in which mussels are presented to the
crabs and the subsequent effect on foraging behaviour, predicted prey value and prey
size vulnerability 1s documented in Chapters 5 and 6; Chapter 5 concentrates on the
predator/prey relationship between C. maenas and M. edulis and Chapter 6 extends
this approach to the predator/prey pairing of Thalamita danae and Perna viridis. Little
work has previously been carried out on this species pair which can perhaps be
‘considered the subtropical-tropical equivalent of the C.maenas and M.edulis

interaction. Chapters 5 and 6 take the first steps towards a more context sensitive

approach to foraging experiments. This approach is extended in Chapter 7 where the



foraging behaviour of C.maenas on attached M. edulis is investigated. In this chapter
not only is the ability of C.maenas to select for prey of greater value investigated but

the mechanisms underlying such selection are also explored.



HAPTER 2

CHARACTERISTICS OF MYTILUS EDULIS
POPULATIONS.

2.1. INTRODUCTION

The bivalve mollusc, Mytilus edulis, is a member of the family Mytilidae and
is widely distributed throughout the temperate waters of both the Northern and
Southern hemispheres (Seed and Suchanek, 1992). It is tolerant of a wide range of
conditions and can be found in fully saline to estuarine waters and in sheltered to wave-

exposed locations (Seed and Suchanek, 1992). Whilst M.edulis can be found from the
subtidal to the splash zone, it attains dominance in the intertidal, where the upper and
lower boundaries of its zonation are controlled by competition and predation rather
than physiological factors (Seed and Suchanek, 1992). The broadly triangular shell
shape of M.edulis arises from the reduction of the anterior end of the body and the
expansion of the posterior region. This shape, whilst unusual amongst the bivalves as
a whole, is characteristic of the mytilids and is associated with the retention of the
byssus threads into adulthood (Morton, 1992). The byssus threads are proteinaceous

structures secreted by the glands at the base of the muscular foot. They are used

primarily for secure anchorage and M.edulis can be found typically on hard substratum
where it attaches to the surface, or on semi-consolidated substratum where it attaches
to individual particles of sand (Meadows and Shand, 1989). M.edulis is a filter feeder
and its survival on intertidal rocky shores, where high water movement guarantees a
continuous supply of suspended particulate food, is dependent on this ability to form
this strong attachment to the substrata with its byssus threads and it is on these shores
that M.edulis frequently becomes the space dominant organism (Witman and
Suchanek, 1984, Lintas and Seed, 1994). In attaching to the substrata these mussels

orient themselves so that the anterior, umbonal, end of the shell is close to the substrata

whilst the expanded posterior region, through which the inhalent water stream enters



the shell, projects into the water flow. Their shape is therefore mghly adaptive and 1s
ideal for organisms which live in dense assemblages (Seed, 1980b, Morton, 1992).
Mpytilus edulis is an important intertidal organism not only because mussel
assemblages can be highly productive (Leigh ef al., 1987) but also because of their
ability to form large stable beds which alter the local physical and chemical conditions.
The formation of these beds results in the creation of microniches and mussel beds
typically have a dense and rich assemblage of flora and fauna associated with them
(Lintas and Seed, 1994; Seed, 1996). Both the mussels and their associated fauna and

flora are important food for predators.

The environment has been shown to have a profound effect on the density and
structure of mussel populations and on shell morphology, flesh and shell weights by
controlling factors such as food supply, recruitment, growth rates and emersion times
(Seed, 1968; Kopp, 1979, Griffiths, 1981; Cheung and Tse, 1993; Richardson ef al.,
1995). General trends can be recognised; mussels from higher tidal levels tend to have

a slower growth rate, smaller maximum shell length, a greater shell width and poorer

condition relative to mussels from lower regions of a shore (Seed, 1968; Kopp, 1979,

Seed, 1980; Griffiths, 1981; Cheung and Tse, 1993; Richardson et al., 1995). Mussel

populations from more wave-exposed shores tend to have a greater population density

(Seed, 1968), poorer condition (Richardson ef al., 19935) and stronger attachment

(Harger, 1970, Witman and Suchanek, 1984) than those occupying more sheltered
shores.

Since Mytilus edulis can survive under a wide range of environmental
conditions it is not surprising that a high degree of vanability in its population structure
and density (Lintas and Seed, 1994) shell morphology (Seed, 1968) flesh and shell
weights (Seed, 1973) and byssal attachment strength (Harger, 1970, Witman and
Suchanek, 1984; Young, 1985) have all been reported. Foraging crabs such as
Carcinus maenas are thus likely to encounter variations amongst mussel populations
between shores and between different tidal levels. The characteristics of the prey
population could significantly influence crab foraging behaviour, Population structure
of the prey species determines the size of prey items available to the predator whilst

shell morphology will influence the way in which the predator handles the prey. Shell

10



strength, flesh weight and byssal attachment strength could all affect the value of the

prey to the predator by influencing handling time. This chapter examines the

characteristic features of mussel populations taken from two physically contrasting

environments, one from the upper shore level of a wave-exposed shore at Aberfiraw

and one from the low tidal level of a sheltered shore in the Menai Strait. The sites
chosen represent two extreme types of rocky shores that M.edulis can colonise and this
is reflected in the characteristic features of these mussel populations. The study was
carried out over an 18 month period so that any seasonal changes occurring within
these populations were also recorded. During one month of the study an additional
comparison was made between the populations at the high and mid shore levels at the

wave-exposed site. This was carried out in order to assess the variations between

mussel populations separated by only a few metres.

2.2. MATERIALS AND METHODS

2.2.1. Site descriptions of Aberffraw and Church Island.

The two study sites were located at Aberffraw and Church Island on Anglesey
off the North Wales coast (Fig.2.1). Aberffraw 1s a sandy bay encircled by rocks

located on the south-west side of Anglesey. It 1s a moderately wave-exposed shore

facing the prevailing south westerly wind. A small river dissects the bay from north-

east to south-west. The dominant sedentary fauna present on the rocky outcrops are

Mpytilus edulis and bamnacles.These are present in abundance at high and mid shore
levels but are absent at the lower shore levels. Large numbers of dogwhelks, Nucella
lapillus, are also present. There is little flora present at this site; seaweed species tend

to be restricted to encrusting forms such as Hildenbrandia rubra and Corallina

elongata which occurs mainly in rock pools along with small anemones, Actinia

equina.

Church Island is situated in the Menai Strait off the south-east coast of

Anglesey (Fig.2.1) and is joined to Anglesey by a small causeway. The Menai Strait
was formed by glacial action and is up to 21m deep (Young, 1987). Although sheltered

11



Figure 2.1. Location of the study sites around the Island of Anglesey.
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from direct wave impact, Church Island is located in a high tidal flow regime; tidal
waters in the Strait can flow at up to 8 knots (Young, 1987). Mytilus edulis 1s found
only in the low shore in a gully between two small islands where tidal flow is

particularly strong. The fauna at this site is especially rich, owing mainly to the strong

flushing effects of the tide. The mid to high shore levels are dominated by luxurious

growths of fucoid algae.

These two populations of Mytilus edulis were selected not only to represent
the markedly different physical conditions under which mussels can survive and grow
but also because the size range of mussels at the two sites were broadly similar. This
was considered to be important if comparisons of the physical characteristics (other

than their size) of these mussels and the foraging behaviour of Carcinus maenas, on

the two populations were to be made (see Chapter 4).

2.2.2. Determination of population density and population structure of Mytilus
edulis.

The mussel populations were sampled bimonthly from January 1996 until June
1997 (Church Island) or September 1997 (Aberffraw). The Church Island population

was also sampled 1n June and October 1995 whilst additional samples were taken from

the mid-shore at Aberffraw in February and June 1997, Different sizes of mussel were

not homogeneously distnibuted in the field, therefore a 10cm x 10cm quadrat was used
to sample the mussel population to ensure that the full range of mussel sizes were

included in a sample. At each site in each of the sampling months four random quadrats
were thrown and the mussels within these collected and returned to the laboratory.
Since each quadrat contained a large number of mussels, a subsample of 1/10 of each
quadrat was taken. This was done by placing each sample in a tray marked into tenths,
in which the sample was stirred until all mussel sizes were evenly distributed
throughout the tray and a subsample was taken. The mussels within this subsample

were counted and the length, the maximum anterior-posterior distance (Fig. 2.2) of

each individual measured to the nearest 0.1mm using vernier calipers. From these data

population densities and percentage length-frequency distributions of the populations

13



Figure 2.2. Schematic diagram of Mytilus edulis viewed laterally and dorsally to
illustrate the shell dimensions measured in this study.
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could be calculated.

From the remainder of the samples taken from each site 24-35 individuals were
selected so as to include a broad size range of mussels present within these
populations. Shell length, shell height (the maximum dorsal-ventral distance) and shell
width (the maximum valve inflation) (Fig.2.2) were measured to the nearest 0.1mm
using vernier calipers. The shell of each individual was then gently scraped to remove
any encrusting organisms, the valves pulled slightly apart, and any sediment within the
mantle cavity flushed out. The flesh and shell of each mussel were then separated,
placed in pre-weighed aluminium boats and oven dried to constant weight at 60°C over
three days. The dried flesh and shell were subsequently re-weighed to the nearest
microgram using an electronic balance. At each site, shell length, height, width and

weight data from monthly samples were combined and the relationships between pairs

of variables investigated using the allometric equation:
y=Ax®
which, when logarithmically transformed becomes:
log y=a+b.log x
where x and y are pairs of variables and a and b are constants estimated by least

squares regression using the statistical programme, MINITAB. The allometric

equation can be used to investigate the rate of change of one variable with respect to
another. When the two variables have the same units of measurement then a slope (b)
that is equal to unity indicates isometry, that is the two varniables change at the same

relative rate. If the slope is significantly greater than unity then the variable y 1s

increasing at a relatively greater rate than the variable x and the relationship is said be

positively allometric. Alternatively, if the slope is significantly less than unity then the

relationship is negatively allometric with variable x increasing at a relatively faster rate
than variable y. When the variables have different units of measurement then different
criteria for 1sometry apply. Thus, when the y variable is related to the x variable by a
square relationship, e.g. surface area with respect to length, then isometry is achieved
when b = 2 and when variable y 1s related to variable x by a cubic relationship, e.g.
weight with respect to length, an isometric relationship occurs when b = 3. Departure

from 1sometry was tested using the Student’s t-test and the regression lines for pairs
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of variables compared between sites using analysis of covariance (general linear model,
MINITAB). Flesh weight-shell length and flesh weight-shell width relationships were

determined separately for each month at each site using least squares regression

(MINITAB).
2.2.3. Relationship between shell surface area, biomass and size.

Predictions of shell height, width, dry flesh and shell weights derived from the
regressions of these variables upon shell length were subsequently used to convert the
monthly shell length-frequency data to distributions of shell surface area and biomass
within the two populations. The midpoint of each length class was taken and the
surface area and biomass for this size class calculated using the following equations:
Surface area = (mean(length+height+width))* (From Ambaryianto and Seed, 1991)

Biomass = (dried flesh weight x shell length) + (drnied shell weight x shell length)

The surface area and biomass calculated for the midpoint of each size class were then
multiplied by the total number of individuals in that size class and converted to a

percentage frequency. Percentage frequency biomass was not calculated for the two

samples from Church Island in 1995 because flesh and shell weights were not recorded

nor were they calculated for the two samples taken from the mid shore at Aberffraw.

2.2.4. Shell strength and strength of byssal attachment.

The shell strength of Mytilus edulis from Aberffraw and Church Island was
measured in two of the sampling months, March and November 1996. An additional
measurement of shell strength for mussels from the high and mid shore at Aberffraw
was made 1n June 1997. For each sample between 20 and 37 individuals were taken
over the size range 6 - 26mm and their shell length, height and width measured to the
nearest 0.1mm using vernier calipers. The two valves of each individual mussel were
separated and the shell strength of each valve measured using a digital electronic gauge

(ANTANA AGF) with a flat surface attachment which was brought down on the most
domed part of the shell valve (Fig. 2.3A). Shell strength was measured in Newtons as
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Figure 2.3. Schematic diagram illustrating measurement of Mytilus edulis valve
strength (A) and byssal attachment strength (B).
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the force required to break the valve. For each individual mussel two breaking forces
were therefore recorded, the minimum force, 1.e. the strength of the weaker valve, and
the maximum force, i.e. the strength of the stronger valve. Both the dependent variable
(shell strength) and the independent variable (shell length) were log transformed.
Minimum and maximum breaking strengths were compared by analysis of covariance
(general linear model, MINITAB).

Field measurements of the attachment strength of Myftilus edulis were taken at
two different times of the year at each of the study sites. These were Apnl and
November 1996 for Aberffraw and April 1996 and January 1997 for Church Island
where poor tidal conditions prevented the measurements being taken in November.
Attachment strength was the force required to dislodge an individual mussel when
pulled away from the substrata in the direction of the orientation of the mussel to the
substrata (see Fig. 2.3B). To do this a small hole was drilled into the posterior end of
a mussel through both valves using a hand-held drill with a 1/16 inch drill bit. A wire
loop, which was attached to a digital electronic force gauge (ANTANA AGF) was
then threaded through this hole and the force required to detach the mussel measured
in Newtons (Fig. 2.3B). The length of the mussel was measured to the nearest 0.1mm

using vernier calipers subsequent to its removal. During April 1996, measurements of

attachment strength were recorded for mussels occupying the centre and the edge of
a patch. Measurements during November 1996 and January 1997 were recorded only

for mussels occupying central patch positions, due to time restrictions, although at

Aberflraw additional measurements were taken for hummocked mussel, i.e. those
raised clear of the substrata by the action of neighbouring individuals. Care was taken
at all times to mmmse damage to the byssal attachment incurred by drilling.
Furthermore, since mussels within a clump are not only attached by their own byssus
threads but also by those of their neighbours, measurements were made on mussels
separated by several centimetres from those which had previously been removed from
the clump. This ensured that the attachment strength of any mussel had not been

affected (weakened) by the removal of a neighbouring mussel.
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2.3. RESULTS

2.3.1. Population densities.

The population density of mussels from the low shore at Church Island
appeared to demonstrate a seasonal pattern with densities oscillating widely from a low

density in January 1996 and November 1996 to high densities in July 1996 and June
1997 (Fig. 2.4A). Whilst the population densities of high shore Aberffraw mussels did

oscillate there was no obvious seasonal pattern. Throughout the 18 month sampling
period the length-frequency distributions of Aberffraw mussels remained relatively
constant with a distinctly skewed distribution towards the smaller sized classes (<Smm)
(Fig. 2.5). There was no obvious period of recruitment to the population and the
maximum size of mussels within this population always fell within the 25-35mm size
range. The length-frequency distributions of mussels in the Church Island population
varied thoughout the two-year period with a noticeable shift in terms of relative
importance towards the smallest size class <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>