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ABSTRACT

ADAPTATION IN THE DOGWHELK, NUCELLA LAPIUUS (L.)

The laboratory rearing and physiological energetics of the intertidal 
gastropod Nucella lapillus were studied to assess the phenotypic 
consequences of genetic variation, with a view to establishing Nucella 
as a model organism for the study of the association between genetic 
composition and habitat.

Nucella proved particularly amenable to rearing in the laboratory. 
Adult size, whether maintained tidally or non-tidally, was achieved 
within one year from the time of hatching. Tidal or non-tidal 
conditions though had a significant effect on growth rate; fastest 
growth occuring in animals reared non-tidally. Growth was modelled by 
the Bertalanffy growth equation and compared with Scope For Growth 
based upon physiological mesurements made on juvenile Nucella; the two 
were found to be in close agreement over the period of early somatic 
growth.

Data from the laboratory studies were used to address the reported 
association between multi-locus heterozygosity, genotype and fitness. 
Significant single locus associations with measures of fitness were 
observed at the Peptidase locus PEP-1. It was concluded that where the 
number of loci studied is small, investigations should concentrate upon 
single locus rather than multi-locus relationships.

Using laboratory reared juvenile Nucella, phenotypic differentiation 
and adaptation was assessed across a karyotypic/gene frequency cline 
and putative environmental gradient. Neighbouring genetically 
differentiated populations were shown to exhibit a high degree of both 
morphological (shell shape) and physiological differentiation, 
putatively suggested to reflect adaptation to temperature and 
hyperosmotic stress. Extremes of the cline demonstrated morphological 
variation previously considered characteristic of sheltered and exposed 
shores. The ’exposed' morph experienced greater salinity stress during 
aerial exposure and exhibited an enhanced/faster physiological response 
to hyperosmotic stress. Physiological, morphological and genetic 
variation were discussed both with respect to the production of an 
’adaptive' phenotype, and the association between genetic composition 
and habitat.
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CHAPTER 1

GENERAL INTRODUCTION
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"The external world sets certain 'problems' that 
organisms need to 'solve'... Adaptation is the 
process of evolutionary change by which the 
organism provides a better and better 'solution' to 
the 'problem'."

R.C.Lewontin. 1978

'The irreducible essence of biology is variation  biology which

ignores variation is defective' (Berry, 1989a). In the 'Perfection of 

Animals', Cain (1964) argued for the adaptiveness of the basic body 

plan. The fine tuning of this 'plan', intraspecific variation, in 

response to spatial environmental variation and the stresses it 

imposes, has provoked numerous studies in attempts to associate genetic 

composition with phenotypic variation and habitat. A common goal of 

two parallel lines of research, ecology and evolutionary biology, is to 

be able to describe and understand this variation and the process of 

natural selection. Just as ecology is primarily concerned with the 

question of 'why is what where ?' (Berry , 1989a), and determined by 

genetic differences between individuals and populations; evolutionary 

biology, where small heritable variations among individuals within a 

species may become the basis of large differences between species 

(Darwin, 1859), is also founded upon individual genetic variation and 

gene-environment interactions.

The study of phenotypic variation, apparently in response to habitat 

diversity, has inevitably received much attention since it 

theoretically offers a starting point for interpreting adaptation; the

23



outcome of natural selection. The ultimate goal of such studies is to 

be able to relate genetic composition, by association with phenotype, 

to habitat diversity. In this respect, phenotypic variation is used 

both retrospectively to determine the selection pressures in operation, 

and to predict the future consequences of environmental and/or genetic 

change. Classic examples of such studies include those on Biston 

betularia (Kettlewell, 1955, 1956, 1965; Berry, 1990) and the visible 

polymorphisms exhibited by the snails Cepaea nemoralis (Sheppard, 1951; 

Cain and Sheppard, 1954) and Cepaea hortensis (Clarke, 1960), (for 

others see Endler, 1986). In the latter two examples, morphological 

variation (shell colouration and banding patterns) has been related to 

both crypsis and apostatic selection by thrushes (Sheppard, 1951; 

Clarke, 1960) and the effects of temperature selection (Heath, 1975). 

In both cases habitat variation (woodland, hedgerow or grassland) 

results in the maintenance of genetic variation and/or the development 

of population differentiation. However, as with many other studies 

(Endler, 1986) there were also occasions in Cepaea where similar 

patterns of visible variation appeared not to correspond to similar 

habitat variation (Cain and Currey, 1963, Cameron and Pannett, 1985). 

These spatial patterns, referred to as 'area effects' (Cain and Currey,

existence is often explained by genetic events in past history, notably 

stochastic forces such as the 'founder effect' (Cain and Currey, 1963). 

Endler (1977) however, argued that area effects may rather simply be 

due to the lack of a thorough understanding of the diversity of the 

natural environment. The inability to identify environmental selection 

pressures, previously associated with the maintenance of similar 

polymorphisms or differentiation in other localities, being largely due

1963), obvious reason and as such their
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to the subtlety of a mosaic habitat proving too difficult to interpret 

by the casual observer.

More recently other molluscs, Littoraria pallescens (Cook and Freeman, 

1986), and Nucella lapillus (Crothers, 1985) have been added to the 

established Cepaea examples and, as with Cepaea, visible polymorphisms 

(shell colouration and shape) have been intrepreted as a response to 

environmental stress particularly temperature and desiccation. However, 

the genetic mechanisms associated with these polymorphisms still remain 

largely unknown, with correlations between habitat and genetic 

composition being in these cases, descriptive rather than causal. Only 

when the genetic correlates of variation can be assessed is it possible 

to move from a description based upon correlation between phenotypic 

and environmental variation to a prediction of the consequences of the 

genetic composition of native populations.

With the development and application of gel electrophoresis (Lewontin 

and Hubby, 1966) genetic variation among natural populations became 

directly visible for the first time. It was hoped that the ability to 

visualise genetic variation, as already possible with aspects of 

phenotypic variation, would eventually lead to a greater understanding 

of the relationship between genotype and habitat. The extent of 

electrophoretic variation uncovered (Harris, 1966; Lewontin and Hubby, 

1966) however, caused an immediate paradox; the level of variation and 

number of polymorphic loci was too great if variability at each locus 

was to be maintained by selection. According to standard theory 

(Muller, 1950; Haldane, 1957), placing an upper limit on the amount of 

variation a population could support, man, the fruit fly and many
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other species of plants and animals should, by these new observations, 

have been extinct ! These observations along with the initial inability 

to ascribe fitness differentials to polymorphic loci revived the long 

standing neutralist/selectionist debate (King and Jukes, 1969). 

However, just as it is equally incorrect to apply a reductionist 

approach to the study of phenotypic traits when investigating 

adaptation and phenotype/environment interactions (Gould, 1984), it is 

similarly the 'whole phenotype' rather than individual loci that are 

under selection (Sved et al, 1967). Since loci were suggested to act 

together in the production of an adaptive phenotype, heterosis was 

proposed as a mechanism by which genetic variation might be maintained 

within a population (Milkman, 1967). Irrespective of the mechanism, 

'heterozygosity' stimulated a number of studies that attempted to 

explain the maintenance of genetic variation in natural populations. 

The aim of these studies was in some way to associate multi-locus 

heterozygosity (H) with increased fitness (Mitton and Grant, 1984; 

Zouros and Foltz, 1987).

Apart from a few notable exceptions (Berry et al, 1979; Watt et al, 

1983; DiMichele and Powers, 1984; Koehn et al, 1980; Koehn et al, 

1988), and despite the great effort placed into multi-locus 

heterozygosity (H) studies and investigations of whether fitness 

relationships can be associated with single locus genotypes, the 

majority of such studies have generally been relatively unsuccessful in 

their attempts to allocate fitness differentials to genetic variation 

at electrophoretic loci. At best, it has frequently only been possible 

to say that electrophoretic variation acts as a marker of an adaptive 

chromosome segment. Berry (1989b) summarised by concluding that since
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the development of electrophoresis and the opportunities it has offered 

’the biggest disappointments have come from failures to relate the 

inherited characteristics of species to particular habitats and to 

determine the reasons for the adaptive behaviour of most allozymic 

variants”. The major contribution of electrophoresis to date has been 

instead towards the description of population differentiation and 

genetic change over time. The link between this and environmental 

variation has proved elusive.

Provided genetic variants do not experience equal fitness, standard 

theory predicts that in the face of regional evironmental variation 

different localities will come to be represented by 

individuals/populations of different genetic composition. The question 

that must be asked therefore is 'why, with the techniques available, 

has the link between genetic composition and habitat proved so

question can perhaps be found in Endler (1986; pages 162-163), with 

many of these criticisms, levelled at studies of selection, equally 

appropriate to present investigations of the association between 

genetic composition and habitat. The most significant is the frequent 

lack of a proper knowledge of the organisms biology and ecology, 

together with the selection pressures that are in operation, to which 

can also be added the problems that stem from the reductionist approach 

of considering traits in isolation rather than integrating them into a 

whole 'adaptive' phenotype.

In order to investigate the association between genotype and habitat, 

ideally, a model system is required. All too often, however, the

difficult to establish in so many
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organisms chosen are suitable with regard to certain aspects of their 

biology but fail with regard to others. For example, an organism may 

exhibit local genetic variation (whether chromosomal or 

electrophoretic) which may or may not covary with phenotypic 

variation, but for which no environmental correlate can readily be 

distinguished that might determine why particular karyotypes or 

genotypes exist in specific localities. Conversely, environmental 

variation may be apparent but the 'model' may not possess suitable 

'visible' genetic variation for study. To investigate whether specific 

genetic compositions are associated with specific environmental 

variation and to go on to ask 'why is what where' (Berry, 1989a) a 

model system should ideally possess as many of the following 

characteristics as possible: Firstly, suitable genetic variation that 

is i) not too difficult to interpret, and ii) that can be seen to 

covary with environmental variation, secondly, phenotypic variation 

that, i) represents apparent adaptation to recognised environmental 

variation, and ii) also occurs in other closely related species 

occurring across similar environmental conditions, thirdly, for which 

sufficient information is available about the organisms biology that 

genetically determined and eco-phenotypic variation can be 

distinguished, and fourthly that inhabits an environment in which the 

spatial variation in in selection pressures are adequately understood.

Addressing the last of these four points, this study uses as an 

environmnent the intertidal zone, representing perhaps one of the more 

stressful environments with regard to spatial variation in selection 

pressures (Lewis, 1964; Menge, 1978a). Emersion, from water into air, 

in itself is stressful to marine organisms (Newell, 1979) and since
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adaptation is recognised to be both more rapid and precise in 

stressful environments (Berry et al, 1979) it is not surprising that a 

number of intertidal species exhibit phenotypic variation apparently in 

response to spatial variation in wave action and/or the combined 

effects of temperature and desiccation.

The model chosen for this study is the intertidal marine gastropod 

Nucella lapillus. Genetic variation has been described among Nucella 

populations, with polymorphisms existing for both chromosomal (Staiger, 

1954; Bantock and Cockayne, 1975) and electrophoretic variation (Day, 

1990). In both cases genetic variation has been tentatively associated 

with habitat (degree of exposure) and in some instances karyotypic and 

electrophoretic variation may covary (Day, 1990). However, although 

phenotypic variation occurs between genetically differentiated 

populations, to date no reliable correlations between genotype and 

phenotype have been determined. The mechanisms maintaining genetic 

variation among populations of Nucella are therefore currently unknown.

Nucella has also been shown to exhibit spatial phenotypic variation 

with respect to shell shape (Berry and Crothers, 1968, 1974) and shell 

colouration (Berry and Crothers, 1970, Berry, 1983; Etter, 1988), both 

tentatively associated with intertidal habitat variation particularly 

the effects of temperature. Other phenotypic variation has also been 

associated with habitat variation including: apsects of physiology

(growth) (Hughes, 1972), behavioural ecology (Burrows and Hughes, 1989) 

and variation in life history strategies (Etter, 1989).

One of the main problems in associating genetic with phenotypic
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variation and habitat, so as to be able to predict the genetic 

composition of natural populations, is to distinguish the eco- 

phenotypic component of variation. If eco-phenotypic correlates of 

fitness are chosen, the model will inevitably fail when applied to new 

locations. The direct life-cycle of Nucella offers an opportunity to 

allow genetically determined variation to be seperated from that which 

is eco-phenotypic. By rearing Nucella of different genetic composition 

under similar environmental (laboratory) conditions, eco-phenotypic 

variation other than maternal effects should be removed. Under these 

conditions phenotypic variation must be of genetic origin.

One aim of this study is therefore to establish a technique for 

laboratory rearing Nucella to investigate whether fitness differentials 

can be associated with specific genetic compositions. Through this 

approach it is hoped to develop Nucella as a model system to attempt to 

both account for the existence of genetic polymorphisms within 

populations and to address the ultimate goal of associating genetic 

composition with habitat variation. The extensive knowledge that is now 

available regarding the biology and ecology of Nucella (above) perhaps 

make it the most suitable example yet for such an investigation.

This study will adopt an eco-physiological approach to fitness 

determination. Stress, the driving force of natural selection, has been 

been defined as 'any environmental stimulus that serves to disturb 

normal function' , and as such one of the most important interfaces of 

ecology is with physiology (Berry, 1989a). The extent to which 

different genotypes maximise the energy available for production is a 

direct measure of Darwinian fitness (Townsend and Calow, 1981) and can
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direct measure of Darwinian fitness (Townsend and Calow, 1981) and can 

be extended to examine the integrated phenotype (morphological and 

physiological variation, see below). The rationale behind this is 

relatively straightforward. Fitness, defined as the contribution an 

individual makes to the next and subsequent generations in terms of the 

number of viable offspring produced, is largely a result of the energy 

available after the energetic requirements of maintenance metabolism 

and growth have been met. Growth and reproduction can be modelled by 

the balanced energy budget equation of Winberg (1956) and by comparing 

components of this budget it is possible to examine the physiological 

response of different genetic compositions to varying degrees of 

physiological stress. From energetic determinants it is then plausible 

to make comparisons regarding the relative fitness of different 

genotypes. The significance of the eco-physiological approach to 

fitness and understanding genotype/habitat interactions is that it can 

then be extended to cover morphological as well as physiological 

variation. For example, specific shell coloration has been shown to 

reduce the effects of daytime temperature stress which in turn reduces 

physiological stress (Steigen, 1979; Etter, 1988). As a direct result 

of selection for morphological variation, certain animals can maintain 

levels of activity and foraging (energy gain), growth and reproduction, 

thereby increasing the fitness of specific genotypes. In this context, 

if morphological and physiological variation are viewed in the light of 

energy maximisation, then the theory allows both to be integrated into 

an adaptive phenotype.

This study applies the approach of physiological energetics to Nucella, 

in the first instance to examine whether the association between H and

31



fitness, that has been suggested as a mechanism for maintenaning 

genetic polymorphism within populations is a universal phenomenon among 

marine invertebrates, and secondly, to investigate whether 

differentiation for genetic composition among populations, can be 

associated with phenotypic variation and habitat diversity.
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CHAPTER 2

GROWTH, PHYSIOLOGY AND HETEROZYGOSITY RELATIONSHIPS 

IN LABORATORY REARED NUCELLA LAPILLUS
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2.1 INTRODUCTION

Numerous studies, using a variety of organisms, have conducted 

experimental laboratory investigations into phenotypic variability. 

Studies using the marine gastropod Nucella lap Ulus are no exception, 

with laboratory investigations into morphological (Etter, 1988), 

behavioural (Hughes and Dunkin, 1984a, 1984b; Barnett, 1989), growth 

(Crothers, 1977, 1980) and physiological variation (Bayne and Scullard, 

1978a 1978b; Stickle and Bayne, 1982, 1987). All of these studies have 

relied upon using individuals retrieved form the field and of unknown 

previous history. Results obtained are then frequently contrasted with 

other studies, although the populations with which they are being 

compared may exist under quite different environmental regimes. While 

this is an inevitable constraint rather than a criticism of such 

investigations, the importance of environment (Menge, 1978b) upon life 

history tactics (Etter, 1989), behavioural (Hughes and Dunkin, 1984b) 

and possibly physiological variability, suggests a need to investigate 

phenotypic variation using individuals for which the effect of 

environment can be controlled throughout development. This is 

particularly important if differentiation is to be made between 

variation that represents phenotypic plasticity in response to 

environmental constraints or variation that is a result of genetic 

differentiation for specific fitness related characteristics. To this 

end, this study aims to investigate, under different tidal regimes, 

the laboratory growth of Nucella from hatching. Firstly, to determine 

the feasibility of rearing Nucella in the laboratory for future 

investigations into aspects of population differentiation, secondly to
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investigate whether the generation time is likely to be suitable for 

genetic breeding studies and thirdly, if rearing is successful, to 

investigate the widely reported phenomenon of a relationship between 

multi-locus heterozygosity (H) and growth.

Heterosis or genetic homeostasis (Lerner, 1954) i.e. increased growth, 

fecundity or developmental stability in the hybrid progeny of crosses 

between two highly homozygous inbred lines, is a familiar concept to 

plant and animal breeders (Falconer 1960). In this context, heterosis 

is believed to result either from inbreeding depression, the expression 

of deleterious recessives or homozygosity for overdominant loci, or, to 

be a product of dispersion (Jinks, 1983), the tendency for positive or 

negative genetic traits to be aggregated in one line. With the 

detection of high levels of genetic hetrerozygosity for electrophoretic 

loci in natural populations (Lewontin and Hubby, 1966), Milkman (1967) 

restated that heterosis could be a major cause of heterozygosity in 

nature. Support for this general hypothesis is provided by theoretical 

models for natural populations also suggesting that where loci act 

additively (Minvielle, 1987) or, are maintained by various forms of 

balancing selection (Turelli and Ginzburg, 1983), an increase in 

fitness with increasing levels of heterozygosity is to be expected. A 

number of empirical studies on outcrossing populations of plants and 

animals have now reported positive relationships, similar to the 

heterotic observations discussed above, between levels of genetic 

heterozygosity, for soluble enzyme loci, and various fitness parameters 

(Mitton and Grant, 1984; Zouros and Foltz, 1987). These studies have 

examined the selective advantage of heterozygosity by investigating the 

additive fitness effects of multiple locus heterozygotes.
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Positive relationships between H and fitness have been particularly 

widely reported amongst marine molluscs, notably for sessile 

planktotrophic filter feeding bivalves with putatively large 

outcrossing populations, in which inbreeding depression would not be 

expected as a cause of heterotic relationships. In these organisms H 

has been correlated with greater developmental stability (Mitton and 

Koehn, 1985), increased growth rates (Zouros et al, 1980; Koehn and 

Gaffney, 1984; Koehn et al, 1988; and many others), greater fecundity 

(Rodhouse et al, 1986) reduced levels of routine oxygen consumption 

(Koehn and Shumway, 1982) and greater ability to sustain activity 

(Volckaert and Zouros, 1989). In particular, the negative association 

between H and routine respiration rates, combined with the observation 

that animals with reduced metabolic maintenance requirements, as a 

result of reduced protein turnover, may experience faster growth 

(Hawkins et al, 1986) has led to the suggestion that greater growth and 

fecundity may, in more heterozygous individuals, stem from lower 

metabolic maintenance costs (Koehn et al, 1988; Volckaert and Zouros, 

1989).

The mechanisms by which H translates into greater fitness are however, 

largely unknown. There are several theories (see Zouros and Mallet, 

1989 for reviews) of which the two current major hypotheses are: i)

associative overdominance and, ii) direct involvement. Associative 

overdominance, inbreeding depression in reverse, suggests that the 

studied electrophoretic loci are neutral in any fitness relationships, 

but are instead in linkage disequilibrium with other loci and thereby 

act as markers for overall genomic heterozygosity. Under this system,
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little is gained from studying individual loci and the 0 (homozygote) / 

1 (heterozygote) additive scoring system is adequate to represent 

genomic heterozygosity. Theoretical support exists for the role of

neutral loci and associative overdominance (Ohta, 1971), however, the 

extent to which allozymes are effective markers for total genomic 

heterozygosity has been questioned. Where the studied loci represent 

only a small fraction of the total number of loci, as is frequently the 

case in these studies, extension to total genomic heterozygosity may at

best be unreliable (Chakraborty, 1981).

The alternative hypothesis, direct involvement, maintains that the 

studied loci are themsleves mediators of observed fitness effects. In 

the largest study to date, Koehn et al (1988) using the marine bivalve 

Mulinia lateralis reported that, in addition to an overall positive 

relationship between H and growth rate, of the 15 polyallelic loci 

studied, only protein catabolic or glycolytic enzymes contributed 

significantly to the relationship. As a result, it was suggested that 

increased growth arose from putative lower energetic costs of pathway 

maintenance; heterozygous intermediacy reducing variance in catalytic 

variation leading to a reduction in enzyme biosynthesis and degradation 

rates.

There are however several studies that have failed to find a 

relationship between H and fitness (Beaumont et al, 1985; Zouros et

al, 1988; Gosling, 1989; Booth et al, 1990) and also those that have 

reported negative trends (Allendorf and Leary, 1986). Studies such as 

these question the generality of the H observations reported above. In 

addition, there are those studies that have reported positive
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relationships but which, upon closer examination or re-analysis using 

more apporpriate statistical methods, have proved spurious. In these 

cases, H relationships have often relied upon single (Garton and Haag, 

1991) or a few individuals (Strauss, 1986), removal of three (n-122) 

highly homozygous trees in the latter case made a positive relationship 

(among crossbreds) non-significant, or results have been confounded by 

a covariate (Garton, 1984; Garton and Stickle, 1985). Other studies 

have failed to pay sufficient attention to an organisms biology and 

factors likely to influence the fitness traits being investigated 

(Zouros et al, 1988). For example, growth rate and metabolism will be 

influenced by age, sex and the allometric relationship with weight. 

Growth/heterozygosity relationships will be strongest when production 

is purely somatic during the juvenile growth phase. Correlations 

between growth and heterozygosity will weaken as faster growers reach 

the plateau of their asymptotic growth curve. Eventually a period in 

the growth of a cohort will be reached when more homozygous individuals 

appear to be growing faster. At such an instant measures of fitness 

should concentrate upon reproductive effort/time to maturity rather 

than growth (Rodhouse and Gaffney, 1984).

Proponents of the H phenomenon argue that the majority of studies 

failing to find growth heterozygosity relationships have been performed 

under constant laboratory conditions, whereas genotype fitness effects 

are likely to be greatest under conditions of stress (Koehn and Bayne, 

1989), environmental heterogeneity (Koehn et al, 1990) or intraspecific 

competition (Gentili and Beaumont, 1988). Positive associations between 

H and growth with marine molluscs have also exclusively involved 

sessile filter feeders. Motile organisms, either to evade predators or
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search for prey, have not been found to exhibit similar relationships. 

In a re-examination of the H and fitness phenomenon using Placopecten 

magellanicus, Volckaert and Zouros (1989) reported a positive 

association with levels of octopine accumulation under enforced 

activity. Single locus overdominance was expressed by the ability to 

sustain greater periods of activity. These results are in general 

agreement with other findings in terrestrial animals (Mitton et al, 

1986, Garten, 1977) that have reported positive associations between H 

and levels of activity, indicating, as might be expected, that greater 

energetic efficiency need not only be expressed as increased growth.

I Although the underlying mechanisms by which H translates into fitness 

are still open to question, it is now widely accepted that where 

relationships are found between H and growth rate, heterozygosity for 

specific loci or H per se, leads to greater metabolic efficiency for 

routine maintenance metabolism. Multilocus heterozygotes thus 

experience an energy dividend that can be directed towards enhanced 

( growth or greater activity and feeding rates.

In order to best examine the H/fitness association, future studies 

investigating heterozygosity relationships should therefore i) operate 

under conditions that are most likely to demonstrate a selective 

fitness advantage ii) take careful consideration of the stage of the 

organisms life-cycle at which fitness measurements are made and iii) 

choose fitness correlates that are appropriate to maximising Darwinian 

fitness with respect to the organisms biology and life history 

strategies.

The focus of this study is the intertidal gastropod Nucella lapillus.
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The ability to retrieve egg capsules and hatch them in the laboratory 

allows a control upon both age and the influence of past history, due 

to environmental effects, upon growth. Nucella is a predatory gastropod 

actively seeking prey. Feeding and the rate of energy acquisition is 

the major variable within the energy budget equation of Nucella (Bayne 

and Scullard, 1978b; Stickle and Bayne, 1987). Under laboratory 

conditions Nucella has been shown to closely approximate to the 

predictions of optimal foraging theory (Hughes and Dunkin, 1984a) with 

regard to prey search patterns, size selection and handling time. Under 

field conditions Nucella experiences food stress, tidal emersion and 

desiccation limiting Nucella to near crevice areas where prey, due to 

predator density, is limited (Burrows and Hughes, 1989). In the 

laboratory similar periods of food limitation are compensated for, when 

food is again available, by enhanced feeding rates (Bayne and Scullard, 

1978b). Under these conditions energy savings due to reduced metabolic 

maintenance requirements would both reduce weight loss during periods 

of energy limitation and provide a greater scope for activity to 

enhance energy gain when conditions again become favourable. In an 

animal constrained for most of its life to sub-optimal foraging 

(Burrows and Hughes, 1989), specific phenotypes that are able to 

maximise energy gain and utilisation may experience a fitness advantage 

through higher relative growth rates and survivorship, shorter 

generation times and increased fecundity. As such Nucella may prove an 

appropriate vehicle for examining whether H relationships exist in a 

marine mollusc other than a sessile filter feeder.

In order to investigate the laboratory rearing of Nucella, along with 

relationships between genetic background and fitness, two cohorts were
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reared under differing laboratory conditions. Firstly, a cohort of 200 

Nucella, was raised under a tidal regime, and secondly a cohort of 96 

was raised non tidally totally submerged. Both cohorts were supplied 

with food ad libitum. Growth rates were determined for both cohorts 

along with individual energy budgets for animals maintained non- 

tidally. Growth was modelled and compared between tidal treatments by 

fitting the von Bertalanffy growth curve. Individual respiration rates 

were determined for routine (determined for animals removed directly 

from food), standard (determined for animals following 7 days 

starvation) and active rates of metabolism (see methods for description 

of determination of 'active' metabolism), and energy budgets 

subsequently calculated and contrasted with growth for the non-tidal 

cohort. The independent effects, physiological and growth measures were 

then compared with the dependent effects (genetic background) by 

regression and stepwise regression for multi- and single locus effects 

respectively. In addition, the Adaptive Distance model developed by 

Smouse (1986) was applied to single loci to tests for overdominance at 

genetic equilibrium. The Adaptive Distance model benefits from the 

advantage that it does not entail the loss of information associated 

with the 0,1 scoring system. Further, it is particularly suited to 

polymorphisms represented by di-allelic variability at each locus as is 

frequently the case with Nucella (Day and Bayne, 1988).
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2.2 MATERIALS AND METHODS

2.2.1 Collection and Rearing of Nucella

Egg capsules of Nucella lapillus were collected from an exposed shore 

location in N. Cornwall O.S. ref. SW 582425. On this shore Nucella has 

an extended breeding season permitting the collection of capsules into 

the late Summer/Autumn. In November 1986, in excess of 200 capsules 

were returned to the laboratory and placed into a tidal recirculating 

seawater system (Fig. 2.1). Salinity was maintained at 35 ± lppt, 

temperature at 15 ± 0.5°C. Food, juvenile Mytilus edulis, was collected 

from Whitsand Bay O.S. ref. SX 390523 and was supplied ad libitum 

covering the base of the two rearing tanks. The tidal regime was 

controlled by a timed solenoid valve giving tidal cycles consisting of 

two periods of 4 hours emersion in every 24 hours. On average, the 

tidal tanks took 30 minutes to fill and empty at each cycle. 'Low tide' 

was timed to occur at 09.30 and 21.30 hrs, a routine established to 

enable growth rate measurements to be determined during the period of 

emersion. Juveniles hatched from egg capsules during January and, as 

there was no previous experience of rearing Nucella from hatching 

within the laboratory, measurements of growth rates were not begun 

until April 1987 when the juveniles were considered large enough to 

handle without damage. For the determination of the laboratory growth 

of Nucella under tidal and non-tidal conditions, two tidal cohorts 

(each of Initial sample size n=»100), and one non-tidal cohort (sample 

size n-96) were established. The latter cohort was further specifically
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FIG. 2.1.

Diagrammetic representation of the tidal tank used in the 
laboratory rearing of juvenile Nucella. The tidal regime was 
regulated by means of a timed solenoid valve to give two 
equally spaced periods of 4 hours emersion in every 24 hours. 
Water inflow (via a flow cooler to maintain constant 
temperature) occurred at 'A'. Outlet * D' passed to a solonoid 
valve. Water only flowed out through 'D' at each emersion 
period. At all other times outflow occurred either through 
'B' or the overflow ' C' both of which were capped by 224 
micron Nylon mesh to prevent loss of juveniles. The false 
base had a 20cm square insert of similar 224 micron mesh to 
allow water to flow from the tank and away from the Nucella 
during emersion. For a description of the non-tidal rearing 
pots see Bloomer (1987).
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designed to permit the determination of individual growth rates, energy 

budgets and scope for growth (SFG). All individuals were marked for 

identification using 'bee tags' (Chr. Graze AG, West Germany) attached 

to the first apex whorl using cyanoacrylate glue. The two tidal cohorts 

(Cohorts A and B) , mean lengths from tip of apex whorl to base of 

siphonal groove of 6.89 ± 0.16mm and 11.57 ± 0.27mm respectively, were 

started at 7 day intervals. Growth of these two cohorts was followed 

over a 3 month period with growth measurements made every 14 days. The 

non-tidal cohort (Cohort C), mean initial length 10.01 ± 0.18mm, were 

similarly labelled, but each individual was then transferred to a 

separate 300ml pot with a flow through rate of « 70ml/min (for a 

detailed description of the design of these tanks see Bloomer, 1987). 

Nucella were maintained in this system constantly submerged, for a 

total period of 84 days (hereafter referred to as the 'feeding 

experiment'), during which individual feeding rates, growth and 

physiological rates were determined. Each Nucella was supplied with 

three Mytilus as prey, with prey items replenished as they were 

consumed in order to maintain a constant prey:predator ratio of 3:1. 

Non-tidal individuals were weighed intermittantly over this 84 day 

period and to minimise disturbance, growth was only recorded when 

Nucella were not feeding or drilling prey. At the end of the feeding 

experiment, these Nucella were transferred to a non-tidal communal tank 

to enable them to attempt to breed. Growth of this cohort was then 

followed for a further 188 days.

2.2.2 Measurement and Comparison of Growth Rates.

Growth of laboratory Nucella was recorded for increase in length (mm) ,
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and aperture length (mm), the latter measured from the point where the 

top of the aperture meets the body whorl to the end of the siphonal 

groove (Fig. 3.2). Length:Aperture ratios (Crothers, 1985) were 

calculated at the beginning and end of the growth experiments to check 

that no change in shape had occurred that might otherwise adversely 

affect weight regressions upon length. Growth was also measured for 

whole animal wet weight (g), shell weight (g) and wet tissue weight 

(g). Growth in length was measured using vernier calipers to the 

nearest 0.005mm and all weight measures to the nearest 0.0005mg, were 

made using a Mettler (Type H16) mechanical balance. Shell growth was 

determined using the non-destructive method of Palmer (1982), with 

shell weight estimates from the linear regression:

Sw - 0.011 ( ± 0.004) + 1.392( ± 0.019).Ib 2.1

where Sw - shell weight and Im - Immersed weight. Whole animal wet 

weight (shell + tissue) was measured after having removed as much 

extra-corporeal water as possible by pressing filter paper wicks 

(Whatman grade 3, cut into strips * 5mm x 20mm) against the operculum. 

Estimated wet tissue weights were determined by subtracting the 

estimated shell weight based upon Palmer regression, from the whole 

animal wet weight (Spearman rank correlation coefficient between 

estimated tissue weight and actual tissue weight - 0.993 ± 0.017). The 

time taken to measure length, aperture length, immersed weight and 

whole wet weight for cohorts A and B did not, at any time, exceed the 4 

hour period of tidal emersion. Dry tissue weights (g) required for 

physiological and energy budget comparisons were, unless otherwise 

stated, calculated from the relationship:
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loSioNd " ‘5-481 ( ± 0.147) + 3.687 ( ± 0.114) log1£)Ln 2.2 

where: Nd is Nucella dry tissue weight (g) and Ln is length (mm).

2.2.3 Calculation and Comparison of Growth Rates.

To compare growth between laboratory treatments (tidal and non-tidal) 

three growth curves (Gompertz, Richard's and Bertalanffy growth 

equations) were initially fitted to the data. Of the three curves the 

Bertalanffy (von Bertalanffy, 1938; Ricker, 1958) best represented the 

three data sets and was therefore applied throughout. Growth was 

initially compared by fitting the Bertalanffy growth equation to 

measurements of length. For growth in length the Bertalanffy equation 

is represented by:

Lt - L„.(l - exp-k(t-t")) 2.3

Where: Lt - length at any given time t, - asymptotic maximum size, k

- rate constant (rate of approach to L^), t - time and to - time when

Lt — zero. All growth experiments were commenced after hatching,

therefore in this study t o  assumes a negative value in all

calculations. All length measurements were loge transformed to remove

an increase in measurement variance with size. Parameters k, and to’ 00

were therefore obtained by fitting the following form of the 

Bertalanffy growth curve:
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loge(Lt) - loge(L00) + loge(l - exp-̂ **"to )) 2.4

Parameter estimates were obtained using the least squares non-linear 

regression proceedure (NLIN) of the Statistical Analysis System 

Software (SAS Institute Inc.).

For growth comparisons between treatments, rates of instantaneous 

increase in length 6Lt/6t, the time taken (t) to reach a fixed point of 

the growth curve, and the relative growth rate (RGR) (the rate of 

growth divided by size), were calculated for each cohort. Equations 

for the estimation of these values are given below:

6Lt/6t - (I* - Lt).k 2.5

t -  to - [loge(l - Lt/hJ/k] 2.6

RGR - [(I* - Lt)k]/Lt 2.7

For the non-tidal cohort, the Bertalanffy equation was also fitted to 

growth measures of shell, wet and dry tissue weight. In order to 

obtain the parameter estimates for k, to amd for growth in weight,

the Bertalanffy equation was raised to the power 'b' where 'b' 

represents the exponent in the allometric relationship relating length 

to measures of weight:

W - a.L b 2.8
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where: W — weight, Ln - length, and a and b are fitted parameters. 

Values for the exponent 'b' were determined by linear regression of 

length on weight at the end of the experiment using the entire data set 

for cohort C. The values obtained ± 2.S.E. are given below:

b - 3.621 ± 0.041 

b - 3.044 ± 0.030 

b - 3.687 ± 0.114

* from equ11. 2.2

Shell weight 

Tissue weight 

Tissue dry weight

The Bertalanffy equation applied to weight is then given by:

Lt - 1^.(1 - exp"k(t"to))b 2.9

As with length, this was fitted to loge transformed data giving:

loge(wt) - loge(Wco) + b.loge(l-exp"k ^t"to )̂ 2.10

To compare measurements of growth in weight, 5Wt/£t and the time to 

the point when 62Vt/6t2 - 0, were calculated. The point at which 

82t/612 - 0 can be considered to approximate to the onset of 

gametogenesis (Charlesworth, 1980). £Wt/5t and t when 62Wt/6t2 - 0 are 

respectively given by:

6Wt/*t - bWeo(Wt/WCB)(b-1)/b.[k.(l-(Wt/Wao)1/b>] 2.11

fi2W t/ 6 t 2 - 0 when t  -  to - [loge(l/b) ]/k 2.12
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For treatment comparisons the above parameters and estimates of growth 

were calculated using the entire data set. This removes the influence 

of individual variability, due to the correlation between k and 

(Sainsbury, 1980), when calculating mean estimates of the parameters in 

the Bertalanffy equation for a group of individuals. For cohort C, 

however, estimates of growth were also determined for each individual. 

These individually derived estimates were used both in the comparison 

of individual energy budgets with actual production and for the 

analysis of genotypic effects.

2.2.4 Physiological Measurements: Laboratory Reared Juvenile Nucella

Energy budgets have already been successfully determined for adult 

Nucella (Bayne and Scullard 1978a, 1978b; Stickle and Bayne, 1987). At 

15°C and 30ppt salinity, aerobic respiration accounts for 73% of the 

total energy losses, ammonia and primary amine losses accounting for a 

fruther 8 and 19% respectively (Stickle and Bayne, 1987). In this 

study, only energy losses due to aerobic respiration were measured. All 

rates and growth efficiencies, unless otherwise stated, were calculated 

on a dry tissue weight basis using the relationship given in equation 

2.2, and expressed as J/day for given dry tissue weights (g).

2.2.4.1 Scope For Growth

Scope for Growth (SFG; Winberg, 1956) represents the energy remaining 

after all other energetic requirements have been met, and is the 

proportion of total energy that is available for growth and 

reproduction. As such, SFG can be defined as the "difference between
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the energy of the food an animal consumes and all other energy 

utilisations and losses" (Warren and Davis, 1967). The SFG equation is 

commonly represented in the form:

SFG - A.e - (R+U) 2.13

where A - the energy value of the food consumed, e — the absorption 

efficiency, R - energy losses due to respiration and U - excretion. 

Both SFG and R are frequently broken down further to describe 

individual processes (Bayne and Newell, 1983); SFG can be divided into 

the energy available for reproduction or somatic growth, and R can be 

separated into those components representing energy losses due to 

maintenance metabolism, feeding, activity or growth and reproduction. 

Depending upon the levels of energy gains and losses the SFG equation 

can be positive or negative, prolonged negative SFG ultimately 

resulting in death of the organism. Individual estimates of SFG were 

determined for cohort C both for comparison of SFG with actual 

production predicted by the Bertalanffy growth equation and also, to 

check the accuracy of and to provide confidence in, physiological 

measurements made in future experiments.

2.2.4.2 Measurement of Feeding Rates (A)

For the duration of the feeding experiment, each individual was 

supplied with a constant food density (see above). Nucella has been 

shown to exhibit a definite prey-size preference which varies with 

predator size (Bayne and Scullard, 1978b). To optimise the available 

prey, prey size was varied throughout the feeding experiment according
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to the relationship between prey length and predator length given by:

L - L /(0.046+0.36.L )m n' x n ' 2.14

where: Lb — shell length of Mytilus (cm), Ln — shell length of Nucella 

(cm) (Bayne and Scullard, 1978b). As each Mytilus was consumed it was 

replaced, the maximum period of time for which the predator:prey ratio 

was less than 1:3 was never greater than 24 hours. The length of each 

consumed prey item was measured to the nearest 0.05mm using vernier 

calipers. Dry weight of Mytilus tissue ingested was then calculated 

from the relationship:

where, Dm is Mytilus dry tissue weight (g) and is length of Mytilus 

(mm). For comparison with actual measured growth and calculation of 

gross and net growth efficiencies, total food consumed (g) over the 

experimental period was summed for each individual. In the calculation 

of energy budgets and comparison with daily production (£Wt/6t), the 

food consumed/day (J/day) at any time point was determined for each 

individual. For this purpose, the relationship between cumulative food 

consumed (Mytilus dry tissue weight (g)) with time (days) was 

represented by the following equation:

where Fc is cumulative food consumed, t is time in days from the start 

of the experiment and, ’a' and *b' are fitted parameters. The rate of

loSioD» " -4 -525 < ± 0.370) + 2.473 ( ± 0.322) log10LB 2.15

2.16
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energy gain 8Fc/8T (Mytilus dry tissue weight, J/day) can therefore be 

estimated from:

8Fc/St - (b.a.tb)/t 2.17

In the SFG equation, the ration, food (g/day), was converted to J/day 

assuming a calorific conversion of 5.2 cal/mg (Bayne and Scullard, 

1978a) and of 4.184 cal/J

2.2.4.3 Absorption Efficiency (e)

Absorption efficiency for each individual in cohort C was determined by 

the method of , and a mean value calculated for the

over a 14 day period in the middle of the feeding experiment by 

pipetting faeces into seperate plastic vials. Faeces were collected 

twice daily at 09.00hrs and 18.00hrs and immediately stored at -25°C. 

At the end of the 14 days samples were unfrozen and filtered onto pre- 

ashed, weighed Millipore GF/C 2.5cm filters, and washed with 3% 

ammonium formate (w.v) to remove salts. Filters were then dried to a 

constant weight at 90°C and weighed. They were then ashed at 450°C for 

4 hours and reweighed to determine organic content. A series of blank 

filters were treated similarly to adjust for loss in filter weight in 

the handling process. Absorption efficiency was determined from the 

equation:

whole cohort. Cumulative, pooled, individual samples were collected

e - [(F - E)/(l - E).F].100 2.18
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Where F — organic content of the faeces (%) and E — organic content of 

the food (86 ± 3.1% of Mytilus dry wt; Worrall pers. comm.).

2.2.4.4 Respiration rates (R)

Individual oxygen uptake rates were measured using Radiometer oxygen 

electrodes (E5046) coupled with a Strathkelvin amplifier (model 781b) 

and lOOmv Rikadenki chart recorder. The respirometry chambers (Fig. 

2.2) consisted of modified Quickfit flasks vol « 110ml. Sea-water for 

02 determinations was filtered and returned to full 02 saturation by 

overnight aeration. All measurements were made at 35ppt salinity and 

15°C. Continuous movement of water within the respiration chamber was 

ensured by a revolving magnetic stirrer. Both magnetic stirrer and 

oxygen electrode were protected from unrestrained whelks by means of a 

circular tube of plastic mesh. Measurement of respiration rates (V02) 

were made over a 20 minute period following 20 minutes acclimation 

after introducing Nucella to the respirometry chamber. Measurements of 

respiration rate were made for as many individuals as possible in all

three cohorts. For both tidal and non-tidal treatments, three levels of
" "" ■ ■

aerobic respiration rate were measured corresponding to standard, 

routine and 'intermediate' metabolism. Between 15 and 20°C the 

metabolic rate of starved Nucella declines from routine to standard 

metabolism between 5 and 10 days (Bayne and Scullard, 1978a). In this 

experiment, routine metabolic rates were determined for individuals 

directly removed from food, 'intermediate' rates following 2 days 

starvation and standard metabolic rates following 7 days without food. 

In total over 600 individual metabolic rate determintations were made 

over the three cohorts.
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For the non-tidal cohort a further measurement of metabolic rate was 

made. Since Nucella is an active predator, aerobic respiration was 

finally determined for levels of continued activity. Sustained activity 

was ensured by placing individuals aperture uppermost into a perspex 

vice secured to the base of the respirometry chamber (Fig. 2.3). Upside 

down, Nucella continuously tries to right itself by extension and 

movement of the foot. For comparison between treatments, respiration 

rates were weight corrected to a standard dry tissue weight of 500mg 

using the relationship

V02(«td) " lNd(.td,/Nd>b] 'V°2(„b., 2.19

where: VO,, is the weight corrected rate, N„, is the chosen2(std) ° ’ d(std)
standard weight (500mg), Nd is the tissue dry weight at the time of

measurement (determined from equn 2.2) and 'b' is the exponent in the

allometric relationship relating physiological rates to body weight.

All respiration rates were expressed in Joules assuming a calorific 

conversion of 4.8 cal/ml (Bayne and Scullard, 1978a) and 4.184cal/J.

2.2.4.5 Statistical Analysis of Feeding and Respiration Rates

Crude feeding rates were determined as the total food consumed over the 

experimental period. Linear regression was employed to obtain estimates 

of 'b' , the exponent in the relationship between cumulative food 

consumed and time since the start of the feeding experiment. Analysis 

of variance was further employed to test for differences between the
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FIG. 2.2.

Diagram of the respirometry chamber, consisting of a modified 
'Quickfit' top sitting on a flat perspex base, used in the 
determination of oxygen consumption of juvenile Nucella at 
various metabolic states.

FIG. 2.3.

Perspex vice developed to hold juvenile Nucella upside down 
for the determination of 'active' oxygen consumption rates.
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sexes in feeding rate along with the effects of treatment, condition, 

and sex on estimates of metabolic rates. Differences in weight 

corrected respiration rates were compared both between treatments, to 

examine the influence of tidal/non-tidal regimes, between metabolic 

states and between sexes.

2.2.4.6 Comparison of Production with Scope for Growth

Gross and net growth efficiencies, based upon the total dry tissue 

weight gain over feeding experiment and the total food consumed or the 

assimilated ration, were calculated for each individual in cohort C. 

Mean values of gross and net growth efficiency were then calculated by 

averaging over the entire cohort. Individual production (estimated 

from the Bertalanffy equation) was also compared with individual energy 

budgets. This comparison was achieved by using the parameters from the 

Bertalanffy equation to estimate dry tissue weight at any given time t 

(in days) from t-0 (the start of the feeding experiment). Time *t' in 

days was used to calculate the rate of energy gain in J/day (equ11. 

2.17) which when multiplied by the absorption efficiency (e), provides 

an estimate of the net energy available to the organism (A.e in the SFG 

equation, equ11. 2.15). The estimated dry tissue weight at time ' t' 

(equ11. 2.10) was used to calculate, from equ11. 2.19, the metabolic

respiratory losses (R) (J/day). The difference (A.e-R) equals the 

estimated SFG (J/day) used in this study. Production (J/day) was 

calculated from the Bertalanffy equation (equn. 2.11). These 

calculations allow comparison, over the period of direct measurement of 

feeding rates, of production with SFG. Similar calculations were
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performed for extrapolated time points (t>84 days) using the derived 

relationships and for standardisation upon weight for comparison with 

genetic variation.

2.2.5 Genetics

2.2.5.1 Starch Gel Electrophoresis and Determination of Genotype

For all individuals, genotype was determined at 6 polymorphic 

electrophoretic loci. The soluble enzyme loci used were 

phosphoglucomutase-1 and phosphoglucomutase - 2 (PGM-1 and PGM-2 

respectively, EC 2.7.5.1), mannose phosphate isomerase (MPI, EC 

5.3.1.8), peptidase-1 and peptidase-4 (PEP-1 and PEP-4 respectively, EC 

3.4.11) and leucine-amino peptidase-1 (LAP-1, EC 3.4.11). All enzymes 

were assayed from pedal tissue and, with the exception of PEP-1 and 

PEP-4 for which the substrate Leu-Gly-Gly was used, all proceedures for 

sample preparation and electrophoresis were as described in Day and 

Bayne (1988). PEP-4 showed the lowest activity and was not resolved for 

the entire tidal cohort, however, by re-running individuals in the non- 

tidal cohort all animals in this group were eventually successfully 

assayed for electrophoretic variability at this locus.

2.2.5.2 Analysis of Electrophoretic Data

The independent effects, growth rates and physiological measurements 

(respiration rates, feeding rates and SFG) were compared with the 

dependent effects H and Adaptive Distance by least squares linear 

regression analysis. With H, stepwise linear regression was further
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employed to test for the influence of heterozygosity at individual 

loci. All statistical analyses were performed using the Statistical 

Analysis System Software package (SAS Institute, Inc). All loci except 

LAP-1 (cohorts A,B and C) and PGM-2 (cohort C) were examined for 

overdominance (Adaptive Distance (Smouse, 1986)), LAP-1 and PGM-2 being 

excluded due to small sample sizes or non-occurrence of the rarer 

genotypic class.

2.2.5.3 Multi-Locus Heterozygosity: H

For statistical analysis of H, electrophoretic variation at each locus 

was summarised according to the familiar 0,1 scoring system (Koehn et 

a l . 1988), with each locus defined as either 0 (homozygous) or 1 

(heterozygous). H for each individual was then determined by summing 

the number of heterozygous loci over the total number of loci assayed. 

In the tidal cohort, the highest heterozygosity class was 5; however, 

this class was removed from the data set as it contained too few 

individuals for statistical analyisis of multi-locus effects..

2.2.5.4 Adaptive Distance (Smouse, 1986)

Adaptive Distance is based upon the assumption of multiplicative 

overdominance with genetic variation seen to represent selection for 

heterozygotes at genetic equilibrium. Under this system heterozygosity 

is maintained by any one of a number of mechanisms of balancing 

selection. Allozymes at each locus are considered co-dominant and 

marginal selection differentials are considered small. For a situation 

of single locus overdominance an inverse linear relationship is
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predicted between loge(fitness) and Adaptive Distance. The Adaptive 

Distance value of the heterozygote is zero and the two homozygous 

genotypes take values of 1/f where f is the respective allele 

frequency. The heterozygote is considered fitter than the most common 

homozygote which in turn is more fit than the least common homozygote. 

At equilibrium these Adaptive Distance values can be represented by the 

selection coefficients acting against each homozygote, consequently the 

slope of the linear regression line may be interpreted either as the 

segregational genetic load of the locus or as a measure of the 

intensity of the selection acting on the locus. For a full description 

of the derivation of Adaptive Distance and its application see Smouse 

(1986) and Bush et al. (1987) respectively. Although Adaptive Distance 

can be applied to multiple loci, multiplicative overdominance, in this 

experiment it is only applied to individual loci, with Adaptive 

Distance values calculated from the combined allele frequencies based 

upon all three cohorts.

2.2.6 Growth rates, Physiology, Scope for Growth and Genotype.

The tidal cohorts. Growth rate, measured as growth in length, and 

tissue weight (whole animal wet weight - shell weight) over successive 

14 day intervals, was compared with H and Adaptive Distance. However, 

due to the initial differences in mean starting size for cohorts A and 

B along with an inflexion in the growth curve of cohort A, these two 

groups could not be pooled for the analysis of genetic effects. To 

increase the sample size and treat the two cohorts as one group, a 

compromise was therefore reached with growth rates only compared for 

periods in which the mean initial sizes for both groups were not
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significantly different. As a result, of the six successive 14 day 

periods of measured growth, only three were available for genetic 

analysis in which the initial sizes of both cohorts overlapped. These 

three periods corresponded to measurements 5,6,7,8 for cohort A and

1,2,3,4 for cohort B, from the start of the experiment. Over each 14 

day period, 5-6 combined with 1-2 etc. (referred to as Gl, G2 and G3 

respectively), growth was assumed to be approximately linear. Any 

remaining effect of initial size, at the start of each growth period, 

upon subsequent growth was then removed by inclusion as an independent 

effect in the statistical analysis. Prior to comparison with genetic 

variation, respiration rates, measured to investigate the effects of 

genetic variation upon standard and routine metabolism, were 

standardised to a dry tissue weight of 500mg.

The non-tidal cohort. Measured growth, growth rates, final size 

achieved and total food consumed, along with production estimated from 

the Bertalanffy growth equation, SFG and components of the energy 

budget, were compared with genetic variation. Actual growth over the 

period of the feeding experiment could not be considered linear; growth 

rates were therefore calculated using loge transformed measures of 

size, dividing growth by the time period of measurement (84 days). 

Respiration rates were calculated as for the tidal cohort with the 

additional inclusion of measurements of active metabolism. There were 

significant effects of initial size and sex upon growth, of sex upon 

routine oxygen consumption and of initial size upon total food 

consumed. These were therefore removed from the relevant analyses by 

their inclusion as independent effects. To remove effects of size, 

predicted growth and SFG along with components of the SFG equation,
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were calculated for each individual at a standardised length 

representing the mean 2/3L1(30 for the entire cohort. This point was 

primarily chosen as it is sufficiently removed from day zero where 

estimates of food intake/day are calculated less accurately. The 

following measurements were compared with genetic variation: 1)

parameter estimates k and L^, 2) soft tissue production (J/day) 

calculated from the Bertalanffy growth equation, 3) energy intake, 4) 

standard, routine and active respiration rates, and 5) SFG based upon 

standard metabolic rates.

2.3 RESULTS

2.3.1 Growth of Laboratory Reared Nucella

The Bertalanffy growth equation although frequently used, has often 

been criticised as a model of growth, particularly when applied to 

marine molluscs (Yamaguchi, 1975), due to the absence of a point of 

inflexion near t o . This feature of the Bertalanffy growth curve results 

in an underestimation of to and as such the Bertalanffy equation is 

unreliable as a predictor of age. The absence of a point of inflexion 

also implies that growth in length is represented by a continuously 

decreasing function of size with the growth rate maximum occurring when 

time t- zero. However, despite these constraints, of the three growth 

models initially applied to the data (Gompertz, Bertalanffy and 

Richard's growth equations) the Bertalanffy provided the best overall 

approximation to the measurements obtained for each of the three
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cohorts. Since comparisons were intended between treatments a single 

model was necessary to represent growth, the Bertalanffy growth curve 

was applied throughout. There was no change in shape over the course of 

the experiment, L/Ap ratios compared between beginning and end of the 

experiment using a paired comparisons t-test, did not differ 

significantly (t - -0.5 Pr>t 0.615); length:weight regressions were 

thus unaffected by shape changes associated with growth.

2.3.1.1 Survivorship

By the end of the growth experiment, of the initial 100 individuals in 

each of the tidal cohorts, 79 and 92 individuals remained in cohorts A 

and B respectively, reflecting mean initial lengths of 6.83 ± 0.18mm 

(n—79, cohort A) and 11.53 ± 0.29mm (n—92, cohort B) . These did not 

differ significantly from the mean initial lengths of each cohort based 

upon all 100 individuals. Thus although cohort A with smaller initial 

lengths experienced greater mortality, there was no apparent 

differential mortality, with respect to size, within either cohort.

2.3.1.2 Growth

Due to the reported negative correlation between k and (Knight, 

1968) and confirmed in this study (Table 2.2), along with an observed 

point of inflexion in the growth of cohort A (Fig. 2.4), the first two 

measurements were removed from the data set to give a new mean initial 

length for cohort A of 10.31 ± 0.27mm. Bertalanffy growth curves were 

then fitted to all three cohorts (Figs. 2.5a - 2.5c.). Growth in terms 

of wet tissue weight and shell weight for the three cohorts along with
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fitted growth curves for cohort C are shown in Figs. 2.6a - 2. 6c and 

2.7a - 2.7c respectively. There was an insufficient decline in 5Wt/6t 

for the smaller of the two tidal cohorts preventing the Bertalanffy 

growth equation from converging to W^. Estimates of the parameters k, 

to and could therefore only be determined for cohorts B and C, and 

then with much greater precision for cohort C for which growth was 

followed over 272 days. Bertalanffy parameter estimates and their 

correlation matrices for growth in length (all three cohorts), along 

with similar estimates for growth in weight (cohorts B and C only) are 

given in Tables 2.1 - 2.6 respectively.

2.3.1.3 Comparison of Growth of Tidal and Non-Tidal Cohorts

Following removal of the point of inflexion in the smaller size class, 

there were no significant differences in k or between the two tidal 

cohorts A and B. However, tidal and non-tidal conditions had a 

significant effect upon k, the rate of approach to L^. The two tidal 

cohorts had a lower value of k experiencing slower growth. The effect 

of these differences upon various estimates of growth are presented in 

Table 2.7 for a mean animal of size 2/31^ (length : mm). The values 

obtained for the time taken to reach 2/31^ are inevitably approximate 

due to the lack of a point of inflexion, nevertheless, they are 

suitable for comparison of treatment effects. Values for 5Lt/£t and RGR 

are independent of to. For growth in weight estimates of the values for 

t (± 2.S.E.) when 62Vt/6t2 - 0 were, due to the high variance in 

parameter estimates for cohort B, only calculated for the non-tidal 

cohort C. For wet tissue weight growth and shell growth the values were
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FIG. 2.4.

Growth of cohort A (measured as increase in shell length : 
mm) from the start of the experiment showing the point of 
inflexion (arrowed) that required the removal of the first 
two data points before the Bertalanffy growth curve could be 
fitted to the data set.

FIG. 2.5a.

Bertalanffy growth curve fitted to growth in length of 
juvenile Nucella in the tidal cohort 'A'. For estimates of 
the parameters L ^ ,  k  and to see Table 2 . 1 .
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FIG. 2.5b.

Bertalanffy growth curve fitted to growth in length of 
juvenile Nucella in the tidal cohort 'B'. For estimates of 
the parameters L ^ ,  k  and to see Table 2 . 1 .

FIG. 2.5c.

Bertalanffy growth curve fitted to growth in length of 
juvenile Nucella in the non-tidal cohort 'C'. For estimates 
of the parameters k and to see Table 2.1. The continuous 
line represents mean growth of the cohort with males and 
females considered together. The broken line above (short 
dashes) represents growth of females whereas the broken line 
below (long dashes) represents growth of males. For estimates 
of the parameters L ^ ,  k and to fitted seperately to males and 
females see Table 2.9.
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FIG. 2.6a.

Growth in shell weight of juvenile Nucella in the tidal 
cohort ’A'.

FIG. 2.6b.

Growth in shell weight of juvenile Nucella in the tidal
cohort *B'. For estimates of the parameters W^, k and to see 
Table 2.3.
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FIG. 2.6c.

Bertalanffy growth curve fitted to growth in shell weight of 
juvenile Nucella in the non-tidal cohort *C' . For estimates 
of the parameters Ww , k and to see Table 2.5. The continuous 
line represents mean growth of the cohort with males and 
females considered together. The broken line above (short 
dashes) represents growth of females whereas the broken line 
below (long dashes) represents growth of males. For estimates 
of the parameters k and to fitted seperately to males and 
females see Table 2.9.

FIG. 2.7a.

Growth in wet tissue weight of juvenile Nucella in the tidal 
cohort 'A'.
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FIG. 2.7b.

Growth in wet tissue weight of juvenile Nucella in the tidal 
cohort 'B'. For estimates of the parameters W^, k and to see 
Table 2.3.

FIG. 2.7c.

Bertalanffy growth curve fitted to growth in wet tissue 
weight of juvenile Nucella in the non-tidal cohort 'C'. For 
estimates of the parameters W^, k and t o  see Table 2.5. The 
continuous line represents mean growth of the cohort with 
males and females considered together. The broken line above 
(red, short dashes) represents growth of females whereas the 
broken line below (blue, long dashes) represents growth of 
males. For estimates of the parameters W^, k and to fitted 
seperately to males and females see Table 2.9.
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TABLE 2.1
Estimates of the parameters L̂ ,, k and to in the Bertalanffy equation, 

for the three cohorts A, B and C, for growth in length (mm).

Parameter

Cohort A---------------------  oo

k

t o

Cohort B L_■■ 00

k

t o

Cohort C Lm—  CO

k

t o

Estimate ± 2.S.E. 

29.79 ± 7.37

0.0072 ± 0.0031

-24.29 ± 7.86

28.27 ± 4.59

0.0074 ± 0.0027

-68.82 ± 11.76

27.77 ± 0.35

0.016 ± 0.00098

-26.89 ± 1.52
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TABLE 2.2
Asymptotic correlation matrices for the parameters L^, k and t o ,  for 

each cohorts for growth in length.

Corr LCO k t O

Cohort A K 1.00 -0.996 -0.942

k -0.996 1.00 -0.967

t 0 -0.942 -0.967 1.00

Cohort B 1.00 -0.995 -0.953

k -0.995 1.00 -0.978

t o -0.953 -0.978 1.00

Cohort C CO 1.00 -0.736 -0.499

k -0.736 1.00 -0.914

t O -0.499 -0.914 1.00
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TABLE 2.3
Estimates of the parameters W^, k and to in the Bertalanffy equation, 

for cohort B, for growth in wet tissue weight (g) and shell weight (g).

Wet tissue weight (g) Shell weight (g)

Parameter Estimate ± 2.S.E.______ Estimate ± 2.S.E.

W*, 1.30 ± 0.54 2.88 ± 2.12

k 0.0087 ± 0.0029 0.006 ± 0.0025

to -61.94 ± 10.66 -75.08 ± 6.43

TABLE 2.4

Asymptotic correlation matrices for the parameters k and to, 

cohort B for growth in wet tissue weight and shell weight.

Corr Loo k t o

Wet tissue weight WmGO 1.00 -0.993 -0.945

k -0.993 1.00 -0.975

t o -0.945 -0.975 1.00

Shell weight wmCO 1.00 -0.997 -0.962

k -0.997 1.00 -0.979

t o -0.962 -0.979 1.00

for
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Table 2.5
Estimates of the parameters W^, k and to in the Bertalanffy equation, 

for cohort C, for growth in wet tissue weight (g) and shell weight (g).

Wet tissue weight (g) Shell weight (g)

Parameter_________Estimate ± 2.S.E.________Estimate ± 2.S.E.

W^ 1.43 ± 0.0092 2.53 ± 0.15

k 0.015 ± 0.0011 0.14 ± 0.00072

to -27.79 ± 1.90 -30.54 ± 1.53

TABLE 2.6

Asymptotic correlation matrices for the parameters Ŵ , k and to, 

cohort C for growth in wet tissue weight and shell weight.

Corr wm00 k t o

Wet tissue weight Wm00 1 .0 0 - 0 .7 5 8 - 0 . 4 6 0

k - 0 . 7 5 8 1 . 0 0 - 0 . 8 9 3

t o - 0 . 4 6 0 -0 . 8 9 3 1 .0 0

Shell weight 00 1 .0 0 - 0 .8 0 5 - 0 . 4 7 8

k -0.805 1.00 -0.868

to -0.478 -0.868 1.00

for
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TABLE 2.7
Estimates of the time taken from to (hatching) to reach a fixed point 

on the growth curve (2/3'Laa) along with the instantaneous rate of 

increase (5Lt/5t) and relative (size specific) growth rate (RGR) for 

each of the three cohorts, for growth in length.

Cohort Time to 2/3L00 6Lt/6t RGR

__________________( days_)______ (mm/day)__________

152..58 0..071 0,.0036

148,.46 0..070 0..0037

68.,36 0..15 0.,008
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found to be respectively 43.63 ± 4 and 63.56 ± 4.25 corresponding to 

70.52 and 94.1 days from to (hatching).

2.3.1.4 Individual Growth Curves

The influence of fitting individual growth curves to the mean parameter 

estimates for growth in length is presented in Table 2.8. As already 

reported in the literature (Sainsbury, 1980), fitting individual growth 

curves can be seen to influence the parameter estimates of the 

Bertalanffy equation when calculating mean values for a group. 

Individual growth curves however, represented a good fit to the data; 

Spearman rank correlation coefficient between measured and predicted 

for cohort C is 0.959 ± 0.02.

2.3.1.5 Sex Differences in Growth Rates

Parameter estimates were determined for males and females within each 

treatment. There were no significant differences between the sexes for 

either of the two tidal cohorts. However, differences were found 

between males and females in cohort C for both (Fig. 2.5c.) and Ŵ , 

(tissue and shell, Figs. 2.6c and 2.7c respectively). Values for these 

estimates are presented in Table 2.9. There were no significant 

differences in k, the rate of approach to or between sexes, 

implying that the rate of growth 6LT/6t or £W ̂ St is greater for 

females than males.

2.3.1.6 Growth and Fecundity

The first capsules were observed on day 166 of the non-tidal experiment
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TABLE 2.8
Mean values of the parameter estimates k, and t 

upon individually fitted growth curves (n-95), for

Parameter Mean Value (± 2.S .E) 

2 7 . 8 2  ±  0 . 4 400

k  0 . 0 1 8  ±  0 . 0 0 1

to - 2 6 . 5 4  ±  1 . 2 4

for cohort C, based 

growth in length.
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TABLE 2.9
Variation between male and female Nucella, maintained non-tidally, for 

the paramaters L^, k and to in the Bertalanffy growth equation for 

growth in length (mm) and weight (g).

Measurement Parameter Males Females

__________________________ Estimate ± 2.S.E. Estimate ± 2.S.E

Length (mm) L^

k

to

Shell Wmoo
Weight (g) k

t O

Wet Tissue Wmoo
Weight (g) k

t o

26.92 ± 0.49

0.017 ± 0.0013

-27.17 ± 1.21

2.74 ± 0.22

0.013 ± 0.00095

-30.83 ± 2.036

1.26 ± 0.12 

0.016 ± 0.0018 

-27.08 ± 2.88

28.36 ± 0.45

0.016 ± 0.0012

-26.74 ± 1.92

2.26 ± 0.19

0.014 ± 0.0011

-30.36 ± 2.31

1.57 ± 0.13

0.014 ± 0.0013 

-28.46 ± 2.51
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and in total, 14 of the 56 females laid egg capsules. Students t-tests 

suggested a difference between for egg-layers (28.16mm ± 0.71) and 

non egg-layers (29.37 ± 0.92mm), t--1.78, DF 29.4, Pr>t 0.08).

2.3.2 Physiology and SFG of Laboratory Reared Nucella

2.3.2.1 Feeding Rates

The mean shell length of the non-tidal cohort at the start of the 

experiment was 1.00 ± 0.01cm; by the end (day 84) of the feeding 

experiment this had increased to 2.36 ± 0.04cm. For these lengths, the 

preferred prey sizes of Nucella are 1.21 and 1.79cm respectively (from 

equn. 2.14). The actual prey supplied ranged from 1.29 ± 0.02cm at the 

start of the experiment to 1.74 ± 0.02cm at the finish. Over the 

duration of the feeding experiment the 96 Nucella consumed a total of 

2585 Mytilus. In contrast to previous studies (Hughes and Dunkin, 

1984a) all the flesh appeared to be consumed, on no occasion did mantle 

or adductor muscle tissue remain in the empty Mytilus valves. 

Cumulative food consumed over the experiment increased exponentially 

with time (Fig. 2.8). Parameter values ’a' and *b' in the allometric 

relationship between cumulative food consumed and time (equ11. 2.16),

were therefore calculated for each individual by regression analysis on 

log1Q transformed data, the mean r-square for this analysis for the 

whole cohort being 0.988 ± 0.003. Values obtained for parameters 'a' 

and *b' were used for calculation of the rate of energy intake in the
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scope for growth equation below.

2.3.2.2 Absorption Efficiency (e)

Over the 14 day period of collection, sufficient faeces were only 

obtained to enable absorption efficiencies to be determined for 75 of 

the 96 individuals. The data collected were highly skewed (Fig. 2.9). 

Thus for calculation of a mean (x) absorption efficiency the data were 

transformed using the following standard transformation:

x - l°glo(100 - e)

A mean value of 79.3 ± 2.08 was obtained for absorption efficiency and 

this value is used in all future analyses.

2.3.2.3 Gross and Net Growth Efficiencies

Values for gross and net growth efficiency were determined by 

comparison of actual growth of each individual with the total food 

consumed. Mean values were then calculated for the whole cohort over 

the duration of the feeding experiment. Gross and net growth efficiency 

were found to be 58 and 73% respectively.

2.3.2.4 Respiration Rates

Covariance analysis revealed that there were no significant differences 

between tidal or non-tidal treatments or of metabolic state upon the 

value of 'b' , the exponent in the allometric relationship between
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FIG. 2.8.

Cumulative food consumed for each of the juvenile Nucella in 
cohort C over the 84 days of the feeding experiment.

FIG. 2.9.

Frequency distribution of the absorption efficiencies 
determined for individual juvenile Nucella in cohort *C'. The 
graph demonstrates the skewness of the distribution that 
required a transformation to obtain a mean estimate of 
absorption efficiency.
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metabolic rates and body weight (Table 2.10). For weight correction of 

metabolic rates a common value for 'b' of 0.514 was therefore adopted, 

this value corresponding to that previously reported by Bayne and 

Scullard (1978a). For analysis of respiration rates, the two tidal 

cohorts were pooled to give a single tidal treatment. Analysis of 

variance and Scheffe’s multiple comparisons tests revealed significant 

differences among means, for both treatments and for the effect of 

metabolic state upon respiration rate (Tables 2.11 and 2.12). Standard 

metabolism reflected 75 and 63% of routine metabolic rate for the tidal 

and non-tidal cohorts respectively. There was also a significant 

treatment effect upon each measurement of metabolic rate. Animals 

raised under the tidal regime had significantly lower respiration rates 

with routine, intermediate and standard metabolism respectively 30, 25, 

and 17% lower than that measured for the tidal condition.

2.3.2.5 Sex and Metabolic Rate

Following the observation of differences in growth rates and final size 

achieved between male and female Nucella in the non-tidal cohort, 

analysis of variance was used to test for associations between 

respiration rate at different metabolic states and between sexes. In 

contrast to differences for growth, there were were no differences 

between males and females for standard or routine matabolic rates.

2.3.3 Growth, SFG and Physiological Energetics of Juvenile Nucella.

Mean comparisons between dry tissue weight production calculated from 

the Bertalanffy growth equation fitted to individuals, and individually
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calculated scope for growth (based upon standard metabolic rates) is 

presented in Fig. 2.10. There is a reasonable fit between actual and

predicted production. Until day 84 the curves represent real data; 

thereafter, they are based upon extrapolation of the derived 

relationships and, since no approach to a plateau was observed for food 

intake, they can only be considered suggestive. In addition, prior to 

day 4, SFG must be considered to be underestimated; the feeding 

experiment was begun using individuals that were already satiated, the 

intercept on the relationship between cumulative food consumed and time 

is therefore artificially forced through zero leading to innaccuracies 

in the input term as time (days) tends to zero. Shell production is 

presented seperately (Fig. 2.11); in terms of J/day it represents only 

a small fraction of total production, assuming 0.98 ± 0.06% of shell to
V
be protein and taking the protein content to comprise essentially 

nitrogen (Hawkins pers. comm).

Estimates of the time in days when 62Wt/£t2 - 0 gave values of 47.7 

and 47.8 for dry tissue weight and wet tissue weight production 

respectively. These values, based upon means calculated from 

individually fitted growth curves are comparable to those determined 

above for the whole cohort. The difference between growth and SFG (Fig. 

2.10) starts to increase after day 23 (calculated numerically) and 

preceedes the growth rate maximum 62Wt/6t2 by « 24 days. The difference 1 

between production and SFG can be taken to represent the metabolic 

costs associated with the onset of gametogenesis; the differential 

allocation of energy between growth and reproduction, and accounts for1 

a steadily increasing amount of the daily energy available for



Table 2.10
Analysis of covariance for the determination of 'b' in the allometric 

relationship relating body size (tissue dry weight mg) to metabolic 

rate; respiration rates (V02 /il 02 h"1).

Source of Variance DF SS MS F Value Pr > F

Model 13 4.57 0.35 27.43 0.0001

Error 584 7.49 0.13

Total 597 12.07

Source of Variation DF Type I SS F Value Pr > F

Dry Weight 1 0.88 68.62 0.0001

Condition 6 3.62 47.09 0.0001

Dry Weight*Condition 6 0.07 0.91 0.4859

Table 2.11

Analysis of variance and imean values ( ± 2.S.E) for the effe

metabolic state on we ight standardised respiration rate (/il O2 h"
the combined tidal cohorts.

Source of Variance DF SS MS F Value Pr > F

Condition 2 0.072 0.036 46.36 0.0001

Error

Total

315

317

Condition

0.24

0.31

0.0008

Mean Value (± 2.S.E)

Routine

Intermediate

Standard

0.141 ± 0.006 

0.115 ± 0.005 

0.105 ± 0.004
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TABLE 2.12
Analysis of variance and mean values (±2.S.E) for the effect of 

metabolic state on weight standardised respiration rate (/il 02 h"1) for 

the non-tidal cohort.

Source of Variance______ DF______SS______MS_____F Value_____ Pr > F

Condition 3 0.074 0.024 39.23 0.0001

Error 276 0.17 0.0006

Total 279 0.25

Condition______Mean Value (± 2 . S . E)

Active 0.100 ± 0.005

Routine 0.117 ± 0.007

Intermediate 0.087 ± 0.006

Standard 0.074 ± 0.005

92



FIG. 2.10.

Comparison between growth (production : J/day) estimated
from the Bertalanffy growth curve (continuous line 'A') and 
Scope for Growth : J/day (blue broken line *B') determined 
from physiological measurements of juvenile Nucella (cohort 
C) from the start of the feeding experiment (time : days - 
0). The red broken line *C' indicates the difference 
between actual growth and Scope for Growth and may represent 
the costs associated with reproductive investment. The 
Bertalanffy growth curve for growth in shell length is also 
presented ’D' . The two vertical lines represent the point 
when 62Wt/6t2 - 0 (broken line) and the end of the feeding 
experiment (day - 84 : continuous line). After day 84 there 
was no record of food consumed, Scope for Growth therefore is 
based purely upon extrapolated relationships after this 
point.

FIG. 2.11.

Shell production (J/day) for juvenile Nucella (Cohort C) 
calculated from actual measurements of shell growth. Shell 
production accounts for only a small proportion of the total 
energy budget.
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production. As a direct result, gross and net growth efficiencies are 

shown to decline with size (Fig. 2.12). The relationships upon which 

the preceeding calculations are based; production, feeding rate, SFG, 

the difference between production and SFG with dry tissue weight along 

with SFG, expressed as a percentage of body joules, are presented in 

Figs. 2.13 - 2.17 respectively. As with the calculation of gross and 

net growth efficiencies, the curves incorporating food consumed are 

unreliable at small dry weights due to the errors described above in 

the curves fitted to the feeding rate data. All curves are expressed in 

relation to dry weight since length cannot be considered a good 

predictor of size or growth when comparing either different populations 

of Nucella, or these results with those of previous/future studies. For 

sake of comparison with data published previously for adult Nucella 

(Table 2.13; Bayne and Scullard, 1978a), numerically derived values 

from SFG and Bertalanffy equations are presented in Table 2.14.

2.3.4 Genetics

Allele frequencies along with Adaptive Distance values used in 

subsequent analyses are presented in Table 2.15. Mobility of allozymes 

was scored with reference to the most common allele which was denoted 

10, other allozymes were correspondingly scored 9 'slow' or 11 'fast'. 

For analysis of all genotypic effects the two tidal cohorts were 

combined. The mean lengths of each cohort, for each of the 14day 

comparisons of growth with genotype, are given in Table 2.16; t-tests 

revealed no significant differences between starting sizes of the 

cohorts for any of the combined growth comparisons G1-G3. As expected 

in all analyses there was a highly significant effect of initial size
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FIG. 2.12.

The relationship between gross (broken line) and net 
(continuous line) growth efficiencies (J/day) and dry tissue 
weight (g) in juvenile Nucella (reared non-tidally), 
demonstrating the decline in growth efficiencies with size. 
The vertical line represents the mean dry tissue weight at 
day 84 (the end of the feeding experiment), thereafter growth 
efficiencies are based upon extrapolated relationships.

FIG. 2.13.

The relationship between production (J/day), determined from 
the Bertalanffy growth curve, and dry tissue weight (g) for 
juvenile Nucella reared non-tidally. The curve represents 
the mean based upon all individuals in cohort C and the 
vertical line represents the mean size at the end of the 
feeding experiment (day 84).
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FIG. 2.14.

The relationship between the dry tissue weight (mg) of 
Mytilus flesh consumed per day and the dry tissue weight (g) 
of juvenile Nucella. The curve represents the mean based upon 
all individuals in cohort C, and the vertical line represents 
the mean size at the end of the feeding experiment (day 84). 
After this time point the curve is based upon extrapolated 
relationships.

FIG. 2.15.

The relationship between scope for growth (J/day) and the dry 
tissue weight (g) of juvenile Nucella reared non-tidally. The 
curve represents the mean based upon all individuals in 
cohort C. The vertical line represents the mean size at the 
end of the feeding experiment (day 84), thereafter the curve 
is based upon extrapolated relationships.
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FIG. 2.16.

The relationship between the difference between scope for 
growth and actual growth (production (J/day) estimated from 
the Bertalanffy growth curve) and Nucella dry tissue weight 
(g). The curve represents the mean based upon all individuals 
in cohort C. The vertical line represents the mean size at 
the end of the feeding experiment (day 84), thereafter the 
curve is based upon extrapolated relationships.

FIG. 2.17.

The relationship between scope for growth as a % of body 
Joules and Nucella dry tissue weight (g) . The curve 
represents the mean based upon all individuals in cohort C. 
The vertical line represents the mean size at the end of the 
feeding experiment (day 84), thereafter the curve is based 
upon extrapolated relationships.
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TABLE 2.13
Calculation of Scope For Growth for Nucella lapillus feeding on Mytilus 

edulls at 16°C in the laboratory (data taken from Bayne and Scullard, 

1978b). Ration converted from mg to Joules assuming a conversion of 

21.76J/mg Mytilus flesh. SFG is converted to mg Nucella as 20.92J/mg, 

and ml 02 converted to energy units as 20.08J/ml. Absorption efficiency 

- 0.66%.

Size of Nucella Assimilated Total heat Scope for Scope as %

length

(mm)

weight

(mg)

ration

(J/day)

loss

(J/day)

Growth

(J/day)

of body 

Joules

15 30.0 49.38 13.05 36.31 5.7

20 74.1 77.18 21.28 55.90 3.6

25 149.4 103.55 30.28 73.27 2.3

30 264.8 130.05 40.82 89.22 1.6

1 0 2



TABLE 2.14 (continued on page 104)
Production and Scope for Growth (based on standard metabolic rate) for 

laboratory reared juvenile Nucella. Conversion factors as for Table 

2.13. Assimilation efficiency - 79.3% (this study). Values are ± 2.S.E.

Size of Nucella Production Production Production Food

length weight length Weight (J/day) (mg/day)

(mm) (mg) (mm) (mg)

11.84 30 0.28±0.01 2.68+0.12 56.0312.67 4.5710.22

14.29 60 0.23±0.01 3.71±0.18 77.6213.69 6.1810.24

15.13 74 0.22±0.01 4.04±0.19 84.5414.03 6.6210.26

17.25 120 0.18±0.008 4.74±0.23 99.1814.90 7.6510.33

18.33 150 0.16±0.008 4.98±0.25 104.2615.32 8.1510.37

19.81 200 0.14±0.007 5.14±0.28 107.5415.94 8.86+0.43

21.05 250 0.11±0.007 5.0710.31 106.1016.53 9.4710.49

21.38 265 0.10±0.007 5.0210.32 104.9616.71 9.6510.51

22.11 300 0.096±0.006 4.8310.34 101.1217.15 10.0510.55

23.06 350 0.079±0.006 4.4610.36 93.3917.68 10.6410.60
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TABLE 2.14 cont'd
Size Assimilated Metabolic heat Scope for Scope as %

Weight ration(J/day) loss(J/day) Growth of body

(mg) Standard Routine (J/day) Joules

30 78.84±3.81 13.2010.80 8.3510.52 65.2410.40 10.4110.64

60 106.64±4.23 18.7211.15 11.9310.74 87.8014.26 7.0010.34

74 114.29±4.58 20.8811.28 13.3010.82 93.3614.65 6.0310.30

120 132.02±5.70 26.8811.64 17.0411.06 105.3215.99 4.1910.24

150 140.69±6.37 30.2411.84 19.1211.18 110.7916.82 3.5310.21

200 152.82±7.41 35.0412.13 22.1711.37 118.1718.11 2.8210.19

250 163.45±8.43 39.1212.39 24.8611.54 124.5719.37 2.3810.18

265 166.43±9.50 40.3212.46 25.6011.58 126.3819.74 2.2810.18

300 173.46±10.55 42.9612.62 27.3111.69 130.71110.65 2.0810.17

350 183.51110.41 46.6112.78 29.5511.79 137.17111.84 1.8710.17
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TABLE 2.15
Allele frequencies (f) and Adaptive Distance values, where Adaptive 

Distance - 1/f (Smouse, 1986), used in the genetic analyses.

Allele Frequency Adaptive Distance

Genotype

_______________________Heterozygote 10.10 9.9 or 11.11

PGMlio 0.765 0 1.307 4.255

PGM19 0.235

PGM21q 0.954 0 1.048 21.739

PGM29 0.046

M P I io 0.546 0 1.831 2.203

m p i9 0.454

PEP110 0.837 0 1.195 6.135

PEPln 0.163

PEP4i0 0.657 0 1.522 2.915

PEP4n 0.343

^ 1 0 0.991 0 1.009 111.1

LAPln 0.009
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TABLE 2.16
Mean lengths for cohorts A and B at which the two cohorts were 

combined for statistical analysis of genotypic effects upon growth.

Growth Length (mm) ± 2.S.E. Pr>T

Period Cohort A Cohort B_____________

Gl 13.82 ± 0.33 13.94 ± 0.30 0.6010

G2 15.81 ± 0.37 15.85 ± 0.27 0.8738

G3 16.68 ± 0.36 17.13 ± 0.27 0.0560
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upon subsequent growth; whether measured for length or wet tissue 

weight increase. Significance levels for all correlations between H or 

adaptive distance are less than Pr — 0.05. For stepwise regression 

analysis of single locus heterozygosity the entry and exit criteria for 

inclusion of a locus in the model were set at Pr>0.10.

2.3.4.1 The Combined Tidal Cohorts

There were no consistent relationships over any of the growth periods 

G1-G3, between growth rate and H, Adaptive Distance or single locus 

genotypes. Nevertheless, statistical analysis revealed a number of 

correlations which can be summarised as follows. For growth in length, 

there was a significant positive relationship observed with H but only 

for period G3 (Table 2.17), stepwise regression indicating 

heterozygosity for MPI, PEP-4 and PEP-1 to contribute significantly to 

this relationship (Table 2.18). Also, for growth in length, linear 

regression on Adaptive Distance (Table 2.19) suggested overdominance 

for two loci PGM-2 and MPI but again for only one out of the three 

growth periods (G2). There were no significant correlations between H 

and growth in wet tissue weight, however, stepwise regression 

indicated a significant effect of heterozygosity at PEP-1 for G2 

(Table 2.18) and regression on adaptive distance gave a positive slope 

for PGM-2 for the same growth period. There were however, no 

significant relationships between either measure of metabolic rate 

(standard or routine metabolism) and H, single locus heterozygosity or 

Adaptive Distance.
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TABLE 2.17
Correlation between H and growth of tidally reared Nucella for growth 

in length over period G3. Initial size at the start of the growth 

period included as an independent effect in the analysis of variance.

Source of Variance______ DF______SS______MS_____ F Value_____ Pr > F

Model 2 0.010 0.005 5.67 0.0043

Error 141 0.12 0.0008

Total 143 0.13

Variable DF Parameter Standard Pr>T

____________________Estimate______ Error_____________

Intercept 1 0.12 0.027 0.0001

Size 1 -0.0037 0.0017 0.029

H 1 0.0065 0.0026 0.012
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TABLE 2.18
Stepwise regression analysis for the effect of single locus 

heterozygosity upon growth of tidally reared Nucella with initial size 

at the start of the growth period included as an independent effect. 

Entry and exit criteria for the inclusion of loci in the analysis are 

set at Pr>f - 0.10.

Dependent variable G3

Growth in length Step Variable Model r-sq. Pr>F

1 MPI 0.064 0.035

2 PEP4 0.084 0.080

3 PEP1 0.105 0.071

Dependent variable G2

Growth in wet Step Variable Model r-sq Pr>F

tissue weight 1 PEP1 0.043 0.01!
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TABLE 2.19
Linear regression wet tissue growth (for growth period G2) upon 

adaptive distance, for laboratory reared, tidal, Nucella. Initial size 

included as an independent effect.

Source of Variance DF SS MS F Value Pr > :

Model 2 1.28 0.64 2.58 0.079

Error 144 35.73 0.24

Total 146 37.01 r2 - 0.035

Variable DF Parameter Standard Pr>T

______________________Estimate______ Error_____________

Intercept 1 -5.23 0.219 0.0001

Initial size 1 0.077 0.129 0.556

PGM2 1 0.056 0.024 0.025

1 1 0



2.3.4.2 The Non-Tidal Cohort

In addition to comparison with growth rates, genotype was also 

contrasted with final size achieved (measured at day 272) in terms of 

length and wet tissue weight. There were no relationships observed 

between H and final size, however, stepwise regression revealed 

significant single locus effects for PEP-1 (Table 2.20) with PEP-1 

heterozygotes achieving a greater actual maximum size. There were no 

similar effects displayed with measures of Adaptive Distance. Again, as 

with the tidal cohort, there were no consistent relationships between H 

and growth, whether measured as actual growth over the duration of the 

feeding experiment or predicted growth from the Bertalanffy growth 

curve. Likewise, apart from a single positive correlation between H and 

food consumed/day at standardised 2/SL^ ( df — 92 Pr > F 0.0489 r2 — 

0.0419) and, due to the large influence of feeding rate in the SFG 

equation, also between H and SFG at 2/ZL^ (df - 74 Pr > f 0.05 r2 - 

0.0496), there were no similar trends with components of the energy 

budget equation.

Stepwise regression upon single locus heterozygosity revealed a number 

of positive associations at 2/3 (Table 2.20): PGM-2 was

significantly correlated with larger values for the parameter k in the 

Bertalanffy equation, PEP4 with soft tissue production (J/day), and 

active respiration rates and PEP-1 with food consumed (J/day). In 

addition, adaptive distance analysis revealed a negative linear 

relationship between PEP-1 and active oxygen consumption rates (Fig. 

2.14 and Table 2.21).
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TABLE 2.20
Significant stepwise regression analyses for the effect of single locus 

heterozygosity on actual final size (length), the parameter 'k' in the 

Bertalanffy growth equation, and on dry tissue weight production, 

active respiration rates and food consumed/day at 2/31.̂ , for cohort C.

Dependent Variable Step______ Variable Model r-sq. Pr > F

Final Length 1 PEP-1 0.032 0.085

Final Weight 1 PEP-1 0.073 0.017

'k' 1 PEP-1 0.032 0.085

Slt/St (J/day) 1 PEP-4 0.049 0.098

Active V02 (J/day) 1 PEP-4 0.073 0.031

Food (J/day) 1 PEP-1 0.033 0.080

1 1 2



FIG. 2.18.

The relationship (regression line and 95% confidence 
intervals) between active respiration rates (transformed to 
loge) and Adaptive Distance (Smouse, 1986) at the non
specific peptidase locus PEP-1. For a summary of the 
statistical analysis see Table 2.21.
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TABLE 2.21
Linear regression of active respiration rates upon adaptive distance, 

for laboratory reared, non-tidal, Nucella.

Source of Variance______ DF______ SS______ MS_____ F Value_____ Pr > F

Model 1 0.34 0.34 6.61 0.013

Error 62 3.20 0.052

Total 63 3.54 r2 - 0.096

Variable DF Parameter Standard Pr>T

____________________Estimate______ Error_____________

Intercept 1 -2.86 0.041 0.0001

PEP1 1 -0.070 0.0017 0.029
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Heterozygosity effects in the tidal cohort thus appear random and most 

likely due to fortuitous associations. Considering that the total 

number of analyses performed was 42 (12 comparisons with multi- and

single locus heterozygosity and 30 linear regressions upon adaptive 

distance) the total number of significant correlations obtained was 

only slightly greater than expected by chance alone. In contrast 

however, in the non-tidal cohort, there was a consistent pattern of 

/relationships with genetic variation at a particular locus. For

independently derived measures of fitness, heterozygous individuals for

the protein catabolic locus PEP-1 exhibit higher levels of energy

aquisition, higher active oxygen consumption rates and achieve a larger 

maximum size.

2.4 DISCUSSION

Although Nucella been successfully hatched from egg capsules

within the laboratory for analysis of life history variation (Etter, 

1989), attempts to rear juveniles within the laboratory have met with 

only limited success (Crothers, 1977 and 1980). Considering the 

potential suitability of Nucella as an experimental organism for 

investigating genotypic and phenotypic variation independent of 

environmental variability, this lack of effort is surprising. Crothers 

(1980) reported that most of the growth of laboratory reared juveniles 

takes place in the second year with an adult size of 3.0cm achieved in 

year three, a period of growth assumed to correspond with that 

expressed under field conditions (Feare, 1970). In Crother's study 

(1980) a few individuals were observed to reach maturity and lay eggs
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by 19 months, however, this phenomenon was attributed to extraordinary 

growth of a particular population. The rearing conditions under which 

Crothers' studies were conducted were not ideal e.g. there was no 

control over temperature, with temperatures rising to over 27°C for 

extended periods during which large numbers of individuals died. For a 

temperate species this high mortality was not surprising and the slow 

growth of juveniles reported in these two studies may be attributable 

to thermal stress and the effect of temperature upon rates of feeding 

and respiration (Stickle and Bayne, 1982; Stickle et al 1987).

The results presented in this study clearly differ from those obtained 

by Crothers (1977, 1980) and suggest that laboratory rearing of Nucella 

is practical for future investigations. The individuals used in these 

growth experiments hatched no more than 16 weeks before the start of 

growth measurements and although the Bertalanffy equation 

underestimates t o  (Yamaguchi, 1975), both non-tidal and tidal 

conditions achieved within the first year of growth (Fig. 2.19). As 

all juveniles were maintained tidally up to this point this gives a 

maximum underestimate of to of 4 3  days (calculated from cohort C  which 

comprised the largest individuals and therefore presumably the first to 

hatch). In the non-tidal cohort, eggs were laid after 166 days from the 

start of the experiment, corresponding to a maximum of 278 days from 

hatching. Tidal/non-tidal conditions had a clear effect upon growth 

rate (Figs. 2.20 and 2.21., Table 2.22) with non-tidal individuals

the tidal cohorts, though this was also influenced by initial size and 

may possibly reflect a ’handling' effect.

Additionally, mortality was greater in
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FIG. 2.19.

Bertalanffy growth curves for growth in shell length (mm) 
from to  in the growth equation, of non-tidally and tidally 
reared juvenile Nucella (continous and broken lines 
respectively) .
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FIG. 2.20.

The effect of non-tidal (continuous line) and tidal (broken 
line) conditions on the rate of change of growth SLt/6t 
(shell length : mm) with size (shell length : mm) of
laboratory reared juvenile Nucella.

FIG. 2.21.

The effect of non-tidal (continuous line) and tidal (broken 
line) conditions on the rate of change of growth 6Wt/£t (dry 
tissue weight : g) with size (dry tissue weight : g) of
laboratory reared juvenile Nucella.

120



0 .5 0 -

0  45 -

0 .4 0 -

•S 0 .3 5 -

E 0 .3 0 -

^ 0 . 2 5 -

0 .20-

2 0 .1 5 -  o
0 . 10 -

0 .0 5 -

0.00
15 20 25 3010

Nucella. length : m m

FIG. 2.20

110-

100-

90-
>\oT>

I
60-

c 50- o
]jj 40-

20-

0.7 0.80.5 0.60.3 0.40.20.0 0.1

Nucella dry tissue weight : g

FIG. 2.21

1 2 1



TABLE 2.22
Estimates of 6\Jt/6t along with the time 't' from t° for tidal and non- 

tidal cohorts. Values were calculated from lengthidry weight regression 

after fitting the Bertalanffy growth curve to measures of length. 

Estimates for the parameters k and were set as, - 28.00mm (both 

conditions) and k - 0.016 or 0.0073 for the non-tidal and tidal 

treatments respectively.

Dry tissue 6Wt/5t (mg/day) Time from to (days)

Weight (mg)_______ Tidal Non-tidal_______ Tidal_____ Non-tidal

30 1.13 2.48 74.3 34.3

60 1.58 3.46 96.5 44.6

74 1.73 3.78 105.1 48.6

150 2.17 4.72 143.5 66.4

200 2.26 4.91 166.1 76.8

250 2.25 4.90 188.3 87.1

300 2.18 4.73 210.7 97.4

1 2 2



Analysis of respiration rates revealed that metabolic costs associated

with the tidal regime were far greater than those associated with a

non-tidal system. Costs of routine and standard metabolism were

respectively 20 and 42% higher providing an explanation for the

observed differences in rates of growth. In the non-tidal cohort there

were also significant differences observed between males and females in

final size achieved. This is previously unreported in Nucella and may

represent different life history strategies between sexes. There were

no differences in metabolic rates that could help explain differences

in growth. Further, no comparison was made between observed levels of

activity, so it is not possible to determine the underlying mechanism

for differences in final size. One possible explanation of the

observed differences in is that when transferred to the communal00

tank at the end of the feeding experiment, males may have experienced 

metabolic costs associated with mating, increased activity etc, 

reducing the energy available for growth.

The physiological measurements and predicted scope for growth 

corresponded particularly well with production predicted by the 

Bertalanffy growth equation (Spearman rank correlation between 

individual energy budgets and production: 0.522 ± 0.18). Similar 

correspondance between energy budgets and growth have been obtained for 

Mytilus (Bayne and Worrall, 1980), suggesting that the former are 

accurate indicators of growth in marine molluscs. No attempt was made 

to measure nitrogenous excretion which, for individuals of between 115 

and 215mg dry tissue weight, can account for up to 27% of total energy 

losses (Stickle and Bayne, 1987). For similar sized animals in this 

study, the difference between actual production and scope for growth
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varied from 6 to 11 J/day, representing unaccounted energy losses of 

respectively 18 and 23% of total energy expenditure. Respiratory 

losses (based upon routine metabolic rate, considered reasonable as 

feeding in this cohort was uninterrupted) are comparable to those 

obtained for similar sized individuals by Bayne and Scullard (1978a). 

Due to greater feeding rates however, scope for growth was however, 

considerably greater than levels calculated from previous 

investigations (Bayne and Scullard, 1978b). The rate of energy 

acquisition in Nucella is governed by three variables; i) handling 

time, the time taken to drill and ingest the prey, ii) the size of the 

ingested ration, determined by prey size, and iii) a resting period 

between foraging bouts (Bayne and Scullard, 1978b; Hughes and Dunkin, 

1984a). In this study, prey size was controlled, and determined from 

previously derived relationships; although prey of optimal size were 

theoretically provided throughout the experiment, this inevitably 

imposed an upper bound upon energy gain for a given handling time and, 

may therefore have limited growth. Nevertheless, growth of both cohorts 

was far greater than expected from previous laboratory or field studies 

(Hughes, 1972).

A comparison between Bertalanffy growth curves and actual growth of 

organisms has already received much attention (Kauffman, 1981; 

Kooijman, 1986) in attempts to explain physiologically why growth can 

be represented by a mathematical growth curve. Kooijman (unpubl) has 

provided a growth model predicting that this situation only arises if 

i) food is abundantly available or, ii) if food density in the 

environment is either constant throughout development or fluctuates 

about a mean value with a periodicity that is small in comparison with
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the growth period. If food is considered abundant during the period of 

the feeding experiment for the non-tidal cohort, such that the rate of 

energy intake was purely constrained by intrinsic factors, such as 

handling time etc. The close concordance between actual production and 

scope for growth based upon physiological determinations supports the 

correlation between the fitted growth curves and 'actual' growth. This 

only holds however up to the point where S2Vt/St2 - 0 (at approximately 

200 - 250mg dry tissue weight). Thereafter the curves diverge until, at 

a size of 350mg (the termination of the feeding experiment), total 

production (growth) represents only 68% of the total energy available. 

Since metabolic rate constants (values of 'b') are less than unity, 

larger animals are considered to use energy more efficiently than 

smaller ones, and energetic costs are therefore proportionately less in 

larger animals. The increasing energy surplus must therefore be 

attributed to a function other than somatic growth and may be 

considered to represent reproductive investment.

In marine gastropods, reproductive output has already been related to 

animal size (Hughes and Roberts, 1981), and the trade off between 

growth and reproduction has received much attention (Charlesworth, 

1980; Sibly and Calow, 1986). Although reproductive effort, the number 

of egg capsules produced (Etter, 1989), the nutritive content, number 

of embryos/capsule and capsule size (Pechenik et al, 1984) can vary 

among individuals of Nucella, there must be a minimum investment in 

reproduction due to the costs associated with producing a single egg 

(Ricklefs, 1968). The growth curves produced, realising 62Mt/6t2 - 0 

to be constrained by the relationship between length and weight, 

suggest that a critical size is achieved after which reproductive
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investment increases, corresponding in this case with a dry weight of 

200-250mg. This size is growth-rate- and age-dependent and will be 

delayed or advanced depending upon the conditions under which the 

organism exists. This and other studies (Stickle and Bayne, 1987) have 

shown the major component of the energy budget of Nucella to be the 

ingested ration. In this study the tidal cohort exhibited feeding rates 

far in excess of any previously recorded results. In the intertidal 

zone it appears that under most conditions Nucella is reduced to sub- 

optimal foraging and therefore reduced growth (Burrows and Hughes, 

1989). Under these conditions, time to first reproduction may thus be 

influenced by the energetic limitations imposed by environmental 

constraints. The constant conditions in this study, under which the 

non-tidal cohort were reared, may be considered ’optimal'. Variable 

environmental conditions may lead to a trade-off in reproductive 

output/time to reproduction (Hughes, 1986) that would strongly 

influence the arguments presented above.

Tidal and non-tidal treatments had a strong effect upon growth. The 

expected result was that any genetic relationships observed would be 

strongest under conditions of stress or food limitation. Contrary to 

expectations, the correlations observed amongst the tidal group 

between growth, or metabolic rates and heterozygosity, whether H per se 

or single locus effects, appeared irregular and Inconsistent across 

subsequent growth intervals with the number of significant correlations 

no greater than expected by chance. A similar lack of correlation in 

the non-tidal cohort was also evident for H per se. The single locus 

effects, although still no greater than expected by chance, do however 

appear to show a trend that correlates with accepted energetic
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strategies (Volckaert and Zouros, 1989). In addition these single locus 

effects were manifested in independently measured traits.

Heterozygosity at loci coding for protein catabolic enzymes has 

previously been correlated with increased growth rates in Mulinia 

(Koehn et al, 1988) and a hypothesis has been suggested whereby 

'balanced enzyme pathways' may reduce levels of enzyme synthesis and 

degradation leading to greater metabolic efficiency. The balanced 

enzyme pathway applies, however, to H for specific pathways, whereas 

the correlations observed in this study predominantly involve a single 

locus (PEP-1). In Mytilus, the non-specific protein catabolic enzyme 

LAP has previously been shown to be associated with a number of 

phenotypic traits (Koehn et al, 1980; Hilbish and Koehn, 1985) that 

stem from the different catalytic properties of specific allozymes. 

Heterozygosity for LAP has also been correlated with rates of protein 

turnover (Hawkins et al, 1986) with the indication that reduced costs 

of maintenance metabolism can influence rates of growth. In Nucella the 

genotypic effects observed at PEP-1 suggest that the heterozygote is 

superior with respect to growth, feeding rates and active metabolism. 

Nucella is an active forager with 'feeding rate' the major determinant 

in the energy budget equation. Individuals heterozygous for this locus 

may be able to sustain greater activity, thus experience greater 

feeding rates, faster growth and achieve a greater final size. In 

similar studies to investigate the physiological energetics of H 

relationships, Mitton et al (1986) observed a negative linear 

relationship in salamanders between H and resting metabolism, 

concluding that H led to enhanced scope for activity. This negative 

trend between standard metabolism and H has been reported in other
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organisms (Koehn and Shumway, 1982; Diehl et al, 1985) and is enhanced 

by environmental stress (Koehn and Shumway, 1982). No similar 

correlation was observed between routine respiration rates and 

heterozygosity for PEP-1 in this study. Nucella is an active forager, 

the apparent lack of a reverse trend with standard metabolism may 

result form heterozygous individuals being able to sustain a foraging 

behaviour pattern when energy limited.

A particular question raised by this study is why were no relationships 

between H and fitness observed, when they have been so widely reported 

in other studies. There are several possible explanations. Firstly, the 

H phenomenon may not apply widely to all organisms or, alternatively, 

the small number and di-allelic nature of the loci used in this study 

may not have been appropriate to examine such relationships. If 

H/fitness relationships are due to associative overdominance, studies 

would benefit by using poly-allelic loci so that H encompasses a wide 

range of background genotypes. If the second of the two major 

hypotheses holds (i.e. direct involvement and balanced pathways), then 

this would not be detected in this study due to insufficient loci. 

However, an alternative explanation to either of these may exist. The 

generality of the H phenomenon has recently been called into question, 

with the suggestion that the large number of positive results may 

represent biased reporting in the literature (Booth et al, 1990), or 

the lack of repetition of negative results; significant findings are 

more likely to be published (Gaffney, 1990). There also exist a number 

of positive reports that have used innapropriate statistics, lending 

artificial weight to the generaltiy of the phenomenon. Regression upon 

means (Ledig et al, 1983; Danzmann et al, 1987) is particularly common
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and results in a loss of most of the sums of squares of error; 

secondly, regression analysis when applied to individuals can be unduly 

influenced by individuals in extreme heterozygosity classes (Garton and 

Haag, 1991).

In addition in studies where the number of loci is limited, as is 

frequently the case, the increasing number of successful investigations 

into single locus genotypic associations must be taken into 

consideration. There is growing evidence that electrophoretic loci are 

not selectively neutral, with several studies now having allocated 

fitness differentials to specific enzyme variants e.g MPI and EST in 

red deer (Pemberton et al, 1988), PGI and a-GPDH in Colias butterflies 

(Watt et al, 1983), LDH in Fundulus heteroclitus (DiMichele and Powers, 

1984), Es-6 in Hus musculus (Berry et al, 1979) and LAP in Mytilus 

(Koehn, 1980) . In the study of juvenile survivorship in red deer 

(Pemberton et al, 1988) the three loci studied behaved differently with 

respect to fitness; for one there was selection acting against a 

particular allele and, for the two loci expressing a heterozygosity 

fitness effect, the fitness relationships were in opposing directions. 

Such studies call into question the appropriateness of examining 

heterozygosity or of pooling genotypes by using a 0,1 scoring system 

where the genetic variability would otherwise permit single locus 

investigations by oneway analysis of variance. This study was not 

designed for the analysis of single locus genotypes, consequently, the 

majority of rare homozygous classes were too small to permit such an 

approach. However, with careful experimental design this approach 

should be applicable to future studies using Nucella and may well yield 

more illuminating results. The ability to successfully rear juveniles
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from hatching within the laboratory will hopefully enable genotypic 

effects to be examined, uncomplicated by environmentally generated 

fitness variation.

2.5 SUMMARY

The growth of Nucella lapillus was investigated in the laboratory, from 

hatching, with a view to assessing the suitability of juvenile Nucella 

for genetic and phenotypic studies of intraspecific variation. Two 

rearing conditions were examined: tidal and non-tidal. For both, growth 

of juvenile Nucella was found to be more rapid than previously 

reported, whether under field (Harris, 1988) or laboratory conditions 

(Crothers, 1980). Growth of juvenile Nucella was modelled and 

contrasted between treatments by fitting the von Bertalanffy growth 

curve. Highest growth rates were observed for the non-tidal condition, 

although, the maximum size predicted did not differ between tidal and 

non-tidal conditions.

Physiological rates were determined; respiration rates (tidal and non- 

tidal conditions), feeding rates and absorption efficiencies (non-tidal 

cohort only). Scope for growth was then calculated for each individual 

in the non-tidal cohort and contrasted with actual growth as predicted 

by the Bertalanffy growth equation. Over the initial stages of juvenile 

growth there was striking agreement between the Bertalanffy growth 

curve and scope for growth, giving support, both to the physiological 

measurements made, and to the future use of Nucella as a model for 

physiological/genetical study.
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Examination of the growth/multi-locus heterozygosity (H) phenomenon 

widely reported for marine molluscs (Zouros and Foltz, 1987) failed to 

find an overall association between H per se and any measure of 

fitness for either tidal or non-tidal conditions. A significant single 

locus overdominant relationship was however apparent between a non

specific peptidase locus (PEP-1) and several putative measures of 

fitness for individuals in the non-tidal cohort. Heterozygosity at PEP- 

1 was associated with a greater maximum size, greater feeding rates and 

putatively higher levels of activity evidenced by higher active oxygen 

consumption rates. In light of a significant single locus relationship 

with measures of fitness as opposed to an association with H per se, 

the multi-locus heterozygosity phenomenon was re-examined, particularly 

with respect to the number of studies that have either failed or 

reported spurious relationships with H and fitness. It was suggested 

that where the number of loci studied is small and the sample size 

restricted, studies would do far better to investigate single locus 

relationships with specific genotypes than try to address the largely 

theoretical phenomenon of H and fitness.
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CHAPTER 3

POPULATION DIFFERENTIATION, ADAPTATION AND HETEROZYGOSITY RELATIONSHIPS 

AMONG LABORATORY REARED NUCELLA LAPILLUS
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3.1 INTRODUCTION

To investigate the outcome of natural selection upon evolutionary 

processes (the maximisation of Darwinian fitness), it is essential to 

be able to distinguish between traits that are of genetic origin and 

hence heritable and those that are ecophenotypic and thus simply 

representative of environmentally induced variation. Further, when 

comparing and contrasting populations existing under different 

selective regimes, it is of fundamental importance to identify traits 

that are true correlates of fitness rather than covariates of some 

other selected or ecophenotypically varying trait.

It is widely accepted that the intertidal zone represents a stressful 

environment with spatially varying shore-specific selection pressures 

of wave action and desiccation (Menge, 1978a). Given that adaptation is 

both more rapid and precise in stressful environments (Berry, 1979), it 

is not surprising that a number of studies have described phenotypic 

variation and differentiation between populations with the belief that 

it represents adaptation to shore - specific selection pressures. 

Apparently in response to either wave action and wave action gradients 

or the effects of temperature, several species of mollusc have now been 

shown to exhibit a high degree of phenotypic variability for a number 

of traits (Underwood, 1979) . The number and variety of these 

polymorphisms to have been described are large and reported to include: 

shell coloration (Rafaelli, 1979; Berry, 1983; Palmer, 1984)), shell 

architecture (Largen, 1971; Johannesson, 1986), shell shape (Newkirk 

and Doyle, 1975; Smith, 1981; Rafaelli, 1982; Janson and Sundberg,

134



1983; Janson and Ward, 1984; Atkinson and Newbury, 1985; Crothers, 1985 

and refs, therein; Sundberg, 1988), shell thickness (Moore, 1936; 

Kitching, 1986 and refs, therein; Palmer, 1981; Shanks and Wright, 

1986; Geller, 1990), pedal surface area (Branch and Marsh, 1978; Etter, 

1988), growth rates (Moore, 1938; Hughes, 1972; Hughes, 1986 and refs 

therein; Burrows and Hughes, 1990), life history variation and 

reproductive strategies (Hart and Begon, 1982; Etter, 1989) and 

behaviours (Burrows and Hughes, 1989). A similarly comprehensive list 

of exposure related selective regimes have been associated with 

specific shore types and tentatively held responsible for maintaining 

the above phenotypic variation. These are reportedly the selective 

effects of: wave action (Lewis, 1968; Menge, 1978a), predation pressure 

(Menge, 1978b), aerial exposure and desiccation (Coombs, 1973; Menge, 

1978a; Atkinson and Newbury, 1985; Garrity, 1984), salinity regimes 

(Garton and Stickle, 1980; Pechenik, 1982; Hughes, 1986), tidal height 

(Coombs; 1973), prey density and type (Menge, 1978a and 1978b), intra- 

and inter-specific competition (Connell, 1972) and the effects of algal 

cover (Lewis, 1968; Menge, 1978a).

The identification of putative selection pressures combined with the 

diversity of apparent shore specific phenotypic variation, has been a 

great asset to the adaptationists viewpoint with cause/effect 

explanations sought and provided for almost every aspect of phenotypic 

variation. Few of these phenotypic traits are not now believed to 

represent adaptation and rarely is phenotypic variation considered as 

ecophenotypic or representative of developmental plasticity. Further, 

traits are predominantly considered in isolation, interaction or 

covariance between traits is rarely addressed. Given that natural

135



selection operates on the whole phenotype rather than isolated 

characteristics, this represents a narrow approach to fitness 

maximisation. Lack of differentiation between truly adaptive 

characteristics and those that may represent ecophenotypic variation, 

along with insufficient consideration given to the ijteractions between 

traits has inevitably led to a high degree of contradiction and 

confusion in the general applicability of putatively adaptive 

strategies to specific shore types.

Perhaps because they are immediately apparent, several studies of 

marine molluscs have centred on describing the distribution of visible 

polymorphisms, predominantly morphological variation for shell shape or 

colouration. Nucella in common with several species of intertidal 

gastropod, appears to exhibit shore-specific morphological variation 

(Crothers, 1985 and refs therein). Exposed shore populations typically 

have a thin squat spherical shell, presumed to provide minimum 

resistance to wave action, at the same time giving a greater pedal 

surface area for attachment to the rock surface, while sheltered shore 

populations typically possess a thicker, tall narrow shell presumed to 

counter enhanced predation pressure (Hughes and Elner, 1979) and the 

deleterious effects of desiccation upon emersion (Osborne, 1977). In 

addition to shell shape, shell colouration in Nucella also appears to 

vary with shore type (Osborne, 1977; Berry, 1983). Populations at 

extreme sheltered localities predominantly comprise white shelled 

morphs which have a greater albedo and hence reduced desiccation rates 

upon emersion (Etter, 1988).

Temperature, through the selective effects of desiccation, has thus
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been demonstrated to be important in determining patterns of shore- 

specific shell colouration in Nucella. This is in common with other 

species of mollusc, including both intertidal and terrestrial species, 

where shell colouration has already been demonstrated to be adaptive 

with respect to ameliorating thermal stress (Heath, 1975; Steigen, 

1979; Cook and Freeman, 1986). However, despite the mounting evidence 

of the importance of temperature in determining spatial patterns of 

phenotypic variation, both in Nucella and other intertidal species, 

studies of shore specific morphological variation have to date 

predominantly concentrated upon the comparison between round shells 

(exposed) with thick shells (sheltered) (Kitching, 1986 and refs 

therein). These studies respectively view wave action (Kitching et al, 

1966; Kitching, 1986) and predation (Ebling et al, 1964; Geller, 1990) 

as the predominant selective agents associated with exposed and 

sheltered shores.

Recognition of shore specific variation for morphological 

characteristics has also led to studies of variation in growth 

characteristics, physiological ecology and life history strategies 

(Etter, 1989 and refs therein). Selection for shell thickness due to 

the putative energetic costs associated with shell growth (Palmer, 

1981) has, due to the interplay between energy maximisation and 

Darwinian fitness become central to several investigations of fitness 

maximising processes. The deleterious energetic costs associated with 

producing a thick shell are considered likely to influence the 

determinants of life history strategies; growth rates, time to maturity 

and fecundity (Geller, 1990).
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Experiments demonstrating the adaptive nature of morphological or 

physiological characteristics have typically involved reciprocal 

transplants with relative survivorship/mortality of specific morphs 

taken to represent fitness (Kitching et al, 1966; Etter, 1988, 1989). 

Given the number of environmental parameters that differ between 

sheltered and exposed shores, relating mortality to a specific 

selection pressure/trait interaction faces several difficulties and is 

open to misinterpretation. For example, the distribution of Mytilus spp 

and Balanus spp, the principle prey of Nucella, differ in relative 

abundance between shore types (Connell, 1972). In the laboratory 

Nucella has been shown to become accustomed to handling a particular 

prey type, exhibiting a prolonged learning curve and period of 

starvation when prey type is changed (Hughes and Dunkin, 1984b). In the 

field, Nucella under most conditions appeal^ to be food stressed 

(Burrows and Hughes, 1989). Under these conditions, apparent 

differential mortality of the 'introduced' morph, upon reciprocal 

transplant, may just as equally reflect a change of diet and death 

through starvation as a selective disadvantage associated with the 

characteristic under study.

In addition to shore-specific phenotypic variation there is now 

considerable evidence to suggest that in Nucella, shore - specific 

differentiation also occurs for genetic variation. Genetic 

differentiation in Nucella has now been reported for both 

electrophoretic loci (Day and Bayne, 1988; Day, 1990) and Robertsonian 

chromosomal polymorphisms (Staiger, 1954; Hoxmark, 1970; Bantock and 

Cockayne, 1975; Bantock and Page, 1976; Page, 1988) both of which have 

been tentatively associated with specific shore types. Two diploid
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homokaryotypes, 2n-26 and 2n-36, have been described with intermediate 

karyotypes ranging between these two forms (Staiger, 1954; Bantock and 

Cockayne, 1975). The higher chromosome number has previously been 

associated with increased shell thickness; higher shell weight/body 

weight ratios correlating with sheltered shores (Staiger, 1954). 

However, outside of the range studied by Staiger (1954) this 

correlation between shell thickness and karyotype does not hold 

(Hoxmark, 1971; Bantock and Page, 1976), suggesting this association to 

be tenuous. Despite this lack of reliable phenotypic correlates 

however, it is nevertheless still generally accepted that where the 

chromosomal polymorphism does occur, the higher chromosome number is 

associated with shores of reduced wave action and increased shelter 

(Bantock and Cockayne, 1975; Bantock and Page, 1976).

Electrophoretic studies along the South West peninsula of Great Britain 

(Day, 1990), where the distribution of the karyotypes is best recorded, 

have revealed a marked degree of clinal and population differentiation 

for certain loci (Fig. 3.1), along with strong linkage disequilibrium 

between specific alleles at two of these: Malate dehydrogenase-1 (MDH- 

1) and Esterase-3 (EST-3). Although not empirically demonstrated, 

enzyme polymorphisms and MDH-l/EST-3 linkage appear to co-vary with 

shores reported to be of high chromosome number (Day, 1988). However, 

although populations on these shores have been shown to demonstrate 

phenotypic variation, no consistent relationships between genetic 

composition, phenotype and environment have been reported due to the 

reliance upon local correlations rather than experimental 

investigation.
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FIG. 3.1.

Allele frequencies at the four clinally varying loci (EST-3, 
LAP-2, MDH-1 and PEP-2) described by Day (1990). The location 
of Start Point and the three sample sites used in this study, 
sites 7, 8 and 15 (Chapters 3 and 4), are indicated on the 
allele frequency graph for LAP-2. Reproduced from Day (1990).
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Due to the extent of phenotypic and genetic variation that has been 

described for Nucella, Nucella is rapidly being adopted as a role model 

for adaptation to life in the intertidal zone. As a consequence it is 

becoming paramount to distinguish ecophenotypic from genetically 

controlled phenotypic variation. Despite the absence of direct 

phenotypic relationships with genetic composition in the studies of 

Bantock and Cockayne (1975) or Day (1990), the existence and 

visualisation of shore specific genetic differentiation both suggests 

that a study of phenotypic differentiation may be tenable, and 

provides a basis for a mechanism determining whether genetic variation 

represents differentiation for shore specific phenotypic traits or 

simply the outcome of stochastic processes such as genetic drift. To 

these ends, this study focuses upon laboratory culture from hatching, 

of two populations of Nucella that are approximately 200m apart and 

described to represent 'sheltered' and ’exposed' conditions (Day, 1990) 

within the region of genetic and karyotypic polymorphism described by

Bantock and Cockayne (1975) and Day, (1990). Employing the directNT ^lifeAcyclej of Nucella to rear a laboratory population, that from the 

point of hatching is unnaffected by the environment, will allow any

observed phenotypic differences between populations to be attributed to 

genetic variation. Conversely, characteristics reported to vary between 

natural populations but found to be invariate in this study, must 

necessarily represent either ecophenotypic variation or be genetically 

based but only expressed in response to environmentally induced 

developmental cues.
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The aim of this study therefore is to investigate the genetic basis of 

phenotypic variation. However, it is also hoped that the experimental 

design will permit a re-evaluation of the multi-locus heterozygosity 

(H) and fitness phenomenon examined (albeit unsuccessfully) in the 

first chapter, but widely reported elsewhere amongst marine 

invertebrates (Zouros and Foltz, 1987 and refs therein). Attempts to 

investigate this relationship in species of marine mollusc other than 

sessile filter feeders, whether motile filter feeders (Volchaert and 

Zouros, 1989) or active predators (Garton, 1984; Chapter 1, this 

thesis) have been unsuccessful, drawing into question the generality of 

the H/fitness phenomenon. Rarely however, are unssuccessful studies 

repeated, and even fewer have attempted a comparison between the two 

main hypotheses, associative overdominance or direct involvement 

(Zouros and Mallet, 1989), that attempt to explain these H 

associations.

There is a growing body of evidence that now supports the argument that 

electrophoretic loci are not necessarily selectively neutral (for 

example Pemberton et al (1988)). These studies, combined with those 

that demonstrate only specific loci, associated with certain metabolic 

pathways, to be important in H and growth relationships, suggest that 

if loci are directly involved in fitness effects, measuring 

heterozygosity per se, at least in outcrossing populations, may be 

redundant. Success in previous investigations involving random H may 

simply be attributable to the selection of fortuitous combinations of 

appropriate loci. The alternative explanation, where H is taken to 

represent heterosis and is therefore intimately associated with the
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breeding structure of the population, is not invalidated by these 

studies upon outcrossing populations. If true heterosis (the antithesis 

of inbreeding depression) occurs in natural populations it should only 

be detected in those in which inbreeding is more common, or where 

background levels of heterozygosity are reduced due to past history 

events such as founder effects or population bottlenecks. Species with 

putatively large outcrossing populations (for example, planktotrophic 

filter feeders) would not be expected to demonstrate heterosis.

A method of distinguishing between these two hypotheses is to compare H 

relationships between un-related individuals and among families of full 

sibs. Full sibs share a common genetic background and therefore level 

of inbreeding. Relationships between H and fitness among full-sibs must 

therefore be due to the loci under study. Existence of a H/fitness 

relationship among unrelated individuals but absence of a similar 

relationship among sibs argues strongly for associative overdominanee. 

This theory has already been evaluated in white tailed deer twins 

(Leberg and Smith, 1990) and families of trout (Leary et al, 1987) but 

with conflicting results. This study into phenotypic variation within 

Nucella involves the laboratory rearing of families of sibs in order to 

permit estimation of the variance components of genetically determined 

phenotypic variation. At present, there is no information available 

regarding the relatedness of Nucella sibs within a single egg capsule. 

If electrophoretic analysis indicates that members of a family are full 

sibs, the associative overdominance versus the direct involvement 

hypothesis can be examined using the approach discussed above.
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3.2 MATERIALS AND METHODS

3.2.1 Rearing of Juvenile Nucella.

Fifty and fifty five egg capsules were ̂ returned/to the laboratory from 

each of two shores (locations 7 & 8 (Day, 1990)) putatively suggested 

to represent 'sheltered' (O.S. ref. SX 802371) and 'exposed' (O.S. ref. 

SX 805370) conditions within the area of known genotypic and 

chromosomal polymorphisms (Bantock and Cockayne, 1975; Day, 1990).

Capsules were collected from these two shores in April 1988, and to

ensure rapid hatching only eggs in which juveniles were at an advanced

stage of development were^returned/ to the laboratory. In order to 

obtain as representative a sample of the population as possible, egg 

capsules were collected from several localities on the shore. Where 

more than one capsule was removed from a single mass spawning cluster 

the likelihood of relatedness was minimised by only taking capsules 

from opposing sides of the cluster. Since egg capsules laid by the same 

female tend to be joined to the same basal proteinaceous pad, and are 

therefore recognisable, it was considered that this sampling strategy 

virtually removed the chance of capsules being related. To compare any 

differences in phenotypic traits observed betwen the two populations a 

third laboratory population of five capsules from a genetically 

isolated stock at Porlock Weir in the Bristol Channel (O.S ref. SS

858487) was also established.

In the laboratory each capsule was placed, along with » 30g of juvenile
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Mytilus edulis size range * 2 - 5mm, into Polypropylene Toby Teaboys 

(Aldridge Plastics Ltd. Aldridge, West Midlands). Each Teaboy consists 

of a Polypropylene cage assembled from two snap-together halves, with a 

224/im Polypropylene mesh bonded to the cage ribs. Teaboys were 

individually numbered for future recognition and placed into non-tidal 

seawater tanks (Plate 3.1). They were subsequently inspected daily to 

record the date of hatching of each egg capsule. From the date of 

hatching, each Teaboy (now containing a family of full or half sibs), 

was reared for a total period of 5 months. During this time the only 

disturbance was the removal of consumed prey and the addition of fresh 

Mutilus at two week intervals. All Mytilus supplied during the course 

of the experiment were collected from Whitsand Bay (O.S. ref. SX 

390523) at least two weeks prior to feeding, and maintained during this 

time non-tidally within the laboratory. To ensure that no 'foreign' 

Whitsand Nucella were introduced to the Teaboys with the food, the 

Mytilus were thoroughly washed under tap water and then individually 

inspected. At the same time as feeding, the Teaboys were also cleaned 

exteriorly using a bottle brush to remove any surface algae that had 

accumulated that might affect water movement across the mesh. Whitsand 

Bay was chosen as a food source in this experiment for two specific 

reasons, firstly there is an abundance of Mytilus, and secondly, 

Nucella genotype frequencies at Whitsand are very different to those of 

the 'sheltered' shore chosen for this study (Table 3.1). Upon 

electrophoresis at the end of the experiment it should therefore be 

possible to estimate whether a significant proportion of foreign 

Nucella had been introduced which would influence the genotypic 

analyses.
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PLATE 3.1

Toby Teaboys used for rearing families of juvenile Nucella.
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TABLE 3.1 (continued on page 150)
Allele frequencies for the two parent Nucella populations (sites 7 and 

8; Day, 1990) representing the ’exposed' and ’sheltered' shores from 

which egg capsules were retreived for this study (data ̂ s/^taken from 

Day, 1990; MPI was not included in this study). Allele frequencies are 

also given for Nucella from Whitsand bay, the shore used as the source 

of juvenile Mytilus (allele frequencies taken from Day and Bayne, 

1988).

Locus Allele Exposed Sheltered Whitsand

PGM-1 9 0.107 0.105 0.058

10 0.893 0.895 0.936

11 0 0 0.006

PGM-2 8 0.036 0 0

9 0.071 0.105 0.126

10 0.893 0.895 0.863

11 0 0 0.011

PEP-1 10 0.961 0.895 0.910

11 0.039 0.105 0.090

LAP-2 9 0.071 0.211 0

10 0.929 0.789 1.000 *
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TABLE 3.1 cont'd.

Locus Allele Exposed Sheltered Whitsand

LAP-1 10 0.964 0.868 1.000

11 0.036 0.132 0

MDH-1 9 0.071 0.500 0

10 0.929 0.474 1.000

11 0 0.026 0

EST-3 9 0.071 0.447 0

10 0.929 0.553 1.000

* Personal observation.
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3.2.2 Chromosomal Analysis

The association between karyotype and electrophoretic variation 

reported for Nucella (Day, 1990) has been by correlation of genotype 

with previously published reports of chromosomal variation (Bantock and 

Cockayne, 1975). It is therefore necessary to establish that the two 

shores do differ in karyotype or karyotype frequencies. In previous 

studies of karyotypic variation within Nucella, either mature testis 

(Staiger, 1954; Hoxmark, 1970; Bantock and Cockayne, 1975) or crushed 

whole egg capsules (Bantock and Page, 1976; Page, 1988) have been used 

as a source of chromosomal material. Both of these methods have 

disadvantages; testis material yields a very low number of suitable 

metaphase spreads, and using whole capsules means that individuals are 

pooled. Since mitotic cells are most prevalent in actively growing 

tissues, it was decided to develop a technique for analysis of 

individual encapsulated juveniles. If this approach proved successful 

it should, given that each egg capsule contains « 15 juveniles, provide 

a rapid technique for future assessment of the karyotypic constitution 

of populations.

For karyotype analysis, capsules were taken in which embryos could be 

obesrved, but in which development was still at the pre-shelled stage. 

Individual capsules were dissected under filtered seawater (FSW) by 

making a longitudinal incision in the capsule wall. Excapsulated 

embryos were then transferred by pipette into 10ml glass vials in which 

all the subsequent steps were performed. FSW was removed and replaced 

by 0.05% colchicine (in FSW) to disrupt mitosis and condense the
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chromatids. The optimum exposure to colchicine to give suitable 

condensation was found to be one hour after which the colchicine 

solution was then replaced by the following series of hypotonics:

Hypotonic 0.075M KC1 F.S.W Time (min)

A (*2) 1 2 15 (*2)

B 2 1 15

C (*2) 1 0 15 (*2)

Hypotonic (C) was then replaced with Carnoy's fixative (3 parts ethanol 

: 1 glacial acetic acid) for one hour. Slides used for analysis were 

thoroughly cleaned using ethanol and lanolin free tissue. One 

juvenile/slide was then placed in 3 drops of 60% glacial acetic acid 

and crushed, using the tip of a small spatula, to create a cell 

suspension. Slides were then transferred to a hot plate (temperature 

60°C) and the cell suspension allowed to round up with the cells 

migrating to the perifery of the drop. The drop was then pippetted off 

and returned to another part of the slide and the process was repeated 

until all the glacial acetic acid had evaporated. Slides were then left 

to dry overnight and subsequently stained for 9 minutes in 10% Giemsa 

in Gurr buffer pH 6.8 and rinsed under running tap water.

3.2.3 Phenotypic Analysis

3.2.3.1 Measurements of Growth

Growth was determined once at the end of the 5 month rearing period. 

Size at this point was taken to reflect differences in growth and was
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measured in terms of shell length, aperture length, total weight, shell 

weight and tissue wet weight. Techniques used to determine growth were 

similar to those described in Chapter 1, with the exception that due to 

a significant 'balance' and population effect upon the estimation of 

shell weight from immersed weight (Fig. 3.2), seperate regression lines 

were calculated for each population. Slopes (population effects) of 

these regression lines were constant within, but differed between, 

populations. Intercepts (balance effects) increased by a constant 

factor (step increment) at each lOOmg. The regression equations and 

intercept increments used to determine shell weight from immersed 

weight for the two populations are given below.

'Sheltered' shore

S - 1.656 ± 0.0311 + 6.5*10“4 ± 0.0018n m

Step increment - -0.021 ± 0.0032

'Exposed' shore

S - 1.477 ± 0.0411 - 9.6*10~4 ± 0.0029n d

Step increment - -0.0092 ± 0.0037

Where Sn - Nucella shell weight and Ib - immersed weight. The step 

increment was added to the intercept value for every lOOmg of immersed 

weight.

153



FIG. 3.2.

Shell weight against immersed weight for the subsequent 
determination of shell weight using the method developed by 
Palmer (1982). Significant differences were observed between 
'exposed' site 7 and 'sheltered' site 8 juveniles in the 
slopes of the regression equations. In addition, a 
significant step increment/balance effect was evident every 
lOOmg (arrowed). Regression equations are given in text.

NOTE.

Although colours will not be referred to in the figure 
legends, from hereon, the 'exposed' (squares) and 'sheltered' 
(triangles) populations are colour coded blue and red 
respectively.
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3.2.3.2 Measurement of Morphological Variation

Shell shape and shell thickness, due to the now accepted reports of 

differentiation of these characteristics between shore types, were 

chosen as the phenotypic variables to determine whether shore specific 

differentiation occurred between these populations and if so whether it 

was of genetic or ecophenotypic origin. Shell shape was analysed using 

the parameters described by Raup (1966) and previously applied to 

LLttorina saxatilis by Newkirk and Doyle (1975) . Raup defined 4 

parameters to describe and model the shape of the gastropod shell: i) 

the rate of whorl expansion W, ii) the translation rate T of the 

generating curve along the coiling axis, iii) the shape S of the 

generating curve (aperture circularity), and iv) the position D of the 

generating curve relative to the coiling axis. For Nucella D - 0 . 

Parameters W, S and T were measured using a Kontron Image Analyser with 

IPS System Software. Parameters were determined according to Fig. 3.3. 

W was measured on both sides of the shell and averaged; it is 

equivalent to the ratio of a point on one whorl to the corresponding 

point one revolution before. T was estimated and does not reflect a 

direct measure of translation rate; rather, it measures the pointedness 

of the shell and is equivalent to the cotangent of half the apical 

angle. Under this system T is approximately half the value determined 

by Raup and was estimated as the ratio of Y (14)/R(14) and averaged 

over the four measured radii. S was estimated by Feret diameters taken 

over the whole aperture area and again averaged to give an estimate of 

S that varies from 0 to 1; the closer to 1 the more circular the 

aperture. In total, the shape parameters W, S and T were measured for 

22 families (235 individuals), 11 randomly selected from each of the

156



FIG. 3.3.

Diagram showing the measurements made for the analysis of 
shell shape using Raup’s shell shape parameters (Raup, 1966) 
and length:aperture ratios : L/Ap (Crothers, 1985). The point 
of measurement of shell thickness is also indicated (arrow). 
Raup's shell shape parameters were determined following 
Newkirk and Doyle (1975). Whorl expansion rate, W - (R2/R1 + 
R4/R3)/2; Translation rate T - (Yl/Rl + Y2/R2 + Y3/R3 + 
Y4/R4)/4 and Aperture circularity S - A (for measurement of 
'A' see text). For calculation of L/Ap ratios, shell length 
(mm) was measured between XI and X2 and aperture length (mm) 
between X3 and X4.
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'sheltered' and 'exposed' laboratory populations. All five families 

from the comparison 'Porlock' population were measured. To examine the 

influence of 'environment' upon shell shape, W, S and T were also 

determined for each of the parent populations using adult Nucella 

collected from the shore (n - 28 'sheltered' and n - 30 'exposed').

3.2.3.3 Statistical Analysis of Shell Shape Variation

Parameters W, S and T were compared between populations by oneway 

analysis of variance. For the two 'sheltered' and 'exposed' laboratory 

populations nested analysis of variance with shore type as group effect 

and families as sub groups was employed to determine the magnitude of 

the variance attributable to the different levels of variation. To 

further examine the degree of differentiation between the 'sheltered' 

and ’exposed' laboratory reared juveniles, discriminant analysis was 

performed using all three shell shape parameters. Discriminant analysis 

classifies observations into two or more groups based upon either 

linear or quadratic functions calculated by producing a new variable 

which is itself a function of the measured variables. This form of 

analysis is commonly used for taxonomic identification when new 

individuals need to be assigned to known groups. In this study, the 

discriminant function obtained for the juveniles was used to reallocate 

these individuals to their previous groups, assuming no a priori 

classification. The computed proportion of individuals that are 

correctly assigned to their groups then provides an estimate of the 

true group differences. The discriminant function derived for juveniles 

was then applied to classify the 'shore reared' adults and vice versa 

with the discriminant function derived from adults used to classify the
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juveniles. Under this system, the computed proportion of correctly 

classified individuals provides an estimate of the effect of 

environment on these characteristic and of their phenotypic plasticity.

3.2.3.4 Measurement of Shell Thickness

Studies that have reported differences in shell growth between shore 

types have used adult Nucella, measuring either aperture lip width 

(Crothers, 1983) or rates of shell growth upon return to the laboratory 

(Geller, 1990; Nucella emarginata) . To investigate whether shell 

thickness has a genetic basis it was measured in this study for a 

subset of the laboratory reared juveniles. The previously used 'lip 

width' was considered unsuitable for the purposes of this study as it 

represents the advancing edge of the growing shell and therefore does 

not reflect true shell thickness. To obtain an estimate of shell 

thickness the shell was broken open on the body whorl directly opposite 

the aperture (Fig. 3.2), and the thickness at this point measured under 

a dissecting microscope using an eye piece graticule. For comparison 

between populations the estimates of shell thickness were then related 

to both measures of length and total weight.

3.2.3.5 Electrophoretic Determination of Genotypes

Genotypes for all laboratory reared juveniles, were determined for 8 

polymorphic electrophoretic loci: Phosphoglucomutase-1 and

Phosphoglucomutase-2 (PGM-1 and PGM-2 respectively, E.C. 2.7.5.1), 

Peptidase-1 (PEP-1, E.C. 3.4.11), Leucine-aminopeptidase-1 and Lecuine- 

aminopeptidase-2 (LAP-1 and LA.P-2 respectively, E.C. 3.4.11), Mannose
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phosphate isomerase (MPI, E.C. 5.3.1.8), Malate dehydrogenase (MDH-1, 

E.C. 1.1.1.40) and Esterase-4 (EST-3, E.C. 3.1.1.1). Protocol for 

electrophoresis with the exception of LAP-2, for which buffers and 

staining solutions were identical to those used for PEP-1, is given in 

Day (1990). All loci apart from EST-3 for which digestive gland was 

used, were assayed using homogenates obtained from pedal tissue. 

Nomenclature of electromorphs was as for Chapter 1; in all cases the 

common allele was denoted '10' with other alleles named with respect to 

mobility compared to the common allele.

3.2.3.6 Statistical Analysis of Shell Shape and Genotype

The two 'sheltered' and 'exposed' populations are genotypically 

differentiated at several of the studied loci (Day, 1990). To examine 

the influence of genotype upon morphological characteristics, 

multivariate analysis was used to test for associations between the 

three dependent variables W, S and T and the independent effects, 

single locus genotypes. All genotypic analyses were restricted to the 

two common homoyygotes and the common heterozygote. Since other 

genotypes occurred only at very low frequencies their exclusion was not 

considered to constrain the analyses. Due to the genetic 

differentiation between populations, 'population' was first included as 

an independent effect in all univariate and multivariate analyses.

3.2.3.7 Statistical Analysis of Growth and Heterozygosity

Direct analysis of the effect of genetic variation upon growth rate was 

prohibited by a significant 'family' effect that could be explained by
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the number of siblings within a family/Teaboy. Analysis of genetic 

effects upon growth were therefore based upon only the extreme 

individuals within each family. To this end, individuals in each family 

were ordered with respect to final size, with four rank orders produced 

based upon each of the four measures of growth (length, total weight, 

shell weight and tissue weight). In the first instance, for each 

measure of growth, the three largest and three smallest individuals 

were selected from each family and allocated into two size classes 

'large' and 'small' but while retaining family status. Average 

heterozygosity within each of the two size classes, summed for each 

individual over the 8 assayed loci, was then calculated for each 

family. Paired comparisons t-tests were then used to test for 

differences in H between the two groups across all families. The null 

hypothesis (HQ) for this test is that no overall difference exists in 

mean H between the two size classes and assumes no H, growth and family 

size interactions. This analysis was then repeated for single locus 

heterozygosity, each locus represented as either 0 (homozygous state) 

or 1 (heterozygous state) , the HQ being that there is no overall 

difference in mean single locus heterozygosity between size classes.

3.2.3.8 Statistical Analysis of Growth and Single Locus Genotype

In contrast to the analysis of H effects above, there is no similar a- 

priori expectation of rank order between different genotypic classes. 

Paired comparisons t-tests are therefore an inappropriate form of 

analysis for single locus genotypic data. Although leading to a loss of 

statistical power, Chi-square analysis was employed to examine for 

effects of genotype upon growth. Individuals within each family were
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again ranked according to size and the three largest and three smallest 

selected from each family but without retaining family status. 

Contingency tables were then produced to compare the frequency of each 

genotypic class in the two size classifications.

As a quasi-independent test of both the H and single locus genotype 

analyses, both were repeated but for the four largest and four smallest 

members within each family. In order to prevent the same individuals 

whithin a family being included in both size classes, families in which 

the number of juveniles was less than eight were excluded from the 

analysis. This resulted in the removal of 25 families (13 sheltered 

and 12 exposed) from the data set.

3.3 RESULTS

3.3.1 Shore Specific Chromosomal Variation

The technique developed for the chromosomal analysis of juveniles was 

highly successful in that it gave high numbers (>30 per slide) of good 

quality metaphase spreads. Representatives of these from the two 

populations used in the study are shown in Plates 3.2a and 3.2b. 

Unfortunately there was insufficient time to use the technique to 

further investigate the nature of the chromosomal polymorphism within 

Nucella. However, it did provide a suitable estimate of the karyotypic 

differentiation of the two study populations. Mean chromosome numbers 

for these (determined from a single individual from each of 8 capsules 

from each shore type) were found to be 34 ± 1.04 and 27.37 ± 0.73 for
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PLATE 3.2a

Typical chromosome spread from site 7: 2n«27, low number of acrocentric 
chromosomes.

PLATE 3.2b

Typical chromosome spread from site 8: 2n-35, high number of
acrocentric chromosomes.

Note Plates 3.2a and 3.2b not to same magnification.
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the 'sheltered' and 'exposed' shores respectively. Neither population 

was found to be karyotypically monomorphic, however, the mean 

chromosome number differed significantly between the two shores.

3.3.2 Toby Teaboys: A Method for Rearing Nucella. Sibshlps

Although results from Chapter 1 demonstrate that under suitable 

conditions juvenile mortality within the laboratory (from a length of « 

10mm) is negligible, mortality rates from hatching to this size are 

unknown. For this reason, assuming that mortality may exceed 50%, 50+ 

capsules were collected from each shore to ensure sufficient juveniles 

for genetic analysis. Although the number and size of 

juveniles/capsule has been shown to be shore dependent, each Nucella. 

capsule typically gives rise to « 15 juveniles (Etter, 1989). Mortality 

rates of hatchlings were negligible with a total of 582 and 834 

juveniles (48 and 54 families for the 'sheltered' and 'exposed' 

populations respectively) surviving the 5 months of the experiment. 

Histograms representing the distribution of the number of individuals 

in each family are presented in Figs. 3.4a and 3.4b. Mean number of 

surviving individuals/family was found to be significantly greater 

(Pr>t 0.0092) for the 'exposed' population (15.4 juveniles/family) than 

for the 'sheltered' population (12.1 juveniles/family). Histograms of 

the distributions of final size for both length and total weight are 

given in Figs. 3.5 (a & b) and 3.6 (a & b) respectively. Since families 

were reared within enclosed containers each with a finite food supply, 

there was as might be expected, a significant effect of the number of 

individuals within a family/Teaboy upon both mean family size (Figs.
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3.7a-3.7d; length or weight measures) and on total biomass (total 

weight production : mg) summed over all individuals within each family 

Fig. 3.8. The latter graph suggesting that under the food regime/size 

constraints within the Teaboys the optimum family size for individual 

growth is approximately 15 juveniles, total biomass production 

approaching a plateau after this point.

3.3.3 Shore Specific Phenotypic Variation

3.3.3.1 Growth

A number of studies have investigated and described shore specific 

variation in life history strategies, particularly growth rates (Etter, 

1989). It was hoped that an outcome of this laboratory investigation 

would be to determine whether differential growth rates existed between 

the ’sheltered' and ’exposed' populations chosen for this study. For 

two reasons however, this was not directly possible. Firstly shape 

differences observed between the populations were of far greater 

magnitude than anticipated (see below), and secondly the influence of 

the number of sibs within a family upon growth prevented direct 

comparisons of size either across families or between populations. 

Despite these confounding effects, growth differences were still 

observed (Figs 3.7a to 3.7d); for a given number of individuals in a 

family the mean size achieved (weight) was smaller for the 

’sheltered' than for the ’exposed' population, suggesting either slower 

growth for the ’sheltered' population or a greater ’crowding effect' at 

a given density. If this result is due to slower growth rather than
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FIG. 3.4a.

Frequency distributions of the number of surviving juvenile 
Nucella. per egg capsule for the 'sheltered' site 8 
population.

FIG. 3.4b.

Frequency distribution of the number of surviving juvenile 
Nucella per egg capsule for the 'exposed' site 7 population.
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FIG. 3.5a.

Frequency distribution of shell lengths (mm) 5 months after 
hatching, of laboratory reared juvenile Nucella from the 
'sheltered site 8.

FIG. 3.5b.

Frequency distribution of shell lengths (mm) 5 months after 
hatching, of laboratory reared juvenile Nucella from the 
'exposed' site 7.
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FIG. 3.6a.

Frequency distribution of total weights (g) 5 months after 
hatching, of laboratory reared juvenile Nucella from 
'sheltered' site 8.

FIG. 3.6b.

Frequency distribution of total weights (g) 5 months after
hatching, of laboratory reared juvenile Nucella from 
'exposed' site 7.
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FIGS. 3.7a. and 3.7b.

The effect of the number of juveniles per family on the mean 
size of individuals within a family, measured as shell length 
(Fig. 3.7a) or total weight (Fig. 3.7b). Also demonstrated is 
the difference between ’exposed' site 7 (squares) and 
’sheltered' site 8 (triangles) juveniles in size 5 months 
after hatching. For a given number of juveniles per family 
the ’exposed' site 7 individuals achieved a larger mean size.

174



19 -

18 -

17 -

16-

1 4 -

13-

1 2 -

1 0 -

0 5 10 15 20 25 30

Num ber of ju v e n ile s /fa m ily

FIG. 3.7a

0 .9 -

0.8 -

0.6 -

- 0 . 4 -

c 0 .3 -

0 .2 -

o.o-
0 5 10 15 20 25 30

N um ber o f ju v e n ile s /fa m ily

FIG. 3.7b

175



FIGS. 3.7c and 3.7d.

The effect of the number of juveniles per family on the mean 
size of individuals within a family, measured as shell weight 
(Fig. 3.7c) or wet tissue weight (Fig. 3.7d). Also 
demonstrated is the difference between ’exposed' site 7 
(squares) and ’sheltered' site 8 (triangles) in size 5 months 
after hatching. For a given number of juveniles per family 
the ’exposed' site 7 individuals achieved a larger mean size.
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FIG. 3.8

Comparison of the effect of the number of juveniles per 
family on the total family biomass (summed total weights) 
between ’exposed' site 7 (squares) and 'sheltered' site 8 
(triangles).

178



Fa
m

ily
 

w
ei

gh
t 

: 
m

g

10.0 -

9.5 : 
9 .0 -  
B.5 - 
8.0 :
7.5 :
7.0 :
6 .5  :
6.0 :
5.5  :
5.0 :
4.5 ^
4.0 :
3.5 •
3.0  - 
2 .5 :
2.0 -

0.5  -
o.o-

0 5 10 15 20 25 30

Num ber of juveniles in fam ily

F I G .  3 . 8

179



crowding, and, the shore types are accurately classified (as would be 

suggested by the morphological analysis below) then these results are 

contrary to previous published reports of life history strategies

i(Etter, 1989).
l\

3.3.3.2 Morphological Variation

The two populations when reared under identical laboratory conditions

/exhibited dramatically different morphologies that could only be due to 

genetic differentiation for these characteristics. This differentiation 

is perhaps best demonstrated by means of a 3-dimensional scattergram 

of the three measured shell shape parameters (Fig. 3.9). Mean estimates 

of W, S and T for these juveniles along with similar estimates for 

adults retreived from the shore are given in Table 3.2. The ’exposed' 

shore population is characterised by a high aperture circularity (S), 

high whorl expansion rate (W) and low value of T. In contrast, the 

opposite holds for the 'sheltered' population which exhibits a low 

whorl expansion rate If and aperture circularity S and high T. Values of 

W, S and T for the laboratory reared Porlock population are given in 

Table 3.3, with all three laboratory populations presented in a 

combined scattergram in Fig. 3.10. Contrasting these three populations 

reveals a degree of independence between the three shape parameters. 

For this reason either selection or genetic drift can be suggested to 

have occurred for these features seperately, or alternatively, they 

must each independently covary with other aspects of phenotype. If 

values of the parameters represent the outcome of selection pressures 

they may integrate to produce an adaptive phenotype.
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TABLE 3.2
Shell shape characteristics for the two laboratory reared populations 

of juveniles and for field adults. Shell shape parameters: W, whorl 

expansion rate; T, translation rate; and S, aperture circularity, after 

Raup (1966). All values are means ± 2.S.E.

JUVENILES ADULTS

’Sheltered' ’Exposed' ’Sheltered' ’Exposed'

_________ n-104______ n-131_________ n—28_______ n—30____

W 1.92±0.01 2.1410.02 2.1510.06 2.2910.07

T 1.3410.03 1.0210.01 1.2210.04 1.0210.05

S 0.6210.005 0.6910.005 0.6810.01 0.7310.07

TABLE 3.3

Shell shape characteristics for laboratory reared juvenile Nucella from 

Porlock Weir. W, S and T have similar meanings as Table 3.2 (n=62)

Parameter Mean 1 2.S.E 

W 1.9910.02

T 1.1710.03

S 0 .7010.005
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FIG. 3.9.

3-D Scattergram depicting shell shape variation between the 
two laboratory reared populations: ’exposed' site 7 (squares) 
and ’sheltered' site 8 (triangles). W - Whorl expansion rate, 
S - Aperture circularity, T *= Translation rate (after Raup, 
1966). Mean shape parameters are significantly different 
(Table 3.2).

FIG. 3.10.

3-D Scattergram depicting shell shpae variation for the three 
laboratory reared populations: ’exposed' Site 7 (squares),
’sheltered' site 8 (triangles) and Porlock Weir (circles). W 
— Whorl expansion rate, S - Aperture circularity, T - 
Translation rate (after Raup, 1966). Mean shape parameters 
are significantly different (Tables 3.2 and 3.3).
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The degree of genetic differentiation is demonstrated by the results of 

the analyses of variance and the discriminant analyses. Oneway analysis 

of variance for population effects and the calculation of the among 

population variance components for the adults is given in Table 3.4 and 

a scattergram presented in Fig. 3.11. Nested analysis of variance for 

the two laboratory reared populations of 'sheltered' and 'exposed' 

families is given in Table 3.5. Among the laboratory reared juveniles 

the three shape parameters behave similarly with respect to 

partitioning of variance components (nested analysis), most variation 

in W, S and T occurring between populations with only small among 

family variance components. While aperture circularity maintains a 

small within group variance component, oneway analysis of variance of 

the parent populations revealed considerable within population variance 

compared to the between population component for whorl expansion and 

translation rate, suggesting that of the three shape parameters, 

aperture circularity is the least variable within populations.

In the discriminant analysis of the two laboratory reared populations 

the homogeneity of the within group covariance matrices was found to be 

significantly different at the 0.10 level (Chi-square analysis). For 

calculation of the discriminant function, within group covariance 

matrices were therefore used and a quadratic classification criterion 

was adopted. In contrast, and possibly due to the smaller sample size, 

the homogeneity of the within group covariance matrices were not 

significantly different for the adult Nucella. In this case, pooled 

covariance matrices were used for calculation of the discriminant 

function and a linear classification criterion adopted. Group 

differences were then demonstrated by the proportion of correctly re-
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TABLE 3.4
Oneway analysis of variance for adult shell shape variaton. Groups - 

populations ('sheltered' or 'exposed'). Shell shape parameters after 

Raup (1966).

Whorl Expansion Rate W 

Source of df SS 

Variation

MS Pr>F Variance Percent of 

________Component Variation

Among Groups 1 0.28 0.28 8.38

Within Groups 56 1.89 0.034

Total 57 2.17

0.0054 0.0086 21.2
79.8

Translation Rate T

Source of df SS 

Variation

MS Pr>F Variance Percent of 

_______ Component Variation

Among Groups 1 0.57

Within Groups 56 0.90

Total 57 1.46

0.57 35.51 0.0001 0.019 54.4

0.016 45.6

Aperture Circularity S 

Source of df SS 

Variation

MS Pr>F Variance Percent of 

_______ Component Variation

Among Groups 1 0.041 0.041 61.9

Within Groups 56 0.037 0.0007

Total 57 0.077

0.0001 0.0014 66.6

33.4
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FIG. 3.11.

3-D Scattergram depicting adult shell shape variation between 
the two populations: 'exposed' site 7 (squares) and
'sheltered' site 8 (triangles). W = Whorl expansion rate, S « 
Aperture circularity, T - Translation rate (after Raup, 
1966). Mean shape parameters are significantly different 
(Table 3.4).
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TABLE 3.5 (continued on page 189)
Nested analysis of variance and calculated variance components for 

shell shape variation of laboratory reared juveniles from the 

'sheltered' and 'exposed' shores, (group — population, sub-group — 

family). Shell shape parameters after Raup (1966).

Whorl Expansion Rate W

Source of df SS MS F Pr>F Variance Percent of

Variation Component Variation

Model 23 3.47 0.15 18.02 0.0001

Among Groups 1 2.91 2.91 113.41 0.0001 0.025 71.0

Among Sub-groups 22 0.56 0.026 3.06 0.0001 0.0018 5.1

within groups

Within Sub-groups 211 1.77 0.008 23.9

Total 234 5.24

Translation Rate T

Source of df SS MS F Pr>F Variance Percent of

Variation Component Variation

Model 23 6.74 0.29 27.05 0.0001

Among Groups 1 6.05 6.05 198.64 0.0001 0.052 80.2

Among Sub-groups 22 0.67 0.030 2.82 0.0001 0.0020 3.1

wilhin groups

Within Sub-groups 211 2.28 0.011 16.7

Total 234 9.003
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TABLE 3.5 cont'd.

Aperture Circularity S
Source of df SS MS F Pr>F Variance Percent of

Variation___________________________________________Component Variation

0.0001
0.0001 0.0025 80.6

0.0001 0.00014 4.6

14.8

189

Model 23 0.33 0.014 31.45

Among Groups 1 0.29 0.29 162.65

Among Sub-groups 22 0.039 0.002 3.92

within groups

Within Sub-groups 211 0.097 0.0005

Total 234 0.43



classified individuals based upon the derived discriminant function. 

The percents correctly reclassified according to groups are given in 

Tables 3.6a and 3.6b. Both populations, whether considered as 

juveniles or adults, were sufficiently different to be correctly re

classified to their respective populations based upon their separate 

discriminant functions. Results of applying the discriminant functions 

derived from each data set to assess the similarity of the laboratory 

reared juveniles to the shore reared adults and vice versa (to 

demonstrate environmental effects) are given in (Tables 3.7a and 3.7b).

The discriminant function derived from juveniles and applied to adults 

was less successful as a classification criterion than when applied to 

the original data, giving a high number of mis-classified 'exposed' 

individuals (adults). Likewise, the adult classification criterion 

applied to juveniles gave a high percentage of mis-classified 

'sheltered' individuals (juveniles). Failure of the discriminant 

functions can be taken largely to represent the shift in mean adult 

character values presumably due to phenotypic modification by the 

environment: shell abrasion etc. Abrasion could be expected to result 

in a rounding of the shell shape which would inevitably result in a 

greater change in mean character value for the 'sheltered' morph (tall 

narrow shell) than the exposed morph (already spherical). To 

demonstrate the effect of environment and enforce the underlying 

genetic differences, mean shell shape of adults should change following 

a period of growth in the laboratory. To this end, adults were 

collected from the shore and grown on for a 2 month period in the 

laboratory. This length of time was insufficient for them to complete a 

whole body whorl so instead of the parameters IV, S and T ,
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TABLE 3.6a
Between group differences demonstrated by the proportion of juveniles 

correctly reclassified to their original populations based upon the 

derived quadratic discriminant function.

Number of observations and percents 

classified into populations

From populations 

* Sheltered'

'Sheltered' 'Exposed'

99

95.19

5

4.81

Total

104

100.00

'Exposed' 1

0.76

130

99.24

131

100.00

Total 100

Percent 42.55

Prior probabilities 0.500

135

57.45

0.500

235

100.00
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TABLE 3.6b
Between group differences demonstrated by the proportion of adults 

correctly reclassified to their original populations based upon the 

derived quadratic discriminant function.

Number of observations and percents 

classified into populations

From populations 

* Sheltered'

'Sheltered' ’Exposed' Total

23

82.14

5

17.86

28

100.00

’Exposed' 1

3.33

29

96.67

30

100.00

Total 24

Percent 41.38

Prior probabilities 0.500

34

58.62

0.500

58

100.00
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TABLE 3.7a
Classification summary for the discriminant function derived from 

laboratory reared juveniles and applied to shell shape parameters 

determined for adults retreived from the shore.

Number of observations and percents 

classified into populations

From populations 

’Sheltered'

’Sheltered' ’Exposed'

10
35.71

18

64.29

Total

28

100.00

* Exposed' 0

0.00
30

100.00
30

100.00

Total 10

Percent 17.24

Prior probabilities 0.500

48

82.76

0.500

58

100.00
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TABLE 3.7b
Classification summary for the discriminant function derived from adult 

Nucella used to classify laboratory reared juveniles according to shell 

shape characteristics.

Number of observations and percents 

classified into populations

From populations 

Sheltered'

'Sheltered' ’Exposed' Total

104

100.00
0

0.00
104

100.00

'Exposed' 55

41.98

76

58.02

131

100.00

Total 159

Percent 67.66

Prior probabilities 0.500

76

32.34

0.500

235

100.00
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length/aperture (L/Ap) ratios (Crothers, 1985) were used as an estimate 

of shape. L/Ap ratios for the juveniles, adults from the field and for 

the same adults following a period of laboratory growth are given in 

Table 3.8. Following growth in the laboratory adult shell shapes were 

observed to more closely resemble the underlying genotypic differences 

exhibited by the juveniles. Although the change in mean L/Ap was 

statistically non-significant over this period of growth, the mean L/Ap 

values were more distinct and the standard error for sheltered adults 

was reduced. It is accepted that these initial results are only 

suggestive, (a longer period of laboratory growth than used here is 

probably necessary in order to measure shape changes using L/Ap ratios) 

however, these results can be considered in agreement with the 

suggestion that environment (shell abrasion) has a significant effect 

upon shell shape.

3.3.3.3 The influence of shape upon length : weight regression

The majority of field ecological studies investigate shore specific 

differentiation in growth or life history characteristics by using 

length; either as a direct measure for comparison of size e.g size at 

maturity (Etter, 1989), or growth, or for comparision of growth using 

length as the denominator in ratios (Etter, 1988). The differences 

observed in shape between the two populations used in this study and 

also reported to occur between several other species of intertidal 

gastropod, suggest that length may be an erroneous measure for 

population comparisons. This is adequately demonstrated by analysis of
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TABLE 3.8
Length:Aperture (L/Ap) ratios (Crothers, 1986) for laboratory reared 

and shore adults. L/Ap values for adults are given twice: firstly in

for field measurements (A) and secondly for the same individuals 

following a period of growth in the laboratory (B). Values are means ± 

2.S.E. The number of observations = 582 and 834 for laboratory 

sheltered and exposed juveniles respectively and 24 and 24 for adult 

sheltered and exposed.

Juveniles Adults

A B

Sheltered 1.34±0.003 1.37±0.034 1.38±0.026

Exposed 1.29±0.003 1.32±0.018 1.30±0.023
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covariance of length on weight for the juvenile data set which reveals 

significant differences in the regression equations for the two 

populations. These relationships, for each population, are given below 

(all values ± 2.S.E).

'Sheltered' shore

log10wn - 3.138 ± 0.0231og10Ln - 4.186 ± 0.026

loSioTn ~  3 *010 ± 0 •0281o&ioLn • 4 -364 ± °-032

log1QS - 3.277 ± 0.0281og10L - 4.625 ± 0.032A/ v

'Exposed' shore | O

\ /
loSiow„ - 3-lrt ± 0.0231og10Ln - 4.031 ± 0.026

" 3 010 + 0.0281og10Ln - 4.156 ± 0.032

l°610s„ - 3.277 + 0.0281og10Ln - 4.525 ± 0.032

Where Ln - length of Nucella (mm) and Wn, Tr and Sn - total weight (g) , 

tissue weight (g) and shell weight (g) respectively. Differences in 

intercepts reflect underlying shape differences between the two 

populations. In addition to population differences in length : weight 

relationships there were also significant population and size effects 

among the juveniles for the regression equations relating shell weight 

to tissue weight (Fig. 3.12, Tables 3.9a and 3.9b). Regression lines

for this relationship were determined using the non-linear 

parameterization proceedure (NLIN) within SAS. The point of change in 

slope occurs when tissue weight = 0.095 ± 0.021g ('sheltered') or 0.103
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FIG. 3.12.

The relationship between shell weight and tissue weight 
between the two populations of laboratory reared juveniles: 
'exposed' site 7 (blue squares), 'sheltered site 8 (red 
triangles). For regression equations relating shell weight to 
tissue weight see text and tables 3.9a and 3.9b.
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TABLE 3.9a
Non-linear least squares summary statistics for the estimation of 

slopes and intercepts for the regression equations relating shell 

weight to tissue weight for the sheltered shore phenotype laboratory 

reared juveniles. The regression equation up to a tissue weight of 

0.095 ± 0.021 is represented by S - B_.T + (B ,-(B, .B.)), after thisn 2 n 1 2 4

tissue weight the regression equation is represented by Sn — ®3*^n + 
(Bĵ -(B3.B4)) , where Tn and Sn represent tissue weight and shell weight 

respectively. In order to remove an increase in variance with size a 

weight factor of 1/Tn was included in the regression analysis

Source of df Weighted SS Weighted MS

Variation

Regression 4 94.62 23.66

Residual 567 1.36 0.0024

Uncorrected total 571 95.99

Corrected total 570 51.72

Parameter Estimate Asymptotic Asymptotic 95%

Std. Error Confidence Intervals

Bi 0.0996 0.0123 0.0755 0.124

B2 1.0441 0.0249 0.995 1.0931

B3 1.269 0.0149 1.240 1.299

B4 0.0955 0.0106 0.0746 0.116

2 0 0



TABLE 3.9b
Non-linear least squares summary statistics for the estimation of 

slopes and intercepts for the regression equations relating shell 

weight to tissue weight for the exposed shore phenotype laboratory 

reared juveniles. The regression equation up to a tissue weight of 

0.103 ± 0.02 is represented by Sn - ®2' n̂ + (Bi~(B2,B4̂  after this 
tissue weight the regression equation is represented by Sn - B3.Tn + 

(Bĵ -(B3.B4)), where Tn and Sn represent tissue weight and shell weight 

respectively. In order to remove an increase in variance with size a 

weight factor of 1/Tn was included in the regression analysis

Source of df Weighted SS Weighted MS

Variation

Regression 4 112.48 28.12

Residual 812 1.86 0.0023

Uncorrected total 816 114.33

Corrected total 815 44.80

Parameter Estimate Asymptotic Asymptotic 95%

Std. Error Confidence Intervals

Bi 0.0816 0.0104 0.0612 0.102

B2 0.795 0.0279 0.741 0.850

B 3 0.975 0.0123 0.951 0.999

B4 0.103 0.0115 0.0802 0.125
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± 0.022g ('exposed'). These equations are presented below.

'Sheltered'

Up to T of 0.095 ± 0.021r n

S - 1.04T - 0.6*10"5n n

From T of 0.095 ± 0.021n

S - 1.27T - 0.02n n

'Exposed'

Up to Tn of 0.103 ± 0.022

S - 0.79T - 1.6*10-4n n

From T of 0.103 ± 0.022n

S - 0.97T - 0.02n n

Where Sn and Tn are shell weight (g) and tissue weight (g) 

respectively. Population differences in the shell : tissue weight 

relationship must either reflect the underlying shell shape 

differences between populations, indicating a greater mass of shell 

material required to enclose a given tissue volume, or reflect 

differences in shell thickness.

3.3.3.4 Shell Thickness

Graphical presentation of the relationship between length or total 

weight and shell thickness is given in Figs 3.13a and 3.13b. Due to 

shape differences, there is a significant effect of length on shell 

thickness (Table, 3.10a) however, there are no similar differences 

between populations when comparing shell thickness to total weight 

(Table 3.10b). Contrary to previous studies reporting shell thickness

2 0 2



FIG. 3.13a.

The relationship between shell thickness and shell length in 
juvenile Nucella for the two laboratory reared populations: 
'exposed' site 7 (squares), 'sheltered' site 8 (triangles). A 
significant effect of length on shell thickness was observed 
between populations (Table 3.10a) but this was due to the 
relationship between length and shell shape.

FIG. 3.13b.

The relationship between shell thickness and total weight in 
juvenile Nucella for the two laboratory reared populations: 
'exposed' site 7 (squares), 'sheltered' site 8 (triangles). 
No significant relationship was observed between total weight 
and shell thickness (Table 3.10b).
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TABLE 3.10a
Summary statistics for the analysis of covariance for the effect of 

population on the relationship between length (mm) of Nucella and shell 

thickness (mm).

Source of 

Variation

df SS F-Value Pr>F R-square

Length 1 0.13 195.35 0.0001 0.71

Population 1 0.025 36.61 0.0001

Interaction 1 0.0028 4.18 0.0436

Error 98 0.067

Total 101 0.23

TABLE 3.10b

Summary statistics for the analysis of covariance for the effect of 

populations on the relationship between Total weight (g) of Nucella and 

shell thickness (mm).

Source of 

Variation

df SS F-Value Pr>F R-square

Length 1 0.16 220.22 0.0001 0.69

Population 1 0.000 0.00 0.99

Interaction 1 0.000035 0.05 0.82

Error 98 0.070

Total 101 0.23

205



to be greater for sheltered populations, in this study of laboratory 

reared juveniles shell thickness did not vary between populations even 

though they exhibited sheltered and exposed morphologies. These results 

suggest that differences observed in the relationship between tissue 

weight and shell weight (above) are most likely due to shape/surface 

area effects than to differences in thickness.

3.3.4 Genetic analysis

On the basis of electrophoretic analysis, the number of juvenile 

Nucella that could have been introduced with the food over the course 

of the experiment was considered minimal. In the 'sheltered' population 

only 17 individuals, occurring in 5 out of 50 families, were homozygous 

for the LAP-210 common allele that is monomorphic in the Whitsand 

population. Complete absence of LA.P10 common homozygotes in 45 of 50 

families suggests that introductions, in either population, are 

unlikely to be of any influence in the genotypic correlations that are 

given below. From simple presentation of allele and genotype 

frequencies it is also apparent that the two populations of reared 

sibships are genetically differentiated (Table 3.11a and 3.11b). 

Further, the association between MDH-1 and EST-3 alleles, first 

described by Day (1990), was found to be exclusive in this study. Of 

the 18 possible genotypic combinations only 5 were observed in this 

analysis of sibships. These genotjrpic combinations concur with all 

individuals examined to date (Day, pers. comm, and personal 

observations); the total number of Nucella (juveniles + adults) 

electrophoresed now exceedes over 2000 individuals, with only 6 MDH- 

l/EST-3 genotypic combinations have so far been reported (Table 3.12).
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TABLE 3.11a
Allele frequencies for the two laboratory reared populations of 

'sheltered' and 'exposed' sib-ships.

Locus Allele Sheltered Exposed

PGM-1 9 0.116 0.045

10 0.884 0.939

11 0 0.016

PGM-2 9 0.068 0.141

10 0.928 0.857

11 0.004 0.002

PEP-1 10 0.499 0.764

11 0.501 0.236

LAP-2 9 0.662 0.017

10 0.338 0.983

LAP-1 10 0.919 0.940

10.5 0.006 0.004

11 0.075 0.056

MDH-1 9 0.515 0.128

10 0.485 0.847

11 0 0.025

EST-3 9 0.515 0.128

10 0.485 0.872

MPI 9 0.497 0.645

10 0.503 0.354
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TABLE 3.11b (continued on page 209)
Genotype frequencies for the two laboratory reared populations of 

'sheltered' and 'exposed' sib-ships; only observed genotype frequencies 

are presented. Number of observations per locus similar to Table 3.11a

Locus Genotype Sheltered Expose<

PGM-1 10.10 0.772 0.892

9.10 0.077 0.067

9.9 0.001 0.011

10.11 0 0.027

11.11 0 0.003

PGM-2 10.10 0.862 0.728

9.10 0.132 0.257

9.9 0.002 0.013

10.11 0.004 0.001

11.11 0 0.001

PEP-1 10.10 0.952 0.624

10.11 0.046 0.278

11.11 0.002 0.097

LAP-2 10.10 0.032 0.966

9.10 0.644 0.034

9.9 0.323 0

LAP-1 10.10 0.840 0.883

10.11 0.145 0.108

11.11 0.002 0.003

10.105 0.013 0.006
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TABLE 3.11b cont'd
Locus Genotype Sheltered Expose<

MDH-1 10.10 0.068 0.704

9.10 0.287 0.239

9.9 0.645 0.008

10.11 0 0.046

9.11 0 0.003

EST-3 10.10 0.068 0.754

9.10 0.287 0.237

9.9 0.645 0.009

MPI 10.10 0.185 0.132

9.10 0.635 0.444

9.9 0.180 0.424

209



TABLE 3.12
Table giving the 18 possible and 6 observed (*) MDH-1 and EST-3 

genotype combinations.

MDH-1 EST-3

10.10 10.10 *

9.10 10.10

10.11 10.10

9.9 10.10

9.11 10.10

11.11 10.10

10.10 9.10

9.10 9.10 *

10.11 9.10 *

9.9 9.10

9.11 9.10

11.11 9.10

10.10 9.9

9.10 9.9

10.11 9.9

9.9 9.9 *

9.11 9.9 *

11.11 9.9 *

2 1 0



3.3.4.1 Shell Shape and Genotype

Multivariate analysis of variance was used to assess the effect of 

genotype on shell shape (W, S and T) for each of the studied loci with 

the exception of EST-3, which in all cases followed MDH-1 variation. As 

expected, multivariate analysis revealed a highly significant 

population effect which, due to identical rearing conditions, can only 

be explained by different genetic backgrounds. However, having removed 

population differences by inclusion as an independent effect in the 

analysis, a significant proportion of the remaining variation could be 

explained by genotype at the MDH-1 locus (Table 3.13, Fig. 3.14). 

Individuals homozygous for the MDH-1 '9' allele exhibited lower 

aperture circularities and translation rates. No similar genotypic 

effects were observed however between MDH-1 and whorl expansion rate.

3.3.4.2 Growth and Genotype

Although the rank order of sibs within each family changed slightly for 

different measures of growth, all statistical analyses gave similar 

results whether considering growth in length, or either of the three 

measures of weight; total weight, shell or tissue. Tabulated results 

for the effects of genotype on growth or for heterozygosity and growth 

(below) are therefore only presented for measurements of total weight.

Chi-square analysis was initially performed for the two populations 

combined and then, due to population differentiation in allele 

frequencies, upon each population separately. Results of these analyses 

are presented in Tables 3.14-3.16. A highly significant effect of

2 1 1



TABLE 3.13 (continued on page 213)
Multi- and univariate analysis of variance for the effect of MDH-1 

genotype upon shell shape variation. Shell shape determined using 

Raup's (1966) characteristics, W: whorl expansion rate, S: aperture

circularity, T: Translation rate.

Multivariate Analysis

Model: I / S T — Population ('sheltered'/'exposed'), Genotype (MDH-1), 

Genotype*Population

Statistic______ Value______ F______Num df______ Den df Pr>F

Hq1. No overall population effect

Wilks lambda 0.383 117.53 3 219 0.0001

Hq2. No overall genotype effect

Wilks lambda 0.861 5.64 6 440 0.0001

H03. No overall population*genotype interaction

Wilks lambda 0.999 0.026 3 219 0.9944

2 1 2



TABLE 3.13 cont'd

Variable

W

S

Univariate Analysis

Source of df SS F

variation

Population 1 

Genotype 2 

Population* 1 

Genotype

Total 225

Population 1 

Genotype 2 

Population* 1 

Genotype

Total 225

Population 1 

Genotype 2 

Population* 1 

Genotype

Total 225

2.92 293.66

0.022 1.09

0.0001 0.02

5.14

0.29 521.75

0.0099 9.06

0.00001 0.03

0.42

5.84 494.85

0.301 12.72

0.0001 0.02

8.76

Pr>F

0.0001
0.3372

0.8959

0.0001
0.0002
0.8598

0.0001
0.0001
0.8990
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FIG. 3.14.

3-D scattergram depicting the relationship between genotype 
at the MDH-1 locus and shell shape estimated using Raup's 
shell shape parameters (Raup, 1966). W - Whorl expansion 
rate, S — Aperture circularity and T - Translation rate. 
Genotypes: MDH-11Q (squares), MDH-lg (crosses) and MDH- 
lg (triangles). Multivariate analysis of the relationship 
between genotype and shell shape is given in Table 3.13.
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genotype on growth at the LAP-2 locus was evident among the 'sheltered' 

individuals. Low frequency of LAP-2g homozygotes prevented similar 

analysis for the 'exposed' population. LAP-2 exhibits clinal variation 

between sites (Fig. 3.1) and in populations polymorphic for this locus 

there appears to be a frequency defecit of LAP-2g homozygotes 

compared to Hardy-Weinberg expectations (A.J. Day, pers. comm). In this 

study, individuals in the 'sheltered' population that were homozygous 

for the LAP-2 '9' allele experience reduced growth compared to LAP- 

2g 1Q heterozygotes. This was evidenced by a far higher representation 

of LAP2g g homozygotes in the small size class and a greater frequency

of LAP-2g heterozygotes in the large size class (Tables 3.17a to

3.17c), results which were repeated when selecting the 4 largest and 

the 4 smallest individuals from each family (Tables 3.18-3.21). Since 

the 'exposed' population of juveniles was virtually monomorphic for 

LAP-210 homozygous genotypes, and 'exposed' juveniles also achieved 

a greater maximum size compared to 'sheltered' juveniles (Figs. 3.7a - 

3.7d) the rank order of LAP-2 genotypes with respect to growth can be 

taken to be ' exposed' LAP-2, „ ,. »  'sheltered' LAP-2_ »r 10.10 9.10

'sheltered' LAP-2g g. There is unfortunately no information regarding

the relative growth of 'sheltered' LAP-210 1Q or 'exposed' LAPg or 

LAP-2g g genotypes. It is thus not possible from these results to 

determine whether growth effects apparently associated with LAP-2 and 

due to LAP-2 genotype or population differentiation with LAP-2 alleles 

marking a segment of chromosome.
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TABLE 3.14
Chi-square analysis for the effect of genotype on size: growth to 5 

months (total weight : g) comparing the three largest and three 

smallest individuals from each family, both populations considered 

together.

Locus df X2 Prob>X2

PGM-1 2 0.384 0.825

PGM-2 2 0.355 0.837

PEP-1 2 3.611 0.164

LAP-2 2 14.017 0.001

LAP-1 2 3.103 0.312

MDH-1 2 0.676 0.713

MPI 2 1.253 0.535
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TABLE 3.15
Chi-square analysis for the effect of genotype on size: growth to 5

months (total weight : g) comparing the three largest and three 

smallest individuals from each family, 'sheltered' shore individuals 

only. Fisher's exact test (*) was used where the number of cells-4 and 

the observed frequency in any cell <5.

Locus df X2 Prob>X2

PGM-1 2 0.241 0.642

PGM-2 2 1.042 0.594

PEP-1 0.749

LAP-2 2 14.982 0.001

LAP-1 2 1.157 0.282

MDH-1 2 1.649 0.438

MPI 2 0.357 0.837
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TABLE 3.16
Chi-square analysis for the effect of genotype on size: growth to 5 

months (total weight : g) comparing the three largest and three 

smallest individuals from each family, 'exposed' shore individuals 

only. Fisher's exact test (*) was used where the number of cells—4 and 

the observed frequency in any cell <5.

Locus df X2 Prob>X2

PGM-1 2 0.180 0.914

PGM-2 2 1.064 0.601

PEP-1 2 3.386 0.184

LAP-2 0.750

LAP-1 2 2.154 0.341

MDH-1 2 0.018 0.991

MPI 2 1.549 0.461
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TABLE 3.17
Contingency tables and Chi-square analysis for the effect of LAP-2 

genotype upon size (total weight : g) with sheltered (n-266) and 

exposed (n-294) populations considered seperately. Only the three 

largest and three smallest individuals in each family are included in 

the analysis. Fisher's exact test is used when number of cells - 4 and 

cell size < 5.

Sheltered Exposed

Class Locus LAP- 2 Class Locus:: LAP-2

Frequency Frequency

Percent Percent

Row pet Genotype Row pet Genotype

Col pet 10.10 9.10 9.9 Col pet 10.10 9.10

Large 4 106 23 Large 143 4

1.50 39.85 8.65 48.64 1.36

3.01 79.70 17.29 97.28 2.72

40.00 57.92 31.51 50.35 40.00

Small 6 77 50 Small 141 6

2.26 28.95 18.80 47.96 2.04

4.51 57.89 37.59 95.92 4.08

60.00 42.08 68.49 49.65 60.00

Total 10 183 73 Total 284 10

3.76 68.80 27.44 96.60 3.40

X2: df-2 Value-14.9 Prob-0.001 Fisher's exact (2-tail) Prob-0.75

2 2 0



TABLE 3.18
Chi-square analysis for the effect of genotype on size: growth to 5

months (total weight : g) for the four largest and four smallest 

individuals from each family, both populations considered together.

Locus df X2 Prob>X2

PGM-1 2 0.917 0.632

PGM-2 2 0.393 0.821

PEP-1 2 2.464 0.292

LAP-2 2 15.292 0.0001

LAP-1 2 2.428 0.297

MDH-1 2 0.313 0.855

MPI 2 1.782 0.410

2 2 1



TABLE 3.19
Chi-square analysis for the effect of genotype on size: growth to 5 

months (total weight : g) comparing the four largest and four smallest 

individuals from each family, 'sheltered' shore individuals only.

Locus df X2 Prob>X2

PGM-1 2 0.564 0.453

PGM-2 2 1.540 0.463

PEP-1 2 0.637 0.425

LAP-2 2 17.741 0.0001

LAP-1 2 1.696 0.193

MDH-1 2 1.056 0.590

MPI 2 0.306 0.858
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TABLE 3.20
Chi-square analysis for the effect of genotype on size: growth to 5 

months (total weight : g) comparing the four largest and four smallest 

individuals from each family, 'exposed' shore individuals only.

Locus df X2 Prob>X2

PGM-1 2 0.393 0.821

PGM-2 2 1.090 0.580

PEP-1 2 2.032 0.362

LAP-2 2 0.724 0.395

LAP-1 2 2.294 0.318

MDH-1 2 1.013 0.603

MPI 2 2.589 0.274
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TABLE 3.21
Contingency tables and Chi-square analysis for the effect of LAP-2 

genotype upon size, whole animal wet weight, with sheltered (n-256) and 

exposed (n—296) populations considered seperately. Only the four 

largest and four smallest individuals are included from each family 

resulting in a reduction in the number of families involved by 25 (13 

'sheltered' and 12 'exposed').

Sheltered Exposed

Class Locus;: LAP- 2 Class Locus:: LAP-2

Frequency Frequency

Percent Percent

Row pet Genotype Row pet Genotype

Col pet 10.10 9.10 9.9 Col pet 10.10 9.10

Large 3 100 25 Large 143 5

1.17 39.06 9.77 48.31 1.69

2.34 78.13 19.53 96.62 3.38

33.33 59.52 31.65 50.53 38.46

Small 6 68 54 Small 140 8

2.34 26.56 21.09 47.30 2.70

4.69 53.13 42.19 94.59 5.41

66.67 40.48 68.35 49.47 61.54

Total 9 168 79 Total 283 13

3.52 65.63 30.86 95.61 4.39

X2: df-2 Value-17.7 Prob-0.0001 X2: df-2 Value-0.72 Prob-0.395
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3.3.5 Heterozygosity and Growth

Paired comparisons t-tests for the combined data set ('sheltered' and 

'exposed' families considered together) revealed a significant positive 

association between H and size for all measurements of growth. This 

result was consistent whether the size classes contained 3 or 4 sibs 

(Tables 3.22a and 3.22b). Paired comparisons t-tests by population 

however, revealed this association to be strongest among the 

'sheltered' juveniles (Tables 3.23a and 3.23b).

On analysis of the effects of single locus heterozygosity, the H

effects were found to be due to differences in the distribution of

heterozygosity for two loci (Tables 3.24 to 3.27). Heterozygosity for 

PEP-1 was associated with greater size (increased growth) in both 

populations. From the chi-square table for single locus genotype 

effects (Table 3.28) this can tentatively be associated with an 

overdominant phenotype. Although this Chi-square is non-significant, by 

pooling the two homozygous classes statistical power is increased 

giving significance in the paired comparisons t-test. Effects of single 

locus heterozygosity at the LAP-2 locus in the 'sheltered' population 

was anticipated as a consequence of the single locus genotype effects 

discussed above. In this case however, due to the LAP-2 genotype 

effects discussed above, it is less simple to establish whether the 

locus displays overdominance. Considering both populations, the 

heterozygote appears intermediate between the two homozygotes with the 

rank order LAP-2,„ »  LAP-2_ »  LAP-2. Q. Evidence for this10.10 9.10 9.9

ordering of genotypes comes from contrasting the positive association
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TABLE 3.22a
Paired comparisons t-tests for the effect of H upon growth. Mean H 

calculated for the three smallest individuals in each family and 

compared with mean H for the three largest in the same family. Both 

populations are considered together and results are presented for all 

measures of growth. Diff.Het-difference in mean H between small and 

large size classes, signifying when positive a higher mean 

heterozygosity among large individuals. Diff.Size-difference in mean 

size between the small and large size classes.

Measure Variable Mean Std error 

of mean

T Pr>T

Length (mm) Diff.Het 0.26 0.056 4.71 0.0001

Diff.Size 5.09 0.14 37.31 0.0001

Total weight (g) Diff.Het 0.25 0.055 4.40 0.0001

Diff.Size 0.33 0.010 32.40 0.0001

Shell weight (g) Diff.Het 0.17 0.052 3.27 0.0012

Diff.Size 0.17 0.0036 46.48 0.0001

Tissue weight (g) Diff.Het 0.24 0.054 4.40 0.0001

Diff.Size 0.16 0.0031 51.57 0.0001
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TABLE 3.22b
As for Table 3.22a but with each size class including the four smallest 

and four largest individuals in each family.

Measure Variable Mean Std error T 

of mean

Pr>T

Length (mm)

Total weight (g)

Shell weight (g)

Tissue weight (g)

Diff.Het 0.28

Diff.Size 5.81

Diff.Het 0.17

Diff.Size 0.32

Diff.Het 0.13

Diff.Size 0.16

Diff.Het 0.19

Diff.Size 0.15

0.068 4.10 0.0001

0.14 40.89 0.0001

0.049 3.55 0.0005

0.0095 33.42 0.0001

0.048 2.76 0.0061

0.0031 53.06 0.0001

0.052 3.72 0.0002

0.0024 63.49 0.0001
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TABLE 3.23a
Paired comparisons t-tests for the effect of H upon size for the 

'sheltered' and 'exposed' populations considered seperately. Only 

results for total weight are presented. Mean heterozygosity is compared 

between the three smallest and three largest individuals within each 

family. Otherwise as for Table 3.22a.

Measure Variable Mean Std error 

of mean

T Pr>T

Total Weight (g) Diff.Het 0.39 0.077 5.15 0.0001

Sheltered Diff.Size 0.37 0.016 23.55 0.0001

Total weight (g) Diff.Het 0.102 0.077 1.33 0.1864

Exposed Diff.Size 0.30 0.013 23.18 0.0001

TABLE 3.23b
Same as for Table 3.23a but with each size class containing 

smallest and four largest individuals in each family.

the four

Measure Variable Mean Std error 

of mean

T Pr>T

Total Weight (g) 

Sheltered

Diff.Het 

Diff.Size

0.39

0.35

0.066

0.016

5.87

22.61

0.0001

0.0001

Total weight (g) 

Exposed

Diff.Het 

Diff.Size

-0.013

0.29

0.067

0.011

-0.20

26.23

0.8415

0.0001
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TABLE 3.24
Paired comparisons t-tests for the effect of single locus 

heterozygosity upon growth in laboratory reared Nucella sibships, both 

populations considered together. Results are only presented for growth 

in total weight. Differences in mean were heterozygosity compared 

between the three smallest and three largest individuals in each 

family. Diff.Het-difference in mean H between small and large size 

classes, signifying when positive a higher mean heterozygosity among 

large individuals. Diff.Size-difference in mean size between the small 

and large size classes.

Measure Locus Variable Mean Std error 

of mean

T Pr>T

Total Weight <g> PGM-1 Diff.Het 0.014 0.013 1.10 0.2741

Total weight (g) PGM-2 Diff.Het 0.014 0.017 0.82 0.4152

Total Weight (g) PEP-1 Diff.Het 0.054 0.016 3.33 0.0010

Total weight (g) LAP-2 Diff.Het 0.096 0.019 5.12 0.0001

Total Weight (g) LAP-1 Diff.Het 0.014 0.012 1.19 0.2354

Total weight (g) MDH-1 Diff.Het 0.018 0.018 0.99 0.3246

Total Weight (g) MPI-1 Diff.Het 0.018 0.022 0.81 0.4162

Diff.Size 0.33 0.0102 32.40 0.0001

229



TABLE 3.25a
Paired comparisons for the effect of single locus heterozygosity upon 

the four measures of growth for the 'sheltered' population only. 

Otherwise as for Table 3.24. Only loci with associations significant 

at the 5% level or below are presented.

Measure Locus Variable Mean Std error T Pr>T

of mean

Length (mm) PEP-1 Diff.Het 0.022 0.0095 2.36 0.0196

Total Weight (g) 0.015 0.0086 1.75 0.0833

Shell Weight (g) 0.015 0.0086 1.75 0.0833

Tissue Weight (g) 0.022 0.0095 2.36 0.0196

Length (mm) LAP-2 Diff.Het 0.22 0.025 6.16 0.0001

Total Weight (g) 0.22 0.035 6.25 0.0001

Shell Weight (g) 0.21 0.036 5.85 0.0001

Tissue Weight (g) 0.017 0.033 5.16 0.0001

Length (mm) Diff.Size 6.29 0.200 31.48 0.0001

Total Weight (g) 0.37 0.016 23.55 0.0001

Shell Weight (g) 0.20 0.0052 38.48 0.0001

Tissue Weight (g) 0.16 0.0044 36.79 0.0001
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TABLE 3.25b
Paired comparisons for the effect of single locus heterozygosity upon 

the four measures of growth for the 'exposed' population only. 

Otherwise, as for Table 3.24. Only loci with associations significant 

at the 5% level or below are presented.

Measure Locus Variable Mean Std error 

of mean

T Pr>T

Length (mm) PEP-1 Diff.Het 0.061 0.024 2.54 0.0121

Total Weight (g) 0.088 0.029 3.01 0.0031

Shell Weight (g) 0.048 0.028 1.71 0.0896

Tissue Weight (g) 0.068 0.026 2.60 0.0102

Length (mm) Diff.Size 4.00 0.13 29.81 0.0001

Total Weight (g) 0.30 0.013 23.18 0.0001

Shell Weight (g) 0.20 0.0039 36.73 0.0001

Tissue Weight (g) 0.15 0.0041 36.73 0.0001
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TABLE 3.26
Paired comparisons t-tests for the effect of single locus 

heterozygosity upon growth in laboratory reared Nucella sibships, both 

populations considered together. Results are only presented for growth 

in total weight. Differences in mean were heterozygosity compared 

between the four smallest and four largest individuals in each family. 

Diff.Het-difference in mean H between small and large size classes, 

signifying when positive a higher mean heterozygosity among large 

individuals. Diff.Size-difference in mean size between the small and 

large size classes.

Measure Locus Variable Mean Std error 

of mean

T Pr>T

Total Weight (g) PGM-1 Diff.Het 0.029 0.013 2.15 0.0323

Total weight (g) PGM-2 Diff.Het -0.021 0.0096 -1.38 0.1691

Total Weight (g) PEP-1 Diff.Het 0.036 0.012 2.99 0.0030

Total weight (g) LAP-2 Diff.Het 0.105 0.018 5.82 0.0001

Total Weight (g) LAP-1 Diff.Het 0.018 0.011 1.70 0.0910

Total weight (g) MDH-1 Diff.Het 0.0072 0.016 0.45 0.6555

Total Weight (g) MPI-1 Diff.Het 0.000 0.018 0.00 1.0000

Diff.Size 0.32 0.0095 33.42 0.0001
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TABLE 3.27a
Paired comparisons for the effect of single locus heterozygosity upon 

the four measures of growth for the ’sheltered' population only. 

Otherwise as for Table 3.26. Only loci with associations significant at 

the 5% level or below are presented.

Measure Locus Variable Mean Std error T Pr>T

of mean

Length (mm) PEP-1 Diff.Het 0.031 0.013 2.38 0.0193

Total Weight (g) 0.023 0.016 2.75 0.0068

Shell Weight (g) 0.023 0.0085 2.75 0.0068

Tissue Weight (g) 0.023 0.0085 2.75 0.0068

Length (mm) LAP-2 Diff.Het 0.30 0.040 7.47 0.0001

Total Weight (g) 0.25 0.033 7.62 0.0001

Shell Weight (g) 0.25 0.033 7.51 0.0001

Tissue Weight (g) 0.23 0.031 7.18 0.0001

Length (mm) Diff.Size 7.14 0.202 35.26 0.0001

Total Weight (g) 0.35 0.016 22.61 0.0001

Shell Weight (g) 0.19 0.0044 43.63 0.0001

Tissue Weight (g) 0.16 0.0039 40.18 0.0001
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TABLE 3.27b
Paired comparisons for the effect of single locus heterozygosity upon 

the four measures of growth for the 'exposed' population only. 

Otherwise as for Table 3.26. Only loci with associations significant at 

the 5% level or below are presented.

Measure Locus Variable Mean Std error 

of mean

T Pr>T

Length (mm) PEP-1 Diff.Het 0.031 0.013 2.38 0.0193

Total Weight (g) 0.047 0.021 2.22 0.0283

Shell Weight (g) 0.040 0.025 1.61 0.1091

Tissue Weight (g) 0.047 0.022 2.11 0.0364

Length (mm) LAP-2 Diff.Het -0.009 0.017 -0.52 0.6038

Total Weight (g) -0.020 0.010 -2.02 0.0451

Shell Weight (g) -0.027 0.009 -2.90 0.0043

Tissue Weight (g) -0.020 0.010 -2.02 0.0451

Length (mm) Diff.Size 4.66 0.026 39.30 0.0001

Total Weight (g) 0.29 0.011 26.23 0.0001

Shell Weight (g) 0.14 0.0029 46.12 0.0001

Tissue Weight (g) 0.15 0.0029 51.58 0.0001
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TABLE 3.28
Contingency tables and Chi-square analysis for the effect of genotype 

at the PEP-1 locus upon size, whole animal wet weight, for both 

populations considered together (n-560). Results presented are for 

three (A) and four (B) individuals in each size class respectively.

Class Locus: PEP-1

Frequency 

Percent

Row pet Genotype

Col pet 10.10 10.11 11.11

Large 211 62 7

37.68 11.07 1.25

75.36 22.14 2.50

48.84 56.88 36.84

Small 221 47 12

39.46 8.39 2.14

78.93 16.79 4.29

51.16 43.12 63.16

Total 432 109 19

77.14 19.46 3.39

X2: df-2 Value-3.61 Prob-0.164

Class Locus:: PEP-1

Frequency

Percent

Row pet Genotype

Col pet 10.10 10.11 11.11

Large 208 59 9

37.68 10.69 1.63

75.36 21.38 3.26

49.52 54.63 37.50

Small 212 49 15

38.41 8.88 2.72

76.81 17.75 5.43

50.48 45.37 62.50

Total 420 108 24

76.09 19.57 4.35

X2: df-2 Value-2.464 Prob-0.292
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between single locus hetetozygosity and growth in the 'sheltered' 

population, where the LAP-21Q common homozygote is absent from the 

two size classes, with the negative association (Table 3.27b) in the 

'exposed' population where LAP-2g homozygotes were absent. This 

result however, achieved through comparison across populations, takes 

no account of linkage relationships between LAP-2 and other loci (if 

LAP-2 acts as a marker of a chromosome segment) that may differ between 

the populations. Given the high degree of genetic differentiation and 

the existence of karyotypic differences between the two populations, 

across population comparisons for the determination of LAP-2 genotype 

effects may be incorrect if LAP-2 does not directly influence growth.

3.3.6 Relatedness of Sibs Within a Capsule

Electrophoretic determination of genotype, over 8 loci, for each 

individual within a family permits an estimation of the degree of 

relatedness of offspring within a capsule, and an indication of whether 

female Nucella mate with more than a single male. Chi-square analysis 

was used to test the null hypothesis that: the observed genotypes of 

offspring within each capsule conform to those expected from a single 

mating. The MDH-1 locus was excluded from these analyses due to its 

linkage with EST-3. With this exception, it was assumed that all other 

loci were independent i.e there is no linkage. For each locus the 

expected genotype frequencies in each family were then calculated based 

upon the possible outcomes from crosses between two di-allelic loci. 

Where three alleles were present at any locus within a family, it was 

assumed that the two parents were heterozygous for different alleles.
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This approach considers all members of a family to be full sibs. 

Therefore, for all possible parental genotypes, the expected genotype 

frequencies within a family at a di-allelic locus with alleles 'A' and 

'a' can be given by:

Null hypothesis assuming only two parents 

Expected genotype frequencies 

in the offspring

A A A a a a

1 0 0

0.5 0.5 0

0 1 0

0.25 0.5 0.25

0 1 0

0 0.5 0.5

0 0 1

All Chi-square analyses were based upon the above possible outcomes 

from single pair matings and a worked example is presented Table 3.29. 

In each case the lowest Chi-square value was taken for each locus: if a 

cell in the table was empty, unless of course the heterozygous genotype 

and both homozygous cells were full, it was assumed that one of the 

parents was homozygous for the locus in question. In this respect, the 

Chi-square analysis is conservative and if anything likely to uphold 

the null hypothesis with a high type II error rate. A total value of 

Chi-square for each family was obtained by the summation of individual 

Chi-squares for each locus. The degrees of freedom (d.f) adopted for
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TABLE 3.29
Example of Chi-square analysis for the estimation of relatedness of 

siblings within a capsule. Null hypothesis (HQ) is that all individuals 

are full sibs. Each locus is considered di-allelic with alleles 'A' and 

'a' .

Locus Genotype X2

Observed Expected

AA Aa aa AA Aa aa

PGM-1 14 6 0 10 10 0 3.2

PGM-2 20 0 0 20 0 0 0

PEP-1 20 0 0 20 0 0 0

LAP-2 0 7 13 0 10 10 1.8

LAP-1 20 0 0 20 0 0 0

EST-3 3 12 5 5 10 5 1.2

MPI 0 16 4 0 10 10 7.2

X2 TOTAL 13.4
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this analysis lie somewhere between 1 and 2 for each locus giving a 

total between 7 and 14 after summation over all loci. The reasoning 

underlying the adoption of 1 - 2 d.f, is that under normal

circumstances when testing the HQ which is a single probability (eg. 0, 

0.5, 0.5), the distribution would be X2 on 2 d.f for each locus 

seperately, with the sum over n loci being X2 on 2n d.f. However, in 

testing a hypothesis where one parameter is allowed to vary 

continuously and would therefore be fitted using the data, the X2 

statistic from each locus would be X2 and the sum over all n loci would 

be X2 on n d.f. Since the null hypothesis is tested assuming one of 

several possibilities, the true position for this analysis lies 

between 1 and 2 d.f . A conservative test, accepting that a single 

mating is involved, takes the upper 5% point of X2 on 2n d.f, likewise 

a non-conservative test takes the lower 5% point of X2 on n d.f. 

Histogram distributions of the calculated family X2 are presented in 

Fig. 3.15 along with the 5% X2 distributions for 7 and 14 degrees of 

freedom. The observed Chi-squares do not fit either of these 

distributions (Chi-square on 7 or 14 degrees of freedom) having a much 

longer tail. It can therefore be generally accepted that a single 

female mates with more than one male with offspring in each capsule 

representing half sibs.

239



FIG. 3.15

Comparison of the Chi-square frequency distributions for 7 
(A) and 14 (B) degrees of freedom with the distribution 
(bars) of Chi-square values obtained from the sib analysis. 
The observed distribution of values has a considerably longer 
tail than either of the expected distributions suggesting 
that offspring within eaqch capsule represent half sibs.
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3.4 DISCUSSION

The results presented above demonstrate that two shores (sites 7 and 8, 

Day, 1990) are differentiated with respect to karyotypes, allele 

frequencies, morphologies and growth rates. Further, a genotypic 

component to both shell shape and growth has been determined for loci 

demonstrating allelic differentiation between populations. By raising 

families of juvenile Nucella from hatching, ecophenotypic developmental 

differences, other than those due to maternal effects (nutrient 

reserves, number of sibs within a family, environmental differences 

affecting encapsulated development prior to collection), were removed 

as components of variation. In this respect, the phenotypic 

differences described above must represent genetic differentiation, and 

therefore be both polymorphic and heritable and able to be influenced 

by the processes of natural selection. Whether the characteristics 

measured in this study do influence fitness with differentiation 

representing the outcome of selection rather than genetic drift and the 

random fixation of different alleles, however, remains to be 

experimentally determined. Evidence from previous studies on Nucella 

and other species suggest that the former is a tenable hypothesis, at 

least for the morphological differences presented above. It must 

however, also be emphasised that the differences described are only a 

subset of the phenotypic parameters that could have been measured. 

Further, the design of this study would not have revealed components of 

phenotypic variation that are genetically based but dependent for their 

expression upon developmental switches responding to environmental 

cues.
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3.4.1 Phenotypic Variation

The differences in shape that were observed among the laboratory reared 

juveniles concur with morphological variation that is anticipated to 

be the outcome of the shore-specific selection pressures of desiccation 

and wave action (Kitching, 1986) typically associated with sheltered 

and exposed shores. The adult populations also differed with respect to 

Raup's (1966) shell shape parameters. However, in comparison with the 

two laboratory populations, the adult shell shape appears to be 

considerably influenced by components of the environment. Abrasion in 

particular was suggested to be responsible for influencing the ’shape' 

of the sheltered morph (due to its less spherical shape) to a greater 

extent than the exposed morph. Despite this environmental modification 

however, the adult populations remained disinct with respect to this 

aspect of morphological variation.

Previous studies that have described shore specific variation in 

Nucella have used length/aperture ratios (L/Ap) (Crothers, 1985 and 

refs therein) to describe shell shape. In most cases this has proved 

adequate for comparisons made between shores over large distances but 

within similar latitudes. However, on a local scale or across 

latitudes, where changes in selection pressure or their relative 

dominance is less clearly understood, L/Ap ratios have proved 

inadequate to understand the selection pressures operating, 

particularly when a particular L/Ap value is expected a-priori to occur 

with a specific shore-type. For example, in northern Spain Nucella 

populations have been reported to demonstrate the typical ’sheltered' 

morph (high L/Ap ratio) even on exposed high wave energy shores



(Kitching, 1986), and in the study by Day (1990), certain shores 

classified as 'sheltered' (on the basis of wave action gradients) 

exhibited the 'exposed' morph. These discrepencies highlight the 

importance of correctly identifying the selection pressures associated 

with the shores under study when interpreting phenotypic variation. In 

N. Spain, temperature and desiccation are arguably likely to be the 

predominant selective agents on most shores regardless of exposure to 

wave action. The 'sheltered' morph would therefore be selected for, 

explaining the absence of the ’exposed' morph even on exposed shores. 

In the study by Day (1990) the shores predominantly exhibiting the 

exposed morph faced east and received little insolation after mid-day 

due to shading by near vertical cliffs. In contrast, shores for which 

the chromosomal and electrophoretic clines occurred and for which 

shell shape differred (exhibiting the sheltered morph), were southerly 

facing with horizontal strata (pers. obs.). During the summer months 

along this coastline, extreme low spring tides occur around mid-day.
i
r f

These shore/ therefore experience greater insolation than shores of aI
different aspect and therefore putatively greater extremes of 

temperature and desiccation. Measuring shape rather than simply L/Ap 

has provided greater insight into the degree of differentiation of the 

two populations. While L/Ap ratios are suitable for introductory 

comparisons, 'shape' should then be adopted for more detailed 

investigations. The differences observed between the two populations in 

this study may represent adaptation to the different selective regimes 

of wave exposure and temperature. If further investigations prove this 

to be true, it may be appropriate to superimpose temperature rather 

than distance on the abscissa in Fig. 3.1 as a causative mechanism in 

the development of the observed allele frequency cline.



Temperature clines have long been associated with the maintenance of 

genetic variation, and are perhaps the best understood of the 

selective regimes putatively accounting in several cases for clinal 

variation in allele frequencies (Johnson, 1971; Endler, 1977; Newkirk 

and Doyle, 1979; Cook and Freeman, 1986). Temperature and insolation 

have also been shown to influence the existance of several visible 

polymorphisms, most notable of these being the colour polymorphisms 

exhibited by some species of mollusc (Heath, 1975; Steigen, 1979; Cook 

and Freeman, 1986). The importance of temperature and desiccation 

stress for influencing phenotypic variation in Nucella, was suggested 

by both Osborne (1977) and Berry (1983) and more recently empirically 

demonstrated by Etter (1988) who associated a selective advantage with 

white shelled morphs on sheltered shores. Of the three shell shape 

parameters W, S and T measured in this study, differentiation between 

the two populations appeared greatest for translation rate T and 

aperture circularity S, features which have been suggested to influence 

the volume of extra-corporeal water retained upon emersion (Newkirk and 

Doyle, 1975). If temperature, as already suggested (Etter, 1988), is a 

strong selective agent for shell colour, it would not be unreasonable 

to perceive differences in shell shape (low S and high T) to represent

the outcome of temperature selection.

If shell shape, as this study suggests, is genetically determined and 

genetic differentiation for electrophoretic loci exists between 

populations, these loci may reflect, either directly or more likely

through linkage relationships, associations with adaptive aspects of 

phenotypic variation. This study revealed that superimposed upon 

overall population differences, there is a significant association
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between genotype at the MDH-1 locus and the two parameters S and T. 

MDH-19 9 homozygotes possessed the highest translation rates and 

smallest aperture circularities. If these characteristics can be taken 

to represent the outcome of selection for increased thermal tolerance, 

this association between genotype and shell shape reinforces the above 

hypothesis that the genotypic polymorphisms may represent a cline 

maintained by selective temperature regimes.

Further evidence for this association can be obtained by comparing L/Ap 

ratios already obtained for these shores by Day, (1990) and shown to 

covary with general electrophoretic variation. A small L/Ap ratio 

represents the 'exposed' morph described in this study, conversely 

high L/Ap values are representative of the sheltered morph. In Day's 

(1990) study the population with the highest frequency of the MDH- 

lg 9/EST-39 genotypes also had the highest L/Ap values. However, to 

substantiate claims that the shell shape variation described here 

reflects the outcome of differential selection pressures of wave action 

and temperature gradients in particular, further studies are needed to 

demonstrate the adaptive properties of the traits themselves, along 

with their influence upon life history characteristics, particularly 

with regard to mortality and fecundity.

3.4.1.1 Shell Thickness

The absence of differences in shell thickness is contrary to a-priori 

expectations given the observed differences in shell shape. Although 

there is no information regarding predation intensity on the shores 

used in this study (the putative selective agent determining shore-
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specific differentiation for this trait), it has been reported that 

shell thickness varies with exposure on these shores (Bantock and 

Cockayne, 1975), albeit with no definite pattern. If shell thickness,

as the literature suggests (Currey and Hughes, 1982 and references

therein), represents an adaptive response by the organism, similar 

differentiation to that observed for shell shape might have been 

expected between the two laboratory reared populations.

Notwithstanding the abscence of shell thickness differences in this 

study, previous studies demonstrating that Nucella with thicker shells 

are less susceptible to attack by crabs (Hughes and Elner, 1979) cannot 

be disregarded, particularly as they have influenced the argument that

thicker shells represent the product of selection on sheltered shores.

Arguments which have themselves been extended, because of the putative 

energetic costs associated with shell growth, to selection for trade

offs between somatic growth and shell growth (Palmer, 1981). These 

trade-offs in turn have been proposed as causative agents for the 

occurrence of shore specific life history strategies (Geller, 1990). 

For this latter reason it is fundamentally important to determine the 

truth behind the phenomenon of shore specific shell thickness, 

particularly as this study found no evidence of a genetic basis to this 

trait.

Two explanations can be advanced for the absence in this study of 

population differences in shell thickness. Firstly, shell thickness may 

be induced by the presence of predators; a genetically mediated 

developmental switch. There were no crabs in the laboratory sea water 

system when the juveniles were reared. If shell growth is energetically
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costly a 'switch' would experience a selective advantage. However, two 

/lines of evidence argue against this hypothesis. Firstly, results from 

f Chapter 1 indicate that shell growth only accounts for a very small
i
i

! proportion of the total energy budget in developing juveniles (Fig.

! 2.11). Secondly, the effect of shell shape upon the shell : tissue

weight relationship (Fig. 3.12, Tables 3.9a and 3.9b), suggests that 

\ differences in rates of shell growth already exist between the two

populations which, even if the energetic costs of shell growth are

deleterious, have not led to 'shell shape' requiring an environmental 

cue. If selection for shell shape has not resulted in the acquisition 

of a developmental switch, why should shell thickness ? The second 

explanation is that shell thickness may rather, instead of being 

adaptive, represent an phenotypically plastic trait that is constant 

across genotypes but which responds to the environment. An

ecophenotypic explanation for differences in shell thickness would also 

explain why the correlation between shell thickness and degree of 

exposure often fails when applied to field conditions.

3.4.1.2 Shell Thickness: An Ecophenotypic Variable?

In Nucella, periods of food limitation or starvation cause individuals 

to lay down a row of calcareous teeth and the shell lip appears to 

thicken (Feare, 1970; Cowell and Crothers, 1970). Increased shell 

growth can therefore be related to periods of reduced growth rates 

and/or periods of food stress (starvation). If shell deposition is

energetically costly and the cause of different adaptive strategies 

(Palmer, 1981; Geller, 1990), greater shell deposition during periods 

of energy limitation could be considered energetically deleterious.
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The selective regimes associated with sheltered and exposed shores as 

well as affecting behvioural patterns of Nucella also influence prey 

density (Connell, 1972) and prey type, both of which vary with shore 

type. Mussels for example, which are the preferred prey of Nucella and 

give the greatest net energy gain per unit handling time (Hughes and 

Dunkin, 1984a), are less common on extreme sheltered shores (Menge, 

1978a and 1978b). The same selective regimes also inluence foraging 

behaviour in Nucella such that under most conditions Nucella are food 

stressed (Burrows and Hughes, 1989). Reduced foraging bouts combined 

with reduced abundance/absence of the preferred prey type on 

sheltered shores, may mean that thick shells simply reflect reduced 

levels of energy acquisition and somatic growth rates rather than the 

putative response to increased predator pressure.

If energy levels and growth rates determine shell thickness, the 

apparent effects of the latter upon life history traits, particularly 

relationships that have recently been suggested between shell thickness 

and fecundity (Geller 1990), can be explained relatively simply. For 

example, Geller (1990) suggested that in Nucella emarginata decreased 

reproductive output and growth rates associated with thick shelled 

morphs were a direct consequence of the costs of shell growth. These 

results however, were obtained by recording the laboratory growth of 

adults following collection from the field. No attention, at the time 

of collection, was paid to the energetic status of the animals 

involved in these studies. If thick shelled morphs are the result of 

lower relative energy intake, fecundity would also be reduced but, as 

a result of lower energy stores rather than the costs of shell growth.
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In this case both shell growth and fecundity may respond to the same 

environmental variable rather than represent cause and effect.

The adoption of an ecophenotyic explanation for the apparent 

association between shell thickness and shore type would also explain 

the poor relationship between shell thickness, karyotype and shore type 

used in studies of the distribution of the chromosomal polymorphism 

(Bantock and Cockayne, 1975; Bantock and Page, 1976; Staiger, 1954). 

Although the correlation with shore type remains (Bantock and Page, 

1975), outside of Staiger's (1954) study area the relationship between 

chromosome number and shell thickness does not hold, although the 

correlation with shore type remains (Bantock and Page, 1976).

3.4.1.3 Shell Shape and Length

Comparative studies between populations frequently choose a common 

variable, most often length, with which to contrast a second measured 

variable. With the exception of Hughes and Elner (1979) few have taken 

account of shape differences between populations that might affect the 

outcome of their correlations. The shape differences of the two 

populations used in this study and their effects upon length:weight 

relationships suggest that emphasis must be drawn upon the 

of using common variables to compare populations. Examples of the use 

of length as a denominator in inter-population comparisons are 

numerous. Length is frequently taken as a measure of size or growth 

(Etter, 1989) with size at maturity subsequently used in comparisons of 

life history strategies. Exposed shore individuals are, on the basis of 

length, accurately described as reaching maturity at a smaller size
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than their sheltered shore counterparts (Etter, 1989). If weight were 

considered a different interpretation might arise depending upon the 

population-specific relationship between length and weight. For example 

if maturity is reached at a fixed size (weight) that is standard across 

populations, but length : weight relationships change, it will appear, 

if growth rates are constant, that some populations reach maturity at a 

smaller size than others. Other possibilities arise if growth rates 

(weight) vary in addition to length : weight relationships. As size at 

maturity is often taken to invoke selection for particular life history 

strategies, it is important to choose a measure of size that is 

comparable between populations. In this respect length, due to its 

reliance upon shape, a circular shell (exposed) for a given length 

encloses a greater tissue volume than a narrow more elongate shell 

(sheltered), is clearly innapropriate for inter-population comparisons.

Not only has length been used to compare measures of growth, it is also 

frequently used as a denominator in ratios. In a study of assymetrical 

development and developmental plasticity in Nucella length : pedal

surface area ratios were used to compare sheltered and exposed shore 

populations (Etter, 1988). Pedal surface area was reported to be larger 

for a given animal size (shell length) on exposed shores, this in turn 

taken to represent selection for a larger surface area for attachment. 

If, for sake of argument, body size or foot area is constant for a 

given size of animal (tissue weight) but that shape varies between 

shores, an exposed population would appear to have a greater pedal 

surface area, due to shape alone. In the same study (Etter, 1989), 

pedal surface areas were reported to be smaller, for a given length, in 

adults reared for a period in the laboratory than for those reared
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intertidally. This observation was used to argue that pedal surface 

area wâ s an inducible genetic response. However, if as this study has 

demonstrated, environment affects shell shape, such a result would be 

expected rather than a result of developmental switching, the variable 

being length rather than pedal surface area. These critiques are 

supported by observations elsewhere that have shown pedal area : dry 

tissue weight relationships to be invariate between sheltered and 

exposed shores (Hughes and Elner, 1979) and also by the observation in 

the study by Etter (1989) that no similar genetic differences were 

observed in pedal surface area amongst emergent juveniles.

The emphasis of the above discussion is to highlight the importance in 

studies of shore specific variation to identify and measure traits that 

are not themselves influenced by a covariate. Until this is realised 

the causes and outcome of natural selection will continually fail to be 

properly interpreted and understood.

3.4.1.4 Growth: Population and Genotype Effects

Differences in size were not restricted to overdominance effects at 

PEP-1 or genotype at LAP-2. This study also revealed significant 

differences in growth between the site 7 'exposed' and site 8 

'sheltered' populations (Figs. 3.7a-3.7d). In previous studies it has 

been suggested that sheltered shore individuals experience faster 

growth (Etter, 1989 and refs therein), observations that are 

predominantly based upon length measurements which, for the reasons 

discussed above, may give misleading results. In this study, 

'sheltered' shore juveniles experienced reduced growth rates evidenced
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by a smaller size (weight measurement) at age of 5 months. These growth 

differences between populations were emphasised by the effects of 

genotype upon growth. The two populations are differentiated with 

respect to LAP-2 genotype frequencies and a significant effect of LAP-2 

genotype upon growth was observed in the laboratory reared juveniles. 

Occurrence of the LAP-2 '9' allele is associated with the 'sheltered' 

shore used in this study and individuals possessing the homozygous 

genotype LAP-2g experienced reduced growth compared with site 7 

'exposed' LAP-210 homozygotes. These results, however, provide no 

mechanisitic association between growth and LAP-2 genotype and no 

information regarding comparative performance of each genotype within 

the genetic background of each population. In this respect, the 

phenotypic effects of genetic variation at this locus may either 

reflect direct LAP-2 genotype effects or linkage relationships between 

LAP-2 and variability at other fitness related/shore specific loci.

As with the MDH-l/EST-3 '9' alleles, the LAP-2 '9' allele has been 

correlated by association with the occurrence of the higher chromosome 

number and shore type (Day, 1990); where populations are reported to be 

homokaryotypic 2n-26 they also appear to be monomorphic for LAP-210 

genotype. In those populations where LAP-2 is polymorphic, Day (pers. 

comm.) has reported that there is also a frequent defecit of LAP-2g 

genotypes with respect to Hardy-Weinberg expectations. Taking these 

observations into consideration, the frequency of LAP-2g genotypes 

can tentatively be suggested to be reduced either by association with 

structural chromosomal configurations that are maintained at low 

frequency or, alternatively, the '9' allele may be deleterious when in 

the homozygous state, the polymorphism then maintained by some form of

253



heterozygous advanatage or balancing selection. In this study, across 

population variability in growth rates among LAP-2 genotypes, taking 

into account LAP-2 growth effects, population specific growth rates and 

frequenies of LAP-2 genotypes amongst the juveniles (in the absence of 

site 7 LAP-2g 1Q & IAP-2g g and site 8 LAP-210 1Q genotypes) suggested 

that growth effects were ranked in the order LAP-2,rt »  LAP-2Q »° 10.10 9.10

LAP-2g g. For the reasons given previously however, this ranking does 

not include within population variation i.e between 'sheltered' LA.P- 

2iq 10 and 'sheltered' LAP-2g g. The proposed rank order of genotypes 

therefore takes no account of population differences that may exist in 

linkage relationships between LAP-2 and other loci, if the observed 

effects are not due to LAP-2 variability itself. Linkage relationships 

are known to be influenced by chromosomal rearrangements either through 

chromosomal fusion bringing together loci that were located in 

previously isolated linkage groups, or through modifying the patterns 

of recombination in heterokaryotypes. If the LAP-2 locus is located on 

a chromosome involved in the polymorphism, the karyotypic differences 

between populations may influence LAP-2 linkage relationships between 

the two populations used in this study. In this respect, the growth 

effects correlated with the LAP-2 locus may be a single population 

phenomenon reflecting association of LAP-2g and LAP-210 alleles with 

different genetic backgrounds.

Several hypotheses can therefore be suggested regarding the growth 

effects observed at the LAP-2 locus in Nucella: i) On sheltered shores 

a selective advantage of reduced growth may favour the LAP-2g 

homozygote; ii) Growth effects observed at the LAP-2 locus may be the 

result of linkage desiquilibrium with other loci or population specific
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genetic composition; iii) The heterozygote may experience a fitness 

advantage on sheltered shores explaining the maintenence of the LAP-2g 

allele; iv) Growth effects are the result of karyotype, the LAP-2g 

allele may be associated with a particular chromosome arrangement; v) 

growth effects are a secondary phenomenon of a selectively advantageous 

trait mediated by or linked to the LAP-2 locus. Of these five possible 

hypotheses i, is considered unlikely; iv and v, require further study 

and cannot be answered at present. On data from this experiment, 

hypotheses ii and iii appear most probable. Further study though is 

necessary in order to be able to differentiate between these two 

hypotheses.

3.4.2 Heterozygosity and Growth

The influence of the number of sibs within a family upon growth 

prevented regression analysis of the effect of H on size (growth) 

across families. Similarly the determination that offspring within a 

family are half- rather than full-sibs prevented the comparison between 

the direct involvement or associative overdominance hypotheses. To 

overcome these confounding effects, paired comparison t-tests were used 

to examine the effect of H within families by comparison of the mean 

heterozygosity of the smallest and largest individuals. For both 

populations there was a significant positive effect of H on size. 

However, this association was due to two loci, PEP-1 ('exposed' 

population) and PEP-1 and LAP-2 ('sheltered' population). 

Overdominance for the PEP-1 locus has been reported previously in 

Chapter 1. A second report of overdominance at this locus for a 

genetically isolated population reinforces this observation and
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suggests that overdominance for PEP-1 and its association with growth 

may be a general phenomenon in Nucella. Heterozygous advantage at the 

LAP-2 locus was only evident within the 'sheltered' population and 

effects at this locus are more difficult to interpret due to the 

genotype frequencies of the two populations. Analysis of both 

populations combined suggests that the heterozygote may be intermediate 

in growth rather than overdominant, apparent overdominance among 

'sheltered' shore individuals resulting from the low frequency of the 

LAP-210 1Q homozygote in this population. On the basis of these results 

alone however, it is impossible to provide firm explanations of LAP-2 

heterozygosity effects. The Chi-square analyses of single locus 

genotype effects revealed relatively more information. From this and 

population specific growth rates it appears that LAP-2 'overdominance' 

may be due to effects of population mixing. The LAP-210 allele is 

associated with the 'exposed' shore and faster growth rate whereas the 

LAP-2g allele is associated with the 'sheltered' shore and slower 

growth rate. Interpopulation comparison of LAP-2g genotypes with the 

with the two population specific homozygotes may thus suggest that the 

heterozygote is intermediate with respect to growth. In contrast, 

intrapopulation comparisons may indicate both overdominance and 

underdominance associated with the 'sheltered' and 'exposed' 

populations respectively. These contratsing results demonstrate that 

under certain conditions, for example where more than one population is 

sampled and population specific growth rates are present, overdominance 

may be only one of several possible explanations.

The observation of single locus effects again, as in Chapter 1, calls 

into question the relevance of H studies to populations of natural
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organisms. Although the theory underlying H and its association with 

fitness, particularly as a direct consequence of the phenomenon of 

heterosis, is unequivocable, the applicability of this to outcrossing 

populations must be reassessed. The results presented above show that H 

effects can be due to single loci (PEP-1) or due to special 

circumstances influenced by the method of statistical analysis, for 

example see the more detailed discussion of LAP-2 and growth given 

above. The majority of loci involved in this study showed no single 

locus heterozygosity associations with growth. In order to gain a 

better estimate of true heterozygosity, future studies intending to 

examine the H relationship, particularly if considering H per se, must 

involve a large number of electrophoretic loci (larger than the 6-8 

commonly used for convenience), in order to gain a better estimate of 

true heterozygosity. If few loci are used, studies would be far better 

to consider single locus effects than to attempt to investigate the 

phenomenon of heterosis. Only those studies such as the Mulinia 

investigation by Koehn et al (1988) that involve large sample sizes and 

a higher number of study loci can realistically attempt to address the 

H question. With the resources open to most investigations this is not 

possible, and single locus genotype investigations are likely to be 

both more useful and reliable.

3.4.3 Karyotype, Genotype, Phenotype and Shore type: Conclusions

The results presented above describe two populations of known 

karyotypic and genotypic differentiation that exhibit distinct 

morphologies and growth rates both of genetic origin. Shell shape was 

influenced by population and MDH-1 genotype (and by association with
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EST-3), and growth was influenced strongly by population and LAP-2 

genotype. No relationships were found between population and shell 

thickness. Both MDH-1 (EST-3) and LAP-2 vary clinally along the stretch 

of coastline chosen for this study (Day, 1990). Evidence also suggests 

that frequency of the higher chromosome number covaries with the 

frequency of MDH-1, EST-3 and LAP-2 '9' alleles. This suggestion is 

also supported in part by the correlation between karyotype and 

genotype: the population with a high frequency of the LAP-2/MDH-1/EST-3 

*9' allele also had a higher mean karyotype. Chromosomal 

rearrangements can modify linkage relationships (Gregorius and Herzog,

1989). Linkage exists between the MDH-1 and EST-3 '9' alleles 

suggesting that this may reflect association with specific chromosomal 

arrangements (Day,1990). If this is the case, given the reported 

association between shell shape and selection pressures in intertidal 

gastropods, both chromosomal, genotypic and phenotypic variation may, 

along this stretch of coastline, be intimately related with specific 

environmental regimes.

Previous studies into phenotypic variation within Nucella have 

associated shell shape and thickness with shore type (Kitching, 1986). 

In studies of the chromosomal polymorphism shell thickness has been 

used as the selective trait associated with chromosome number, however, 

this relationship has proved inconsistent across many shores (Bantock 

and Page, 1976). This study suggests shell thickness may be an 

ecophenotypic covariate, an approach that would explain the 

unreliability of the general association between shell thickness and 

shore type. In contrast, shell shape differences observed in this study 

are those typically expected as the outcome of the selection pressures
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of temperature and wave action respectively associated with sheltered 

and exposed shores. The association between these phenotypes and 

genetic variation for marker loci (MDH-1 and EST-3) suggests that the 

allele frequency distributions along this stretch of coastline may 

reflect genetic differentiation for adaptive phenotypic traits that are 

possibly maintained by a temperature cline.

The growth effects, although following a similar pattern, are more 

difficult to interpret. Why LAP-2 should be associated with reduced 

growth is unclear. One suggestion is that shell growth may be 

energetically costly. This study demonstrated that the sheltered shell 

shape requires a greater mass of shell material for a given tissue 

weight. These differences are presumably due to surface area:volume 

relationships since differences were seen in the shell weight:tissue 

weight relationships between populations (Fig. 3.12), but no similar 

differences in shell thickness. Selection for the sheltered shell shape 

may therefore result in reduced tissue growth. However, energetic 

costs of shell growth are only a small proportion of the total energy 

budget (Chapter 1.) in which case, growth rate differences may 

alternatively reflect selection for particular physiological traits. 

Given the high degree of genetic differentiation with respect to shell 

shape it is considered likely that selection pressures may also have 

resulted in differentiation for specific physiological traits enabling 

fitness maximisation under different selective regimes. Such a 

phenomenon has already been reported in Mytilus edulis where 

fluctuating salinity has been suggested to be responsible for 

maintaining an allele frequence cline. In Mytilus, specific genotypes, 

although leading to greater tolerance to fluctuating salinity (Hilbish
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et al, 1982), also resulted in reduced growth due to the associated 

enhanced metabolic costs (Koehn et a l , 1980). The suitability of 

Nucella for laboratory physiological study (Chapter 1 and refs therein) 

should make the question as to whether physiological differentiation 

exists between these morphologically and genetically differentiated 

populations directly accessible.

3.5 SUMMARY

Genetic and phenotypic variation between two neighbouring populations 

within a gene frequency and putative karyotypic cline were examined. A 

technique was developed for, the chromosomal analysis of encapsulated 

juveniles and the two populations, no more than 200m apart, were shown 

to be karyotypically as well as electrophoretically differentiated. In 

addition to differentiation for these two 'visible' levels of genetic 

variation, the two populations were also shown to be genetically 

differentiated with respect to phenotypic variation. The population 

with the higher chromosome number exhibited the classic 'sheltered' 

gastropod shell shape whereas the lower chromosome number population 

exhibited the 'exposed' shell form. Although shell shape differed 

between populations, shell thickness did not vary and it was suggested 

that previously reported differences in shell thickness between 

'sheltered' and 'exposed' morphs may represent ecophenotypic variation. 

Growth also varied between populations, the population with the lower 

chromosome number achieving a greater size (weight) at 5 months than 

the population with the higher chromosome number. Using the shape 

differences observed between the two populations, correlations
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produced in previous studies were reassessed. It was suggested that 

future comparative studies between populations should abandon the use 

of length either for comparison of growth rates or size (e.g. size at 

maturity) or as a denominator in morphometric ratios.

Genotypic correlations with phenotypic variation were also observed at 

each of the clinally varying electrophoretic loci studied. Variability 

at MDH-1 (and therefore EST-3) was associated with shell shape in the 

direction of the cline with MDH-110 and MDH-lg homozygous 

genotypes asociated with the ’exposed' and ’sheltered' shell forms, 

respectively. Allelic variation at the LAP-2 locus initially appears to 

correlate with growth, growth of site 7 LAP-210 1Q »  site 8 LAP-2g 1Q 

»  site 8 LAP-2g genotypes. However, whether this reflects direct 

effects of LAP-2 variability or the association of LAP-2 alleles with 

specific genetic backgrounds remains uncertain until data are also 

obtained for site 7 LAP-2. .. and LAP-2. . and site 8 LAP-2..9.10 9.9 10.10

genotypes.

The widely reported association between H and growth was also re

examined. Comparison of the direct involvement or associative 

overdominance hypotheses by familial analysis was, however, prevented 

due to the observation that offspring within a capsule were half sibs. 

No relationship between H and growth was observed that could not be 

better explained by analysis of single locus genotypes. Overdominance 

at the PEP-1 locus was again observed suggesting that this may be a 

general phenomenon of variability at this locus in Nucella. It was 

suggested that future studies that involve few loci would do better to 

examine single locus relationships rather that H per se.
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CHAPTER 4

MORPHOLOGICAL AND PHYSIOLOGICAL DIFFERENTIATION IN NUCELLA LAPILLUS: 

EVIDENCE FROM A KARYOTYPE AND GENE FREQUENCY CLINE
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4.1 INTRODUCTION

Emersion, from water into air, is stressful to marine organisms; in 

response to the combined effects of temperature and desiccation a 

number of intertidal species possess adaptations to increase the volume 

of extra-corporeal water retained upon emersion (Newell, 1979). In 

response to spatial variation in the intensity of these selection 

pressures several species also exhibit shore specific phenotypic 

differentiation (Vermeij, 1971, 1973). The shore specific

morphological response of Nucella has been extensively studied 

(Kitching, 1986) and the genetic basis of this along an allele and 

karyotype cline was investigated in Chapter 3. Along the south west 

peninsula of Great Britain Nucella populations are genetically 

differentiated with respect to electrophoretic and chromosomal 

variation (Day, 1990). On these shores allozyme and chromosomal clines 

appear to covary (Bantock and Cockayne, 1975; Day, 1990; Chapter 3 this 

study) and shell shape varies with shore type, karyotype and MDH-1/EST- 

3 genotype (Chapter 3). An association between the extreme form of the 

classical ’sheltered shore' shell shape and MDH-lg or EST-3g 

genotypes on these shores has been observed, and tentatively suggests 

that allele frequency clines involving these loci may represent the 

outcome of selection for shore specific adaptive strategies, rather 

than the stochastic process of genetic drift.

If genetic variation among these populations is maintained by selection 

with morphological variation representing adaptation to temperature
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and/or wave action processes, it is not unreasonable to suggest that 

genetic differentiation may also have occurred for physiological, 

behavioural or life history strategies that enable fitness maximisation 

under these shore specific selection regimes. Indeed, preliminary data

from this study support^ this claim, suggesting that physiological

differences in growth rate that occur between populations can be 

attributed to variation at the LAP-2 locus; a polymorphic enzyme 

exhibiting similar clinal variation to that of MDH-1 and EST-3 (Day,

1990). In all animals growth or production is a direct result of the 

surplus energy available to an organism having met the metabolic 

requirements of maintenance metabolism, feeding and digestion, activity 

and physiological processes such as osmoregulation. In contrast to 

morphological characteristics (where it is difficult to imagine how 

variation for a biochemical enzyme could influence shape) it is 

conceivable that selection may operate directly upon variation for 

biochemical enzyme loci if they directly influence physiological 

traits. The aim of this study is to determine whether physiological 

differentiation, similar to that already described for morphological 

traits, also exists between 'sheltered' and 'exposed' populations and 

if possible to relate this to genetic (allelic) variation.

Intertidal organisms are frequently subjected to diurnal salinity 

fluctuations. In marine invertebrates the cytoplasm is maintained 

isosmotic with the extracellular medium by regulating the intracellular 

concentration of free amino acids (Bishop, 1976 and references 

therein); for example, in response to an hyperosmotic extracellular 

medium the concentration of intracellular free amino acids increases. 

Three mechanisms have been suggested to be responsible for this
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increase: i) direct uptake of primary amines from the extracellular

medium (Crowe, 1981); ii) de novo synthesis (Zurburg and de Zwann, 

1981); iii) the direct hydrolysis of oligopeptides (Deaton et a l , 

1984). In response to hypoosmotic stress intracellular free amino 

acids can either be i) excreted directly, (Hilbish et al, 1982); ii) 

deaminated with subsequent excretion of ammonia (Hoyaux et al, 1976) 

or; iii) re-incorporated into protein molecules (Bayne, 1975). The 

excretion of amino acids, whether directly or as ammonia, incurs, due 

to the loss of nitrogen, additional energetic costs to the organism 

over and above those associated with the metabolic processes of cell 

volume control. Fluctuating salinity therefore not only imposes stress 

via osmotic imbalance and the deleterious effect upon cellular 

processes, but can also directly influence nitrogen metabolism and 

aspects of the energy budget.

In marine molluscs the free amino acids alanine, glycine and proline 

predominate as osmotic effectors in the short term response to abrupt 

or fluctuating changes in salinity. Following prolonged exposure these 

are gradually replaced with more stable amino acids such as taurine 

(Henry et al, 1980). The observation that hyperosmotic stress is often 

accompanied by a reduction in aerobic metabolism or even a period of 

complete anaerobiosis (Zurburg and De Zwann, 1981), has led to the 

suggestion that pyruvate from glycolysis may act as the substrate for 

alanine with alanine synthesis occurring through the transamination of 

pyruvate in the reaction catalysed by glutamate pyruvate transaminase 

(GPT). However, in addition to de novo synthesis via anaerobic 

metabolism, intracellular levels of free amino acids may also be 

increased by protein catabolism (the hydrolytic products transaminated
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to the primary free amino acids), or by direct liberation of free amino 

acids from lysosomal stores.

In marine organisms, genetic variability in the

biochemical/physiological response to hyperosmotic stress has already 

been demonstrated in two intertidal species: Mytilus edulis (Koehn and 

Hilbish, 1987) and Tigriopus grammicus (Burton and Feldman, 1983). In 

both cases fluctuating salinity regimes appear to be the selective 

agent responsible for maintaining genetic variability. In Mytilus 

clinal variation occurs for alleles of the lysosomally bound hydrolytic 

enzyme LAP (Leucine amino-peptidase). LAP activity is stimulated by 

increases in salinity and specific LAP genotypes possess different 

catalytic properties giving up to a 20% greater rate of substrate 

turnover (Koehn and Immerman, 1981) ; high substrate turnover is 

associated with faster rates of accumulation of intracellular free 

amino acids. In Long Island Sound, a cline in LAP94 alleles exists 

parallel to a gradient in the degree of exposure to fluctuating 

salinity (Koehn et al, 1980). This cline appears to be maintained by a 

trade-off between enhanced cell volume regulation and reduced 

survivorship (Koehn and Hilbish, 1987), due to faster accumulation 

rates of free amino acids being contrasted by higher nitrogen excretion 

rates on return to normal salinity (Hilbish et al, 1982). Individuals 

with genotypes capable of a faster response to fluctuating salinity 

thus experience, due to greater nitrogen loss, higher mortality during 

periods of energy limitation (Koehn and Hilbish, 1987).

In Tigriopus grammicus, allelic variation exists at the GPT locus. 

Individuals with specific GPT genotypes experience a higher relative
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surviviorship during hyperosmotic stress due to the higher specific 

enzyme activity associated with certain alleles (Burton and Feldman, 

1983). In Tigriopus however, selection operates on the biochemical 

pathway that involves synthesis of alanine from pyruvate. In general, 

alanine synthesis from pyruvate via GPT occurs aerobically in 

Tigriopus, higher overall rates of synthesis however, are possible 

under anaerobic conditions since, with the Kreb's cycle inhibited, 

pyruvate can be shifted predominantly to alanine synthesis (Goolish and 

Burton, 1989).

In both of these examples salinity stress is associated with the 

maintenance of genetic variation in mechanisms that involve the 

regulation of the free amino acid pool. In Mytilus allelic variation 

exists for a protein catabolic locus, whereas in Tigriopus genetic 

variation exists in the pathway of alanine synthesis from pyruvate. In 

Nucella temperature stress and desiccation have already been shown to 

be strong selective agents maintaining genetic variation for both 

shell coloration (Berry, 1983; Etter, 1988) and shape (Crothers, 1985). 

These observations combined with those from Chapter 3 that describe an 

association between genotype, karyotype, shell shape and growth 

characteristics among 'sheltered' and 'exposed' populations, suggest 

that these populations may also provide a suitable model to investigate 

whether population differentiation also occurs in the physiological 

processes associated with the cellular response to salinity stress upon 

emersion.

On emersion in air the mantle cavity fluid of Nucella provides a 

mechanism for heat loss through evaporative cooling with the result
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that the mantle cavity fluid can become hyperosmotic to the body fluids 

(Boyle et al, 1979). Nucella is a stenohaline species in which taurine 

is reported to predominate as the major intracellular free amino acid, 

the slow turnover of which has been used to suggest that Nucella is a 

particularly poor volume regulator (Stickle et al, 1985). However, 

previous studies investigating salinity stress in Nucella have been 

primarily concerned with the upper estuarine limits of the species and 

as such have only investigated the physiological tolerance to 

hypoosmotic stress. Although evidence from these acclimation studies 

suggests that Nucella may in fact respond more rapidly to hyper- rather 

than hypoosmotic conditions (Stickle et al, 1985), to date, no studies 

have investigated the physiological response to salinities greater than 

35ppt.

Despite the predominance of taurine within Nucella, the other dominant 

cytosolic free amino acids (alanine, arginine, aspartic acid and 

glutamic acid) are similar to those reported for other species of 

marine invertebrates (Bishop et al, 1983). Further, Nucella exhibits 

anaerobiosis during hyperosmotic stress (transfer from reduced salinity 

to 35ppt, Shumway, 1979), and in the related species Thais haemostoma 

alanine concentrations have been shown to increase in response to 

anoxic sea water (Kapper et al, 1985). In Nucella, reduced levels of 

aerobic metabolism or increased anaerobiosis on hyperosmotic stress may 

give a similar increase in intracellular alanine concentrations. 

Although no one mechanism may be involved in the hyperosmotic response 

of Nucella (anaerobiosis, protein catabolism or direct uptake), genetic 

differences in the physiological response to hyperosmotic stress may 

exist between populations subjected to different environmental
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selection regimes.

The focus of this study is, firstly to investigate the processes 

involved in the physiological response to hyperosmotic stress in

morphological observations to an investigation of shore specific 

physiologies. If this is successful, it may then prove possible to 

combine both morphological and physiological data to examine the 

’integrated phenotype' frequently disregarded in studies of adaptation. 

To address this goal; to validate the conclusions regarding temperature 

adaptation and shell shape made in the previous chapter and to 

investigate whether population/genotype differences co-occur in 

response to hyperosmotic stress, a series of experiments were designed 

to: i) investigate the consequences of morphological variation for a) 

water retention upon emersion and b) the scope for evaporative cooling, 

and; ii) to investigate the physiological response to hyperosmotic 

stress through a study of a) aspects of nitrogen metabolism (alanine 

accumulation, ammonia and primary amine excretion) and b) aerobic 

metabolism.

Nucella, and secondly through this, to extend the earlier

4.2 MATERIALS AND METHODS

4.2.1 Morphology and Hyperosmotic stress

4.2.1.1 Shell Shape and Water Retention.

Using the sampling strategy described in Chapter
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capsules were collected , from each of the two shores used previoulsy 

(sites 7 and 8: Day, 1990) O.S. refs SX 805370 and SX 802371. On return 

to the laboratory the capsules were placed into Toby Teaboys and 

supplied with juvenile Mytilus edulis as food. Individual families of 

Nucella were then reared until the smallest individuals were of a large 

enough size to permit shell shape analysis. On this occasion no attempt 

was made to control for age. Shell shape was analysed as for Chapter 3 

by image analyisis and using Raup's shell shape characteristics. A 

randomly chosen subset of individuals was then used to determine the 

influence of shell shape upon the volume of extra-corporeal water 

retained upon emersion. These juvenile Nucella were placed aperture 

down onto absorbant tissue paper to remove excess water adhering to the 

shell. Following 20 minutes 'air drying' at room temperature (21°C),
1the volume of extra-corporeal water remaining in the mantle cavity was 

determined by absorption onto preweighed filter paper wicks (Whatman 

grade 3, cut into strips 3mm by 10mm) and reweighing. Individuals from 

both populations were numbered and randomised prior to the experiment 

to remove possible effects of subtle changes in room temperature or 

humidity over the course of the measurement period. Finally, with the 

exception of EST-3, the genotypes of all individuals were assayed for 

the electrophoretic loci examined previously in Chapter 3.

To re-examine the interaction between shell shape and genotype 

described in Chapter 3, the data set from this experiment was combined 

with that obtained in Chapter 3. Single locus genotype effects were 

then examined by uni- and multi variate analysis of variance. Due to a 

significant experiment effect the two populations were considered 

seperately. The discriminant function derived for the two laboratory
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populations reared in Chapter 3 was also applied to the new data set to 

evaluate among- and between-group/experiment differences. Analysis of 

covariance was used to examine the influence of population (shell 

shape) on the relationship between the volume of extra-corporeal water 

retained upon emersion and tissue weight.

4.2.1.2 Shell Shape and Hyperosmotic Stress

White shelled Nucella appear to be selected for on sheltered shores, 

the greater albedo of these morphs moderating the internal temperatures 

realised during aerial exposure (Etter, 1988). To determine whether, as 

a result of temperature driven desiccation, the salinity of the mantle 

cavity fluid increases appreciably upon emersion and further, if an 

interaction exists between hyperosmotic stress and shell shape, adult 

Nucella were aerially exposed for up to 5 hours. Adult Nucella of 

standardised weight (150mg see below) were collected from the two 

shores (sites 7 and 8) already used for the determiniation of shell 

shape characteristics. Prior to the experiment the Nucella were 

maintained non-tidally within the laboratory. On a hot June day, 50 

Nucella from each population were allowed to become attached to a stiff 

sheet of roughened grey polythene placed into the bottom of the holding 

tank. Once the Nucella were attached, the sheet was removed, briefly 

drained dry and then transferred to a sunny southerly facing location. 

Subsequently at 30 minute intervals, 10 individuals (5 from each 

population) were removed, wrapped in parafilm to prevent further water 

loss and transferred to the laboratory. An 8/il sample of the mantle 

cavity fluid of each Nucella was then withdrawn by pipette and the 

osmolality of this sample determined using a Wescor 5100c vapor
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pressure osmometer (Wescor Inc. Utah). Analysis of covariance was used 

to examine the influence of population (shell shape) on the 

relationship between osmolality of the mantle cavity fluid and time 

since emersion.

4.2.2 Physiology and Hyperosmotic Stress

Determination of physiological parameters are prone to greater error 

than measurements of morphological variation. In order to maximise the 

likelihood of detecting genetic differentiation for physiological 

processes, a new population was substituted for the 'sheltered' shore 

(site 8) used in the previous analysis of morphological variation. The 

shore chosen was location 15 (Day, 1990). Length/aperture ratios on 

this shore are 1.39±0.02, similar to those reported for site 8 and 

indicative of the sheltered shell shape, and allele frequencies at the 

loci exhibiting clinal variation are most extreme compared with the 

'exposed' shore site 7. If shell shape and allozyme variability 

represent the outcome of processes of shore specific selection and 

population differentiation, physiological differences, if they exist, 

should also be greatest on these shores. As no biopsy method has yet 

been developed to allow the genotype of Nucella to be pre-determined 

prior to physiological experiments, using the two populations 7 and 15 

was considered to optimise the detection of genotypic differences.

To remove shape differences between populations every effort was made 

to standardise for size (dry tissue weight) in the physiological 

experiments. For convenience, suitable animals were collected from the 

field based upon length (mm). To enable collection of suitable animals,
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seperate length:dry tissue weight regression equations were therefore 

calculated for each population (site 8 also given). These equations 

(estimates ± 2S.E) are given below (Dn - Nucella dry tissue weight (g) 

and Ln - Length of Nucella (mm) :

'Exposed' shore (site 7; Day, 1990)

log, D - 3.575 ± 0.395 log L - 5.703 ± 0.530°10 n °10 n

'Sheltered' shore (site 8; Day, 1990)

log, D - 3.575 ± 0.395 log,„L - 5.875 ± 0.532°10 n °10 n

'Sheltered' shore (site 15; Day, 1990)

log,nD - 3.575 ± 0.395 log, L - 5.936 ± 0.532°10 n °10 n

A standard dry tissue weight of 150mg was chosen for the physiological

experiments. This was achieved as closely as possible by collecting 

animals approximating to lengths of 23.15mm at 'exposed site 7' or 

26.90mm at 'sheltered site 8'. Final standardisation was achieved by 

weight correction to 150mg using equn 2.19. The values adopted for 'b', 

the exponent in the allometric equation relating physiological rate to 

body weight, and their source are given below:

Measurement b value Source

Respiration rate 0.583 Personal observation.

Ammonia excretion 0.600 Stickle and Bayne, 1982

Primary amine excretion 0.600 *

* no estimate of an exponent relating primary amine excretion to body
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weight is available in the literature; a value of 0.6 was therefore 

adopted.

For each of the physiological experiments fresh Nucella were collected 

from the shore on a spring tide 2 days prior to measurement. Over this 

time interval the collected Nucella were numbered and maintained within 

the laboratory on a non-tidal re-circulating seawater system (salinity 

35ppt, temperature 15°C) to reduce differences in metabolic rate due 

to time since last meal. In all the experiments the seawater was 

adjusted to the required salinity by the addition of Tropic Marin 

artificial sea salt (T.M.C Ltd. Rickmansworth, Herts)

4.2.2.1 Respiration Rates and Salinity

Short term hyperosmotic stress. Physiological studies into salinity 

stress in Nucella have, to date, been primarily concerned with 

investigating the upper estuarine distributional limit of this species 

with regard to physiological tolerances. In this respect all such 

studies have investigated the physiological response to an hypoosmotic 

medium despite evidence that would suggest that Nucella responds 

physiologically more rapidly to hyperosmotic stress (Stickle et al, 

1985). To investigate the physiological response to hyperosmotic 

stress, and to determine whether population differences exist in this 

response, 16 standard tissue weight Nucella were collected from each 

shore and exposed to a regime of increasing salinities. Nucella were 

placed individually and unrestrained into respirometry pots (Fig. 2.2) 

and oxygen saturated seawater added at a salinity of 35ppt; 

temperature throughout the experiment was maintained constant at 15°C
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and respiration rates were measured as described in Chapter 2. 

Respiration rates were determined over 1 hour periods initially at a 

salinity of 35 ppt and subsequently at salinities of 40, 45, 50 and 55 

ppt. Salinity adjustment was by complete replacement of the seawater 

within the respirometry pot with oxygen saturated filtered seawater at 

15°C raised to the required salinity. Finally, after 1 hour at 55ppt 

the salinity was directly returned to 35ppt for a further 1 hour to 

simulate the abrupt change occuring on the shore upon reimmersion. To 

confirm the results obtained, this short term exposure experiment was 

repeated with fresh animals. Since each individual Nucella experienced 

all salinities, repeated measures analysis of variance was used to 

examine the effects of salinity, individual variability and population 

upon respiration rates.

Long term hyperosmotic stress. To examine the effect of prolonged 

exposure to high salinity standard size individuals from each 

population were exposed to a salinity 55ppt for 48 hours. Respiration 

rates were determined at 35ppt prior to hyperosmotic stress and 

subsequently after 24 and 48 hours at 55ppt.

4.2.2.2 Hyperosmotic Stress and Alanine Accumulation

Although ̂ kurine is reportedly the major constituent of the free amino 

acid pool in Nucella (Stickle et al, 1985), in other species of marine 

mollusc including Thais haemastoma (Kapper et al, 1985), alanine has 

been shown to predominate as the short term osmotic effector (Bishop, 

1976; Bowlus & Somero, 1979; Bishop et al, 1983). As discussed above 

however, previous studies in Nucella have been concerned with the
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response to hypoosmotic conditions; although the same studies have

suggested that Nucella may respond more rapidly to hyperosmotic stress 

(Stickle et al, 1985). Given the generality among marine invertebrates 

of alanine as the primary osmotic effector in response to increasing 

salinity along with the absence of contrary evidence for Nucella, this 

study concentrated upon examining whether in Nucella, intracellular 

levels of alanine increase in response to hyperosmotic stress, and 

whether population differences exist in the rate of alanine

accumulation. To this end, a series of three experiments were 

conducted: i) a salinity range experiment to investigate rates of 

alanine accumulation with increasing salinity, ii) a time course 

experiment to determine alanine accumulation with time at a fixed 

salinity, and iii) a genotype experiment to investigate population and 

genotype effects using allelic variability at the marker locus LAP-2.

i) Salinity range experiment. Five static tanks were established each 

containing 5 litres of seawater at salinities of 35, 45, 55, 65 and

75ppt. Each tank was aerated and placed in a constant temperature room 

at 15°C. Ten Nucella from each of the two populations were introduced 

to each of the tanks and kept constantly submerged by a close fitting 

perspex plate. After 6 hours exposure to each salinity the Nucella were 

removed, frozen whole in liquid nitrogen, and transferred to a -25°C

freezer where they were stored until determination of alanine

concentrations.

ii) Salinity time course experiment. Thirty Nucella from each of the 

two populations were exposed to 55ppt salinity for up to 24 hours. 

Tanks and salinities were established and maintained as for the above
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salinity range experiment. 20 Nucella, 10 from each population, were 

placed in each 51 tank. Ten individuals were then sampled at TQ 

(35ppt) and following 6, 12 and 24 hours exposure to 55ppt. At each 

time interval animals were frozen whole in liquid nitrogen and stored 

at -25°C as above.

iii) Salinity/genotype experiment. Although functional homology is not 

presumed per se, the Nucella LAP may be of similar function to the 

Mytilus LAP for which a salinity/genotype interaction has already been 

observed (Koehn and Hilbish, 1987). Even if this is not the case, 

population differentiation for LAP-2 alleles may allow investigation of 

genotype/population interactions, if physiological differences exist 

between the two populations, provided that 'exposed' site 7 and 

'sheltered' site 15 LAP10 alleles are electrophoretically and 

functionally homologous. Thirty individuals from each population were 

therefore exposed to a salinity of 55ppt for 6 hours (a time chosen to 

simulate a period of tidal emersion). Following exposure to high 

salinity, animals were frozen in liquid nitrogen and stored at -25°C 

until electrophoretic determination of LAP-2 genotype, following 

electrophoresis Seven individuals of each of the three genotypes 

characteristic of the two populations (’sheltered' LAP-2g g, LAP-2g , 

L^io.io and 'exposed' I ^ - 2 10.l0) were then assayed for alanine 
accumulation.

Measurement of alanine. Alanine levels in pedal tissue were determined 

biochemically using the reversible alanine dehydrogenase reaction with 

the formation of NADH as an end point (Williamson, 1974). Tissue 

samples were homogenised 1:10 (weight:volume) in 6% perchloric acid
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and bufferred to ph. 7 with potassium hydroxide solution. Prior to 

analysis the homogenised samples were stored at -25°C. In all cases 

alanine concentrations in Nucella pedal tissue were represented on a 

wet weight basis. Due to the high financial cost of the biochemical 

assay, individuals were pooled in experiments i and ii giving 5 paired 

samples for each population at each salinity or time point.

4.2.2.3 Ammonia and Primary Amine excretion

Intracellular free amino acids that are accumulated in response to 

hyperosmotic stress may, upon return to normal salinity, be excreted 

directly, deaminated and excreted as ammonia, or be reconstituted into 

oligopeptides. In Nucella exposure to hypoosmotic stress is reported to 

result in a reduction in rates of ammonia excretion (Stickle et al, 

1985). The aims of the following experiments are firstly, to determine, 

by exposing Nucella to hyperosmotic (55ppt) and abrupt hypoosmotic 

stress (return to 35ppt), the effects of osmotic stress upon rates of 

ammonia and primary amine excretion, and secondly to investigate 

whether population differences exist in the levels of nitrogen loss 

that can be related to the levels of alanine accumulation measured 

above. Two experiments were conducted i) short term exposure to 

hyperosmotic stress and ii) long term exposure to hyperosmotic stress.

i) Short tern exposure experiment. Sixteen adult Nucella from each 

population were placed individually into 250ml plastic beakers each 

containing 150ml of seawater and immersed in a 15°C constant 

temperature water bath. To ensure the Nucella remained constantly 

submerged throughout the experiment each animal was placed in a
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perforated plastic swim-feeder of the type commonly used by freshwater 

fishermen. Control levels of ammonia and primary amine excretion were 

initially determined over a two hour period at 35ppt. The Nucella. were 

then transferred to beakers containing seawater at 55ppt and maintained 

at this salinity for 6 hours. After 4 hours at 55ppt the seawater was 

changed and excretion rates measured over the final 2 hours of 

hyperosmotic stress. Following exposure to hyperosmotic conditions for 

6 hours the Nucella were transferred directly to 35ppt and excretion 

rates measured over the first two hours.

ii) Long term exposure experiment. Sixteen Nucella from each population 

were transferred directly to 55ppt salinity seawater for a period of 48 

hours. During this time animals were kept constantly submerged in a 51 

static tank which was aerated and maintained at 15°C. The seawater was 

changed every 12 hours. After 48 hours exposure to hyperosmotic stress 

each Nucella was placed into a swimfeeder and transferred to seperate 

250ml beakers containing 200ml of 35ppt seawater; conditions were 

otherwise as described above. Total ammonia and primary amine excretion 

rates were subsequently measured after 1, 2, 4, 8 and 12 hours at

35ppt.

Measurement of Ammonia and Primary Amine Excretion. Prior to use, all 

glassware used in the above experiments was acid washed and ashed at 

450°C for 4 hours. Disposable plastic beakers were used to prevent 

contamination and plastic swim-feeders were acid washed between each
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experiment. All samples taken for ammonia analysis were assayed 

immediately using a modification (Grasshoff and Johannsen, 1972) of 

Solorzano's (1969) phenolhypochlorite method. Samples for primary amine 

analysis were stored frozen at -25°C until analysis using the 

fluorescamine method developed by North (1975) with leucine standards.

4.3 RESULTS

4.3.1 Morphological variation

Population differentiation similar to that observed in Chapter 3 was 

again evident for each of the shell shape parameters. This 

differentiation was however, less distinct than previously described 

(Fig. 4.1) with a shift in mean values of the three shape parameters W, 

S and T of the 'exposed' population towards those reported for the 

'sheltered' shore (Table 4.1). Whorl expansion showed the greatest 

change with respect to the previous experiment. As might be expected, 

the change in mean values of the shell shape parameter estimates 

affected the precision of the discriminant function, derived from 

Chapter 3., in allocating 'new' individuals to their respective 

populations. Whereas 93% of 'sheltered' juveniles were correctly 

allocated to the 'sheltered' population, only 54% of 'exposed' 

individuals from this experiment were correctly allocated to the 

'exposed' population (Table 4.2). Nested analysis of variance (Table 

4.3) further emphasised the reduction in morphological differentiation 

between the two populations in this experiment compared with Chapter 3. 

Mean square values for the among families within populations (sub 

groups within groups) and within families components of variation were
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FIG. 4.1.

3-D Scattergram depicting shell shape variation between the 
two populations: site 7 'exposed' - squares, site 8
'sheltered' - triangles. W - Whorl expansion rate, S - 
Aperture circularity, T - Translation rate (after Raup, 
1966). Although mean shapes were still significantly 
different (Table 4.5), differentiation between the two 
populations was not as great as observed previously (Fig. 
3.9). This was due to a shift of the 'exposed' shape towards 
the 'sheltered morph and could be explained by an increase in 
frequency of alleles associated with the 'sheltered' site 8 
population among the site 7 juveniles (Tables 3.11a and 4.4).

NOTE.

Although colours will not be referred to in the figure 
legends, from hereon, the 'exposed' (squares) and 'sheltered' 
(triangles) populations are colour coded, as for Chapter 3, 
blue and red respectively.
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TABLE 4.1
Estimates ± 2.S.E of the parameters W, S, and T (Raup, 1966) for 

juvenile Nucella (Juveniles 2: Sheltered n=85, Exposed n-149) collected 

from the same populations used in chapter 3 (juveniles 1).

Juveniles 1 Juveniles 2

 Sheltered Exposed Sheltered Exposed

W 1.92±0.01 2.14±0.02 1.95±0.02 2.00±0.02

S 0.62±0.005 0.6910.005 0.6210.005 0.6610.005

T 1.3410.03 1.0210.01 1.2110.03 1.1010.02

TABLE 4.2
Summary classification for the grouping of juveniles from this 

experiment using the discriminant function from Chapter 3.

Number of observations and percents 

classified into populations

From populations Sheltered Exposed Total

Sheltered 79 6 85

92.94 7.06 100.00

Exposed 69 80 149

46.31 53.69 100.00

Total 148 86 234

Percent 63.25 36.75 100.00

Prior probabilities 0.500 0.500
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remarkably similar to the previous experiment (Table 3.5), however, on 

this occasion, the among population values were significantly smaller. 

These effects were similarly reflected in the relative percent of 

variation explained at each level. Notwithstanding these effects the 

overall shape differences previously described for these two shores 

were still evident between the two populations.

The shift in mean character values seen in this experiment could 

tentatively be due to two causes: i) an 'experiment' effect, or ii)

genotype effects. Rearing conditions in this experiment were identical 

to those used previously, the only difference being that families were 

not of uniform age at the time of measurement. Since no effects of 

length (age) were observed upon any measure of shape within 

populations, 'experiment' (age) effects seem unlikely to account for 

the observed differences in shell shape. In contrast, electrophoretic 

analysis revealed considerable differences in genotype frequences 

primarily at the LAP-2 locus between this and the previous experiment 

(Table 4.4). In Chapter 3 the subset of 'exposed' shore families used 

for morphometric analysis were, due to the extremely low frequency of 

the LAP-29 allele amongst the 'exposed' cohort, monomorphic for the 

LAP-210 genotype. In contrast, in this experiment, the 'exposed' 

population of laboratory juveniles was polymorphic for LAP-2 with LAP- 

2g heterozygotes ' at a frequency of 0.533. If allozyme 

differentiation between these populations (Day, 1990) reflects or is 

associated (as suggested in Chapter 3 and Day, 1990) with genetic 

variation for morphological characteristics, the marked increase in 

frequency of the LAP-2g and MDHg alleles (associated with the 

'sheltered' population) among the ’exposed' families in this
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TABLE 4.3 (continued on page 287)
Nested analysis of variance and calculated variance components for 

shell shape variation of laboratory reared juveniles for the 

'sheltered' and 'exposed' shores, (group - population, sub-group - 

family). Shell shape parameters after Raup (1966).

Whorl Expansion Rate W

Source of 

Variation

df SS MS F Pr>F Variance

Component

Percent of 

Variation

Model 17 0.81 0.047 7.70 0.0001

Among Groups 1 0.17 2.91 4.16 0.0582 0.0018 11.8

Among Sub-groups 16 0.64 0.040 6.49 0.0001 0.0026 26.2

within groups

Within Sub-groups 216 1.33 0.006 61.9

Total 233 2.14

Translation Rate T

Source of df SS MS F Pr>F Variance Percent of

Variation Component Variation

Model 17 2.17 0.13 11.41 0.0001

Among Groups 1 0.69 0.69 7.54 0.014 0.0056 24.3

Among Sub-groups 16 1.47 0.092 8.24 0.0001 0.0062 27.1

within groups

Within Sub-groups 216 2.41 0.011 48.6

Total 233 4.58
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TABLE 4.3 cont'd

Aperture Circularity S

Source of 

Variation

df SS MS Pr>F Variance Percent of 

________ Component Variation

Model 17 0.17 0.01 23.04 0.0001

Among Groups 1 0.098 0.098 20.36 0.0004 0.00086 52.1

Among Sub-groups 22 0.077 0.005 10.77 0.0001 0.00034 20.6

wilhin groups

Within Sub-groups 216 0.097 0.00045 27.3

Total 233 9.272
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TABLE 4.4 (continued on page 289)

Genotype frequencies of laboratory reared juvenile Nucella used for 

shell shape analysis. Note the difference in genotype frequencies 

(particularly the increased occurrence of LAP-210 genotypes in the 

'sheltered' population) between this cohort and the cohort reaered 

previously in chapter 3.

Locus Genotype Sheltered Exposed

PGM-1 10.10 0.850 0.957

9.10 0.150 0.043

9.9 0 0

PGM-2 10.10 0.756 0.837

9.10 0.244 0.163

9.9 0 0

PEP-1 10.10 0.600 0.857

10.11 0.392 0.143

11.11 0.008 0

LAP-2 10.10 0.400 0.857

9.10 0.533 0.143

9.9 0.067 0

LAP-1 10.10 0.924 1.000
10.11 0.076 0
11.11 0 0
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TABLE 4.4 cont'd

Locus

MDH-1

MPI

Genotype Sheltered Exposed

10.10 0.242 0.843

9.10 0.458 0.087

9.9 0.300 0.032

10.11 0 0.038

10.10 0.108 0.518

9.10 0.333 0.381

9.9 0.558 0.101
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experiment, may explain the observed shift in character means. 

Increased frequency of these alleles among the families sampled may 

reflect hybridisation or genetic introgression between populations.

4.3.1.1 Shell Shape Variation and Genotype

In order to examine both the effect of experiment and genotype, and to 

determine if there is an experiment*genotype interaction, multivariate 

and univariate analysis of variance was performed on each population 

separately using the combined data from the two experiments. All loci 

with the exception of EST-3 were examined and, as expected, there was a 

singificant 'experiment' effect in all cases. Significant genotype 

effects were restricted to MDH-1 and LAP-2 loci (Tables 4.5a-4.5d); 

the two loci exhibiting clinal variation between populations. At MDH-1 

a similar genotype effect was observed among the 'sheltered' 

populations (Table 4.5a) to that reported in Chapter 3 (no significant 

experiment*genotype interaction). There was also, in this instance, a 

significant MDH-1 effect among the ’exposed' population (significant 

experiment*genotype interaction) due to the increased frequency of the 

MDH-19 allele among the ’exposed' juveniles in this second experiment 

(Table 4.4b). A highly significant effect of LAP-2 genotype was 

also observed among the 'exposed' populations (Table 4.5d). Univariate 

analysis revealed this effect to be primarily for whorl expansion 

rate, an observation which, combined with the lack of similar genotype 

effects in the ’sheltered' population (Table 4.5c), suggests that the 

shift in character values of the ’exposed' juveniles in this experiment 

may be due to the increased frequency of the LAP-2g allele and shore 

specific traits marked by variation at the LAP-2 locus.
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TABLE 4.5a (continued on page 292)
Multivariate and univariate analysis of variance for the effect of MDH- 

1 genotype upon shell shape of laboratory reared 'sheltered' shore 

juveniles using both data sets; this experiment and Chapter 3, for 

analysis of of experiment, genotype and experiment*genotype 

interaction.

Model: W S T — Experiment, Genotype (MDH-1), Genotype*Experiment

Multivariate Analysis

Statistic Value F Nura df Den df Pr>F

Hq1. No overall experiment effect

Wilks lambda 0.799 14.98 3 179 0.0001

Hq2. No overall genotype effect

Wilks lambda 0.848 5.11 6 358 0.0001

Hq3. N o  overall experiment*genotype interaction 

Wilks lambda 0.952 1.48 6 358 0.1824
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TABLE 4.5a cont'd.

Univariate Analysis

Variable Source of df SS F

variation

w Experiment 1 0.035 6.33

Genotype 2 0.024 2.23

Experiment* 2 0.0017 0.15

Genotype

Total 186 1.05

s Experiment 1 0.0016 3.39

Genotype 2 0.0064 6.67

Experiment* 2 0.0041 4.34

Genotype

Total 186 0.098

T Experiment 1 0.73 47.34

Genotype 2 0.37 11.92

Experiment* 2 0.011 0.34

Genotype

Total 186 3.92

Pr>F

0.0411

0.1100
0.8577

0.0674

0.0016

0.0145

0.0001
0.0001
0.7119
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TABLE 4.5b (continued on page 294)
Multivariate and univariate analysis of variance for the effect of MDH- 

1 genotype upon shell shape of laboratory reared 'exposed' shore 

juveniles. Data from this experiment and Chapter 3 combined for the 

analysis of the effects of experiment, genotype and the 

experiment*genotype interaction.

Model: W S T — Experiment, Genotype (MDH-1), Genotype*Experiment

Multivariate Analysis

Statistic Value F Num df Den df Pr>F

Hq1. No overall experiment effect

Wilks lambda 0.581 62.52 3 260 0.0001

Hq2. No overall genotype effect

Wilks lambda 0.940 2.70 6 520 0.0136

Hq3. No overall experiment*genotype interaction

Wilks lambda 0.970 2.66 3 260 0.0486



TABLE 4.5b cont'd.

Univariate Analysis

Variable Source of df SS F

variation

w Experiment 1 1.38 119.43

Genotype 2 0.083 3.62

Experiment* 1 0.021 1.84

Genotype

Total 266 4.51

s Experiment 1 0.081 106.42

Genotype 2 0.0018 1.17

Experiment* 1 0.00004 0.05

Genotype

Total 266 0.284

T Experiment 1 0.44 34.65

Genotype 2 0.15 6.14

Experiment* 1 0.099 7.91

Genotype

Total 266 3.98

Pr>F

0.0001
0.0281

0.1764

0.0001
0.3124

0.8187

0.0001
0.0025

0.0053
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TABLE 4.5c (continued on page 296)
Multivariate and univariate analysis of variance for the effect of LAP- 

2 genotype upon shell shape of laboratory reared 'sheltered' shore 

juveniles using both data sets; this experiment and Chapter 3, for 

analysis of of experiment, genotype and experiment*genotype 

interaction.

Multivariate Analysis

Model: W S T - Experiment Genotype (MDH-1) Genotype*Experiment

Statistic Value F Num df Den df Pr>F

Hq1. No overall experiment effect

Wilks lambda 0.805 14.38 3 178 0.0001

Hq2. No overall genotype effect

Wilks lambda 0.954 1.49 6 356 0.1795

Hq3. N o  overall experiment*genotype interaction

Wilks lambda 0.975 0.74 6 356 0.6153
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TABLE 4.5c cont'd.

Univariate Analysis

Variable Source of df SS F Pr>F

variation

w Experiment 1 0.036 6.57 0.0112

Genotype 2 0.0027 0.25 0.7783

Experiment* 2 0.014 1.24 0.2912

Genotype

Total 185 1.05

s Experiment 1 0.0016 3.13 0.0786

Genotype 2 0.0037 3.67 0.0273

Experiment* 2 0.0012 1.14 0.3215

Genotype

Total 185 0.098

T Experiment 1 0.72 41.75 0.0001

Genotype 2 0.037 1.06 0.3479

Experiment* 2 0.024 0.72 0.4891

Genotype

Total 185 3.91
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TABLE 4.5d (continued on page 297)
Multivariate analysis of variance for the effect of LAP-2 genotype upon 

shell shape of laboratory reared 'exposed' shore juveniles. Data from 

this experiment and Chapter 3 combined for the analysis of the effects 

of experiment, genotype and the experiment*genotype interaction.

Model: W S T - Experiment, Genotype (MDH-1), Genotype*Experiment

Multivariate Analysis

Statistic Value F Num df Den df Pr>F

Hq1. No overall experiment effect

Wilks lambda 0.566 67.58 3 265 0.0001

Hq2. N o  overall genotype effect

Wilks lambda 0.898 9.93 3 265 0.0001

Hq3. N o  overall experiment*genotype interaction

Wilks lambda 0.990 0.87 3 265 0.4562
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TABLE 4.5d cont'd.

Univariate Analysis

Variable Source of df SS F

variation

w Experiment 1 1.411 127.51

Genotype 1 0.177 16.02

Experiment* 1 0.014 1.28

Genotype

Total 270 4.55

s Experiment 1 0.083 108.27

Genotype 1 0.00001 0.00

Experiment* 1 0.0006 0.66

Genotype

Total 270 0.29

T Experiment 1 0.45 37.22

Genotype 1 0.28 22.66

Experiment* 1 0.024 1.97

Genotype

Total 270 4.022

Pr>F

0.0001
0.0001
0.2592

0.0001
0.9680

0.4177

0.0001
0.0001
0.1615
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4.3.2 Morphological Variation and Hyperosmotic Stress

In Chapter 3 It was argued that the observed shape differences between 

populations may confer a fitness advantage under specific selective 

regimes by altering the volume of extra-corporeal water retained upon 

emersion. Analysis of covariance (Table 4.6) using the laboratory 

reared juveniles, revealed a highly significant population effect on 

the relationship between tissue weight and the volume of extra 

corporeal water retained upon emersion. For any given tissue weight, 

the 'sheltered' population (tall narrow shell shape) retained a greater 

volume of extra-corporeal water in the mantle cavity (Fig 4.2).

The experiment to determine whether differences in the volume of extra- 

corporeal water retained along with shell shape, influenced the 

salinity of the mantle cavity fluid upon emersion also revealed 

significant population differences. Covariance analysis (Table 4.6) 

indicated significant effects of both time after emersion and 

population (shell shape). For a given period of aerial exposure 

'sheltered' shore Nucella experienced lower salinities in the mantle 

cavity compared with similar sized ’exposed' individuals (Fig. 4.3). 

Although the experiment was run for a total period of 5 hours, after 

2.5 hours the volume of extra-corporeal water that could be 

successfully withdrawn was both too small and its salinity too great to 

permit reliable estimation of osmolality. Following 2.5 hours aerial 

exposure, over which time Nucella experienced a sun temperature of 31.5 

- 34°C, the mean salinity of the mantle cavity fluid reached 49.7 ± 

3.04ppt and 55.6 ± 5.6ppt for the ’sheltered' and ’exposed' populations 

respectively. On the basis of these results, hyperosmotic stress upon
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TABLE 4.6
Covariance analyisis for effect of shell shape (population) on the 

relationship between log1£)(wet tissue weight : g) and log1Q (volume of 

extra-corporeal water : g) retained upon emersion.

Source of 

Variation

df SS MS F Pr>F r-square

Tissue weight 1 0.616 0.616 60.45 0.0001 0.459

Population 1 0.170 0.170 16.66 0.0001

Tissue weight* 1 0.018 0.018 1.82 0.1803

Population

Error 93 0.948 0.010

Corrected total 96 1.753

TABLE 4.7

Covariance analyisis for effect of shell shape (population) on the 

relationship between log1Q(salinity of the mantle cavity fluid : ppt) 

and the time after emersion.

Source of 

Variation

df SS MS F Pr>F r-square

Time 5 0.190 0.190 31.99 0.0001 0.789

Population 1 0.0054 0.0054 4.58 0.0376

Time*Population 5 0.0085 0.0085 1.44 0.2275

Error 46 0.054 0.0012

Corrected total 57 0.258
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FIG. 4.2.

L°gio volume of extra-corporeal water (g) retained upon 
emersion against Log10 wet tissue weight (g) . Site 8 
'sheltered' juveniles (triangles, solid line) retained a 
significantly greater volume of extra-corporeal water than 
site 7 'exposed' juvenlies (squares, broken line). Regression 
lines were obtained by analysis of covariance (Table 4.6).

FIG. 4.3.

Log10 salinity of the mantle cavity fluid (ppt) against time 
(minutes) after emersion. Values are means ± 2.S.E calculated 
using pooled variances from the analysis of variance (Table 
4.7). For a given period of aerial exposure, adult Nucella 
from the 'exposed' site 7 (squares) attained a greater 
salinity in their mantle cavity than similar sized animals 
from the 'sheltered' site 8 (triangles).
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emersion can reasonably be considered a real phenomenon for Nucella.

4.3.3 Physiological Variation

4.3.3.1 Analyisis of Physiological data

Animals for physiological experiments were standardised on collection 

as far as possible to a tissue dry weight of 150mg. Dry weights 

estimated from length/dry weight regression and physiological rates 

were finally weight corrected to a standard dry tissue weight of 150mg. 

Mean shell lengths of the Nucella used in the experiments are given in 

Table 4.8. To account for a change in variance of physiological 

measurements that occurred in all cases with changes in salinity,

physiological rates were transformed to log1Q. This necessitated the j
5

addition of 0.02 to all measurements of respiration rate to correct for ; 

zero values. Likewise, values of 4.0_and 1.0 were added to all ammonia 

and primary amine excretion data respectively. j

4.3.3.2 Respiration Rates and Hyperosmotic Stress

Short term hyperosmotic stress. Both populations responded to 

increasing hyperosmotic stress with reduced levels of activity, 

withdrawing partly into their shells at salinities of 45 ppt and 

above. In addition to lower activity levels, a reduction in activity, 

respiration rates also declined with increasing salinity (Table 4.9), 

several individuals exhibiting zero aerobic respiration at salinities 

of 50 and 55ppt. There were no significant differences between

303



TABLE 4.8
Mean lengths (±2.S.E) of Nucella used in the physiological experiments. 

Care was taken to collect adults of lengths approximating to 23.15mm 

'exposed' or 26.90mm 'sheltered' equivalent to 150mg dry tissue weight. 

(n-16 in all cases).

Mean length (mm±2.S.E) Experiment

Sheltered______Exposed_______________________________________________

26.62±0.44 23.0910.25 Respiration rate and hyperosmotic stress

26.9110.43 23.5110.29 Respiration rate and hyperosmotic stress

26.6010.40 23.3110.32 Ammonia and Primary Amine excretion

TABLE 4.9

Mean respiration rates (V02 : /xl 02h-1 1 2.S.E) from the two salinity 

range experiments for ’sheltered' and 'exposed' shore Nucella.

Salinity V02 V02

ppt Experiment 1 Experiment 2

Sheltered

n-16

Exposed

n-15

Sheltered

n-16

Exposed

n-16

35 0.06110.013 0.07610.009 0.07110.009 0.07410.010

40 0.05110.011 0.07410.010 0.06410.007 0.07610.006

45 0.04010.009 0.04410.012 0.05310.008 0.05610.007

50 0.01310.006 0.00610.008 0.03410.005 0.03210.004

55 0.00510.004 0.00110.003 0.02010.004 0.01010.004

35 0.08010.014 0.10410.010 0.08310.009 0.09310.008
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populations in control (35ppt) respiration rates at the start of the 

experiment. However, there was a significant interaction between 

respiration rate, population and salinity (Figs. 4.4a and 4.4b), with 

individuals from the 'exposed' shore exhibiting a greater reduction in 

aerobic metabolism at 55ppt. Repeated measures analysis of variance 

(Tables 4.10a and 4.10b) confirmed these results revealing in addition 

to the expected significant effects of salinity and individual 

variation on respiration rate, a highly significant salinity*population 

interaction. Abrupt return to 35ppt salinity at the end of the 

experiment saw, in both populations, an increase in respiration rates 

to levels that were similar for both, but greater than control rates at 

35ppt at the start of the experiment.

Long term hyperosmotic stress. Again there were no differences between 

control respiration rates at 35ppt at the start of the experiment 

(Table. 4.11). Transfer to 55ppt salinity resulted, as above, in a 

significant reduction in respiration rate however, after 24 hours at 

this salinity the reduction in aerobic respiration rates were not so 

great as seen in the short term experiment above. Respiration rates 

were similar whether measured after 24 or 48 hours at 55ppt. In 

contrast to the short term experiment above, no differences were 

observed in respiration rate between populations after long term 

exposure.
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FIG. 4.4a.

Effect of increasing salinity on respiration rates of adult 
Nucella from 'exposed' site 7 (squares) and 'sheltered' site 
15 (triangles). Data are transformed to Log1Q and weight 
corrected to a standard dry tissue weight of 150mg. Values 
presented are means ± 2.S.E calculated using pooled variances 
from the repeated measures analysis of variance (Table 
4.10a). Significant effects were observed for individual, 
population and salinity.

FIG. 4.4b.

As for 4.4a except that data applies to Table 4.10b.
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TABLE 4.10a
Repeated measures analysis of variance for the effect of population, 

individual variation, salinity and the population*salinity interaction 

upon respiration rate. Respiration rates transformed to log1Q. Type III 

MS for individuals used as the error term for the test of population 

effects.

Source of 

Variation

df SS MS F Pr>F r-square

Population 1 0.022 0.022 0.51 0.4797 0.865

Individuals 29 1.235 0.042 2.89 0.0001

Salinity 5 12.064 2.412 163.78 0.0001

Population* 5 0.412 0.082 5.60 0.0001

Salinity

Error 145 2.136 0.015

Corrected total 185 15.869

308



TABLE 4.10b
Repeated measures analysis of variance for the effect of population, 

individual variation, salinity and the population*salinity interaction 

upon respiration rate. Respiration rates transformed to log1Q. Type III 

MS for individuals used as the error term for the test of population 

effects.

Source of 

Variation

df SS MS F Pr>F r-square

Population 1 0.0001 0.0001 0.01 0.9231 0.888

Individuals 30 0.676 0.022 4.11 0.0001

Salinity 5 5.630 1.126 205.26 0.0001

Population* 5 0.193 0.039 7.05 0.0001

Salinity

Error 150 0.823 0.0055

Corrected total 191 7.323
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TABLE 4.11

Effect of long term exposure (48 hours) to hyperosmotic stress (55ppt 

salinity) on the respiration rate of 'sheltered' and 'exposed' Nucella. 

Respiration rate /il02/h given as means (n-16) ± 2.S.E. for an animal 

of 150mg dry tissue weight.

Time Salinity Respiration Rate

(hours) (ppt)______ Sheltered_____ Exposed

0 35 0.061±0.01 0.080±0.006

24 55 0.034±0.008 0.048±0.005

48 55 0.038±0.006 0.051±0.008
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4.3.3.3 Alanine Accumulation

Previous studies (Stickle et al, 1985) have suggested that Nucella is a 

poor acclimator to osmotic stress due to the predominance of taurine in 

the intracellular free amino acid pool. Analysis of alanine 

accumulation showed that, in common with other molluscs, Nucella 

appears capable of increasing the intracellular concentrations of this 

amino acid in response to hyperosmotic stress (Figs. 4.5 and 4.6; 

Tables 4.12 and 4.13). Alanine levels measured on a wet weight basis 

appeared to double in pedal tissue over the first 6 hours hyperosmotic 

stress at 55ppt and increased 3 fold after 24 hours at this salinity. 

In these two experiments, no overall differences were observed in the 

intracellular response between the two populations. Analysis of alanine 

accumulation by LAP-2 genotype however, revealed significant 

differences among genotypes within the 'sheltered' population and among 

similar genotypes between populations (Fig. 4.7, Tables 4.14 and 4.15). 

LAP-210 homozygotes from the 'exposed' shore exhibited the highest 

levels of alanine accumulation after 6 hours at 55ppt. In contrast 

following a similar period of exposure, LAP-210 and LAP-29 

homozygotes from the 'sheltered' population had equivalent but 

significantly lower levels of intracellular alanine. LAP-2g 

heterozygotes from the 'sheltered' population exhibited levels of 

alanine accumulation intermediate, but increased variance, between 

'exposed' LAP-210 homozygotes and either of the 'sheltered' 

homozygotes (LAP-210 1Q and LAP-2g 9).

The results from the genotype experiment suggest that population 

(genetic) differences may exist iLn the rate of alanine accumulation
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FIG. 4.5.

Alanine concentrations (/* mol/g wet weight) in pedal tissue 
of adult Nucella from 'exposed' site 7 (squares) and 
'sheltered' site 15 (triangles) following 6 hours at 35, 45, 
55, 65 or 75ppt salinity. The solid line joins values 
representing the two populations pooled. All values are means 
± 2.S.E calculated using pooled variances.

FIG. 4.6.

Time course over 24 hours of the increase in alanine 
concentration (/* mol/g wet weight), in pedal tissue of adult 
Nucella, from 'exposed' site 7 (squares) and 'sheltered' site 
15 (triangles) following transfer to 55 ppt salinity. The 
solid line joins values representing the two populations 
pooled. All values are means ± 2.S.E calculated using pooled 
variances.
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TABLE 4.12
Alanine levels (/imol/g wet weight) in Nucella pedal tissue following 6 

hours at 35, 45, 55, 65 or 75 ppt. Values given are means ± 2.S.E for

both populations combined (ten replicates, five from each population,

each of two pooled individuals).

Salinity______Alanine

35 2.09±0.52

45 3.8110.61

55 3.9110.35

65 5.0810.61

75 4.7410.47

TABLE 4.13

Increase in alanine levels ()umol/g wet weight) in Nucella pedal tissue 

over a time course of 24 hours at 55ppt salinity. Values given are 

means 1 2.S.E for both populations combined (ten replicates, five from 

each population, each of two pooled individuals).

Time (hrs)_____ Alanine

0 2.7110.60

6 4.4610.52

12 5.8210.52

24 8.5510.67
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FIG. 4.7.

Alanine concentrations (/x mol/g wet weight), by population 
and LAP-2 genotype, in pedal tissue of adult Nucella 
following 6 hours at 55 ppt salinity. 9 9(S), 9 10(S) and 10 
10 (S) represent 'sheltered' site 15 LAP-2 variants. 10 10(E) 
represents 'exposed' site 7 LAP-2 common homozygotes. All 
values are means ± 2.S.E calculated using the pooled variance 
estimates. For interpretation of the data see Table 4.15 and 
text.
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TABLE 4.14
Alanine levels : /xmol/g wet weight ± 2.S.E, in Nucella pedal tissue for 

population and LAP-2 genotype effects, following 6 hours hyperosmotic 

stress at 55ppt salinity.

Population Genotype n Alanine

____________________________________ /xmol/g wet weight

A Sheltered LAp-2Q Q9.9 7 3.74±0.47

B Sheltered 7 4.5411.22

C Sheltered I A P -2 io.io 7 3.6010.55

Sheltered A+B+C 21 3.9610.48

Exposed L^io.io 7 5.2410.44
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TABLE 4.15
Analysis of variance and Tukey's studentised range test for the effect 

of LAP-2 genotype on alanine levels in pedal tissue of Nucella 

following 6 hours hyperosmotic stress at 55ppt salinity.

Source of df SS MS F Pr>F

Variation__________________________________________________

LAP-2 genotype 3 12.226 4.075 4.08 0.0179

Error 24 23.978 0.999

Corrected total 27 36.204

Tukey's studentised range test for difference between means. 

Genotypes with the same letter are not significantly different

Grouping_______Genotype_____Population

A “ '210.10 Exposed

A B “ '29.10 Sheltered

B “ ' 29.9 Sheltered

B “ '210.10 Sheltered
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The failure to take account of genotype in either the time course or 

salinity range experiment may have prevented the detection of 

population differences.

4.3.3.4 Ammonia and Primary Amine Excretion

Short term hyperosmotic stress. Weight standardised control levels of 

ammonia and primary amine excretion at 35ppt were similar between 

'sheltered' and 'exposed' populations for both the short and long term 

exposure experiments. For both populations short term hyperosmotic 

stress, through abrupt transfer to 55 ppt, resulted in a significant 

decline from in both ammonia and primary amine excretion from control 

levels (Figs. 4.8 and 4.9; Tables 4.16 and 4.17). Further, for both 

ammonia and primary amine excretion this decline was significantly 

greater for the 'exposed' than the 'sheltered' individuals. On abrupt 

return to 35ppt after 6 hours hyperosmotic stress, rates of ammonia and 

primary amine excretion increased. The response on return to 35ppt was 

however, significantly different between ammonia and primary amine 

excretion and between populations (Figs. 4.8 and 4.9). Rates of ammonia 

excretion were higher than at 55ppt but similar for both populations. 

In contrast, primary amine excretion rates were both higher and 

significantly different between populations. In the 'sheltered' 

population levels of primary amine excretion returned to those measured 

prior to transfer to 55ppt. The exposed population however, exhibited 

rates of primary amine excretion that were significantly greater than 

control levels and significantly greater than the rates of excretion 

exhibited by the 'sheltered' population. The interpretation of these 

results is confirmed by the interaction terms in the respective
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FIG. 4.8.

Ammonia excretion (/x mol/2hours), log10 transformed and 
weight corrected to a standard dry tissue weight of 150mg, 
for adult Nucella from ’exposed' site 7 (squares, broken 
line) and ’sheltered' site 15 (triangles, solid line). 
Ammonia excretion rates were measured at 35 ppt (control), 
following transfer to 55 ppt (hours 4-6) and over the first 
two hours following return to 35 ppt. All values are means ±
2.S.E calculated using pooled variance estimates from the 
analysis of variance (Table 4.18).

FIG. 4.9.

Primary amine excretion (/x mol/2hours), log1Q transformed and 
weight corrected to a standard dry tissue weight of 150mg, 
for adult Nucella from ’exposed' site 7 (squares, broken 
line) and ’sheltered' site 15 (triangles, solid line). 
Primary amine excretion rates measured at 35 ppt (control), 
following transfer to 55 ppt (hours 4-6) and over the first 
two hours following return to 35 ppt. All values are means ±
2.S.E calculated using pooled variance estimates from the 
analysis of variance (Table 4.18).
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TABLE 4.16
Ammonia excretion : lmol/2h for the two Nucella populations over i) an 

initial two hours at 35ppt, ii) over a 2 hour period (hours 4-6) 

following abrupt transfer to 55ppt and subsequently iii) over the first 

2 hours after transfer back to 35ppt. All values are means ± 2.S.E 

(n-16.) weight corrected to a standard dry tissue weight of 150mg.

Salinity Sheltered Exposed

35 52.15±13.86 33.6217.46

55 1.8610.76 -0.7111.33

35 34.14113.22 26.8617.61

TABLE 4.17

Primary amine excretion : lmol/2h for the two Nucella populations over 

i) an initial two hours at 35ppt, ii) over a 2 hour period (hours 4-6) 

following abrupt transfer to 55ppt and subsequently iii) over the first 

2 hours after transfer back to 35ppt. All values are means 1 2.S.E 

(n-16.) weight corrected to a standard dry tissue weight of 150mg.

Salinity Sheltered Exposed

i 35 4.0610.48 4.6011.73

ii 55 2.0410.82 0.6310.33

iii 35 3.7011.83 6.5111.26
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analysis of variance tables (Tables, 4.18 and 4.19). For ammonia 

excretion rates, significant population and population*salinity 

interaction terms demonstrate the treatment effect to be non-parallel 

between populations indicating that the ’exposed' population exhibits a 

greater reduction in ammonia excretion at high salinity. In contrast, 

lack of a significant population effect but presence of a highly 

significant population*salinity interaction in the analysis of variance 

of primary amine excretion, similarly confirms the difference in 

response of the two populations to high salinity and return to normal 

salinity.

Long term hyperosmotic stress. Similar results to those obtained on 

return to 35ppt following short term exposure to high salinity were 

observed on abrupt return to 35ppt following long term (48 hour) 

exposure to hyperosmotic stress. After an initial time lag of « 1 hour, 

similar to that previously reported to occur in Nucella exposed to 

hypoosmotic stress (Stickle et al, 1985), there were no significant

differences between populations in the levels of ammonia excretion over 

the first 12 hours following return to 35ppt (Table 4.20, Fig 4.10). In 

contrast however, a significant population effect was observed in the 

levels of primary amine excretion on return to 35ppt. Mechanical 

failure of the fluorometer prevented analysis of samples over the full 

12 hours, nevertheless, over the first four hours after return to 

35ppt, primary amine excretion for the 'exposed' population was 

significantly greater than that observed among ’sheltered' individuals 

(Fig. 4.11; Table 4.21).
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TABLE 4.18
Analysis of variance for effects of salinity and population on ammonia 

excretion at 35ppt, after 6 hours at 55ppt and upon abrupt return to 

35ppt.

Source of 

Variation

df SS MS F Pr>F

Salinity 2 20.98 10.49 122.53 0.0001

Population 1 0.96 0.96 11.24 0.0012

Salinity* 2 0.56 0.28 3.27 0.0426

Population

Error 90 7.71 0.086

Corrected total 95 30.21

TABLE 4.19

Analysis of variance for effects of salinity and population on primary 

amine excretion at 35ppt, after 6 hours at 55ppt and upon abrupt return 

to 35ppt.

Source of 

Variation

df SS MS F Pr>F

Salinity 2 3.62 1.81 35.90 0.0001

Population 1 0.0078 0.0078 0.15 0.6951

Salinity* 2 0.90 0.45 8.90 0.0003

Population

Error 84 4.23 0.050

Corrected total 89 8.74
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TABLE 4.20
Ammonia excretion : /xmol ± 2.S.E, over a 2 hour period following 48 

hours hyperosmotic stress at 55ppt and subsequent time course of total 

ammonia excretion over the first 12 hours following abrupt return to 

35ppt salinity. Values standardised to a dry tissue weight of 150mg.

Time (h) after Salinity Sheltered Exposed

return to 35ppt__________________________________________

55 15.77±5.68 10.4112.90

1 35 15.53±5.16 13.5113.45

2 35 44.39±10.38 43.6016.60

4 35 113.36127.18 101.57115.19

8 35 229.29155.71 182.12125.42

12 35 335.32183.77 259.37140.44

TABLE 4.21

Primary amine excretion : /xmol ± 2.S.E, over a 2 hour period following 

48 hours hyperosmotic stress at 55ppt and subsequent time course of 

total ammonia excretion over the first 4 hours after abrupt return to 

35ppt salinity. Values standardised to a dry tissue weight of 150mg.

Time (h) after 

return to 35ppt

Salinity Sheltered Exposed

55 1.0710.58 0.9710.83

1 35 2.9211.27 5.3811.34

4 35 5.3411.47 7.6312.33
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FIG. 4.10.

Time course of total ammonia excretion (/* mol) following 
transfer to 35ppt after prolonged (48 hours) exposure to 
hyperosmotic stress (55ppt) for 'exposed' site 7 (squares, 
broken line) and 'sheltered' site 15 (triangles, solid line) 
adult Nucella. Values of ammonia excretion are l*og1(J 
transformed and weight corrected to a standard dry tissue 
weight of 150mg. All values are means ± 2.S.E calculated 
using pooled variance estimates from the analysis of variance 
(Table 4.20).

FIG. 4.11.

Time course of total primary amine excretion (/* mol) 
following transfer to 35ppt after prolonged (48 hours) 
exposure to hyperosmotic stress (55ppt) for 'exposed' site 7 
(squares, broken line) and 'sheltered' site 15 (triangles, 
solid line) adult Nucella. Values of primary amine excretion 
are Log10 transformed and weight corrected to a standard dry 
tissue weight of 150mg. All values are means ± 2.S.E 
calculated using pooled variance estimates from the analysis 
of variance (Table 4.21).
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4.4 DISCUSSION

4.4.1 Genetic and Morphological Differentiation

The results presented above for both morphological and physiological 

variation reinforce the suggestion, based on morphological variation 

alone, that along the stretch of coastline studied by Day (1990), 

genetic differentiation exists among the populations of Nucella for 

shore specific phenotypic characteristics. Clinal variation along this 

coastline occurs at four loci: LAP-2, PEP-2 (non-specific peptidase, 

not used in this study), MDH-1 and EST-3 (MDH-1 and EST-3 '9' alleles 

appearing to exhibit complete association). In addition, the same 

populations are also karyotypically differentiated with respect to 

chromosome number (Chapter 3; Bantock and Cockayne, 1975); thus 

populations with a high frequency of LAP-29, MDH-19 and EST-39 alleles 

also have a higher mean chromosome count due to a greater number of 

crocentric chromosomes. In the previous Chapter, using two neighbouring 

populations within this region of genetic variability but with 

different allele and karyotype frequencies, morphological 

differentiation was demonstrated for aspects of shell shape. Further, 

this differentiation corresponded to variation already suggested, in 

Nucella and other species, to represent phenotypic adaptation to the 

shore specific selection pressures of wave action and desiccation. 

Individuals that were homozygous MDH-lg 9/EST-3g on average had the 

highest values of T and lowest values of W and S, representing the 

classic tall narrow ’sheltered' shell shape.

Clinal variation at the loci used in this study (LAP-2, MDH-1 and EST-
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3) ranges from almost complete fixation for MDH-110, EST-310 and LAP- 

210 alleles at one end of the cline to virtual complete fixation for 

MDH-lg, EST-3g and polymorphism for LAP-2g and LAP-210 alleles among 

populations at the other extreme. Given the association betwen shell 

shape and allelic variation at MDH-l/EST-3 loci, clinal variation in 

allele frequencies also represents clinal variation in shell shape from 

the characteristic 'exposed' to characteristic 'sheltered' morph.

Similar population differentiation between sites 7 and 8 (Day, 1990) 

was again observed in this study for the three parameters W, S and T 

(Raup, 1966), along with similar genotypic relationships at the MDH- 

l/EST-3 loci. However, there was a significant shift in the values of 

the 'exposed' shell shape parameters towards the sheltered phenotype, 

emphasised by the failure of the discriminant function derived in 

Chapter 3, to correctly allocate juveniles from this experiment to 

their respective populations. While 93% of the 'sheltered' individuals 

were successfully assigned to the 'sheltered' population, the 

discriminant function only succeeded in correctly allocating 46% of 

the 'exposed' population, the remainder being more representative of 

the 'sheltered' phenotype. Since rearing conditions were identical 

between experiments, within population shell shape differences between 

the two experiments must, if genetic, be due to a change in gene 

frequencies among the 'exposed' juveniles at the loci controlling shell 

shape. The shift in shell shape of the 'exposed' population towards 

that of the 'sheltered' phenotype coincided with an increase in 

frequency of 'sheltered' alleles (LAP-2g and MDH-lg/EST-3g alleles) 

among the 'exposed' population of laboratory juveniles resulting in 

significant genotype and experiment*genotype interaction terms in the

329



respective analyses of variance. This shift in the shell shape of 

'exposed' individuals, coincident with an increase in frequency of 

alleles associated with populations exhibiting the sheltered shell form 

provides confirmatory evidence that shell shape in these populations is 

under genetic control, and that clinal variation in allele frequencies 

represents clinal variation in the gene pools determining these 

characteristics. In these populations, clinal variation in allele 

frequencies may therefore reasonably be considered to represent 

variation in the gene pools for shore specific phenotypic traits.

Having drawn this conclusion, it is important to determine whether 

clinal variation in allele frequencies and phenotypes either represents 

the action of stochastic forces, or alternatively is the outcome of 

selection for shore specific adaptive strategies. In this respect, it 

is necessary to demonstrate that specific phenotypes can give rise to 

a selective advantage under the selective regimes that are putatively 

associated with different shore types.

4.4.2 Fitness Consequences of Morphological Variation

The association in Chapter 3 of shell shape with shore type 

(classically exposed and sheltered environments, spherical or tall 

narrow shells respectively), along with the observations of Day (1990) 

suggested that morphological and electrophoretic variation may 

represent adaptive strategies to spatial variation in the selection 

pressures of wave action and desiccation. Experimental results appear 

to support this hypothesis. Upon emersion, the 'sheltered' shell shape 

retained a greater volume of extra-corporeal water for a given tissue
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weight, with the result that the mantle cavity fluid of sheltered 

morphs did not attain the high salinities realised by exposed 

individuals under similar conditions of temperature stress. The likely 

importance of increasing the volume of extra-coproreal water was 

markedly demonstrated on the 'sheltered' shore (site 15: Day, 1990) on 

several occasions in the summer of 1990. On hot days during low tide, 

Nucella on these shores were observed to hang from the rocks with the 

foot fully extended, presumably demonstrating either temperature stress 

or a behavioural response to increase evaporative cooling.

Shell shape variation may therefore interact in Nucella with 

temperature and hyperosmotic stress in the production of an adaptive 

phenotype. Given population differentiation for morphological 

characteristics similar variation may exist for physiological traits, 

particularly cell volume regulation, that allow fitness maximisation 

under different selective regimes.

4.4.3 Physiological Response of Nucella to Hyperosmotic stress

The mechanistic processes by which cell volume regulation is partially 

or fully achieved in marine invertebrates were not investigated in this 

study and remain a matter of speculation. Rather, given that free amino 

acids are important for cell volume control, the predicted response of 

physiological processes were examined and interpreted based upon 

existing theoretical assumptions of either de novo synthesis or protein 

catabolism as mechanisms of increasing the free amino acid pool. 

Although taurine is reported to be the dominant free amino acid within 

Nucella with other osmotic effectors possibly represented by alanine,
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arginine, aspartate, glutamate and glycine (Stickle et al, 1985) only 

alanine concentrations were measured in this study. In the majority of 

investigations to date alanine appears to be most important constituent 

of the free amino acid pool in the short term response to hyperosmotic 

stress, changes in concentration of alanine may be considered 

indicative of changes in the intracellular concentration of amino acids 

as a whole.

4.4.3.1 Short Term Hyperosmotic Stress

In order to simulate a period of tidal emersion, this study was 

primarily concerned with the physiological response to short term 

salinity change. The results obtained, in contrast to previous reports 

(Stickle et al, 1985), described both a marked physiological response 

to hyperosmotic stress within Nucella, consistent with current theories 

of salinity acclimation in marine invertebrates, and also evidence of 

distinct population differentiation in the degree of this response. 

Exposure of Nucella to short term hyperosmotic stress resulted in a 

decline in respiration, ammonia and primary amine excretion rates for 

both populations. At high salinity (55ppt) some individuals exhibited 

zero aerobic respiration and zero rates of ammonia and primary amine 

excretion. In Tigriopus grammicus (and other marine invertebrates) a 

similar reduction in aerobic respiration has been associated with 

increased alanine synthesis from pyruvate, the end product of 

glycolysis (Goolish and Burton, 1989) . In association with these 

effects in Nucella, there was a significant increase in the pedal 

tissue concentration (measured on a wet weight basis) of the free amino 

acid alanine similar to previous reports for Thais haemastoma (Kapper
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et al, 1985), and in accordance with a-priori expectations from other 

marine invertebrates (Bishop, 1976). Return to 35ppt resulted in an 

increase in respiration rate and levels of ammonia and primary amine 

excretion to levels equal (ammonia exctretion) or above (respiration 

and primary amine excretion) control values. Similar results were 

obtained for longer term exposure to high salinity providing additional 

evidence that the changes observed in levels of respiration, nitrogen 

excretion and alanine concentrations may be inter-related and represent 

the process of salinity acclimation.

4.4.3.2 Long Term Hyperosmotic stress

Direct comparison (populations pooled) of the physiological rates 

following 6 (short term) and 24 hours (long term) hyperosmotic stress 

is given in Table 4.22. After 24 hours at 55ppt both respiration and 

ammonia excretion rates had returned to levels approximately 50% those 

of control values, rates of primary amine excretion in contrast 

remained depressed. At the same time alanine concentrations in pedal 

tissue had increased from 2.4 to 8.55/i mol/g wet weight. This increase 

in ammonia excretion and respiration rates may signify gradual 

acclimation, following the initial response to hyperosmotic stress, and 

the resumption of cellular processes (after 36 hours hyperosmotic 

stress Nucella were observed to resume locomotion) whereas the 

continued depression of primary amine excretion may represent retention 

of free amino acids to facilitate cell volume control.
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TABLE 4.22
Comparison of control (35ppt) respiration (/xl02/h), ammonia (/imol/2h) 

and primary amine excretion (/xmol/2h) rates and alanine levels (/imol/g 

wet weight) in pedal tissue of Nucella, with those following 6 and 24 

hours hyperosmotic stress at 55ppt salinity. Estimates were obtained 

using data from all experiments and based upon pooled populations. All 

values except alanine levels, are presented for an animal of 150mg dry 

tissue weight.

Measurement_________ Control (35ppt) 6 hours 55ppt 24 hours 55ppt

Respiration rate 0.071 0.018 0.041

Ammonia excretion 42.89 0.57 26.18

Primary amine excretion 4.33 1.33 1.02

Alanine levels 2.40 4.20 8.55
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4.4.3.3 Hyperosmotic Stress in Nucella: Comparison with Previous 
Results

The physiological response of Nucella to hyper- and hypoosmotic stress 

(return to 35ppt) seen in this study varies with previous studies of 

Nucella (Stickle et al, 1985) in which pedal tissue concentrations of 

alanine and other free amino acids remained static over a 14 day period 

following direct transfer from 17.5 to 35ppt. However, three major 

differences exist between this study and that of Stickle et al (1985), 

that may contribute to this discrepancy. Firstly, in this study, 

hyperosmotic stress was induced by exposure to salinities in excess of 

35ppt rather than return to 35ppt following prolonged hypoosmotic 

stress at 17.5ppt (Stickle et al 1985); secondly, in this study the 

maximum period of time for which the Nucella were without food was 96 

hours (48 hours between the time of collection and use, to 48 hours to 

the finish of the long term exposure experiment). In the study by

Stickle et al, Nucella were acclimated to 17.5ppt for 14 days prior to

hyperosmotic stress during which time levels of activity were reduced 

and food was presumably not supplied. As a result, at the point of

return to 35ppt (hyperosmotic stress) the metabolic rates and the

physiological response of these animals may have been depressed due to 

depleted energy reserves. Thirdly, in the study by Stickle et al, free 

amino acid levels were (more accurately) represented on a dry weight 

basis. Comparison on a wet weight basis did reveal differences in 

intracellular levels of free amino acids however, this was confounded 

by a concentration effect representing passive changes in cell water 

content; dilution of free amino acids on hypoosmotic stress,
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concentration on hyperosmotic stress. Results similar to these have 

been reported in Mytilus edulis (Widdows pers comm) where the apparent 

response of the intracellular free amino acid pool was reduced when 

calculated on a dry rather than wet tissue weight basis. In this study 

alanine concentrations were calculated on a wet tissue weight basis and 

may therefore also be exaggerated by passive osmosis. Possible over

estimation of alanine concentrations however, does not account for the 

total increase seen. Nucella pedal tissue is « 75% water, and even if 

complete acclimation to 55ppt had occurred over the 6 or 24 hour 

exposure periods (considered unlikely on the basis of respiration rate 

and behavioural data) intracellular alanine levels on a wet weight 

basis would only have increased to approximately 3.77 ^tmol/g (assuming 

a value of 2.40 ^mol/g at 35ppt) rather than the 8.55 /imol seen in the 

long term exposure experiment.

4.4.3.4 Differentiation in the Physiological Response to Hyperosmotic 
Stress

In addition to the general response of Nucella to hyperosmotic stress, 

the population differences observed are consistent across physiological 

processes given the accepted mechanisms for the synthesis and role of 

free amino acids in salinity acclimation. There were no differences 

between populations in control values for any of the measures of 

metabolic rate or alanine concentration. However, on transfer to 55ppt, 

Nucella from the 'exposed' shore exhibited a greater reduction in 

aerobic metabolism, lower ammonia and primary amine excretion rates and 

accumulated higher pedal tissue concentrations of alanine than similar 

sized 'sheltered' individuals. The data regarding alanine accumulation
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by genotype and the interaction between genotype and population 

strongly suggest that allelic variation at the LAP-2 locus acts as a 

marker of population genetic differentiation in physiological traits 

rather than being directly involved. If LAP-2 were directly involved, 

the intermediate levels exhibited by 'sheltered' LAP-29 

heterozygotes might be taken to reflect genetic intermediacy of 

hybrids between the two populations. However, direct involvement does 

not account for the low alanine levels exhibited by the 'sheltered' 

LAP-210 homozygotes. If LAP-2 is a marker locus, population 

differences may exist in the gene pools controlling physiological 

processes as they do for shell shape. In this case, the similarity 

between 'sheltered' LAP-2g and 'sheltered' LAP-210 homozygotes can 

be explained by introgression and reconstitution of 'exposed' LAP-21() 

alleles within the 'sheltered' gene pool. The intermediacy and 

increased variance of ’sheltered' LAP-2 heterozygotes may reflect a mix 

within heterozygous class of both, a) site 15 intrapopulation LAP-29 

heterozygotes (following introgression of the LAP-210 allele) with 

'sheltered' alanine accumulation rates and, b) interpopulation hybrids 

with dominance of the 'exposed' genetic background individuals 

'exposed' rates of alanine accumulation. Although the exact genotypic 

mechanisms can only be hypothesised, overall, these results combined 

with the observation that the 'sheltered' population exhibited 

significantly lower levels of alanine accumulation following 6 hours 

hyperosmotic stress, than the ’exposed' individuals, strongly suggests 

that the LAP-2 locus acts as a marker of populationn genetic 

differentiation rather than being directly involved in the response to 

hyperosmotic stress.
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This argument is supported when the biology and putative dispersal 

capabilities of Nucella is considered. The two populations used in the 

physiological experiments (sites 7 and 15) are « 6Km apart. The direct 

life-cycle of Nucella and low vagility of both juveniles and adults 

make it unlikely that the LAP-210 homozygotes from site 15 (and 

characteristic of site 7) represent pure site 7 immigrants (assuming 

homology of LAP-210 electromorphs). It is considerably more likely that 

site 15 LAP-210 1Q homozygotes represent reconstituted LAP-210 

genotypes following introgression of the LAP-210 allele from 'exposed' 

end of the cline (site 7) into the 'sheltered' site 15 gene pool. If 

this is the case, alanine accumulation rates upon hyperosmotic stress 

may be considered to be population specific. It is therefore 

interesting to note that if the four genotypic classes in the alanine 

accumulation by genotype experiment are pooled, the mean alanine level 

in pedal tissue across genotypes and populations (4.27±0.43 nmol/g wet 

weight) is not significantly different to the value obtained after 6 

hours in the salinity range experiment (4.46±0.52 /imol/g wet weight). 

Taking no account of genotype in either the salinity range or time 

course experiments possibly explains the apparent absence of population 

differences in either of these two experiments.

Differences in the rates of alanine accumulation between populations 

were similarly matched by differences in rates of primary amine 

excretion when abruptly returned to normal salinity (hypoosmotic 

stress). 'Exposed' individuals, whether after short or long term 

exposure to hyperosmotic stress, showing higher primary amine excretion 

rates on return to 35ppt (Fig. 4.12). The absence of similar
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differences in rates of ammonia excretion suggest that the immediate 

response to an abrupt return to 35ppt following hyperosmotic stress is 

direct excretion of free amino acids rather than deamination and 

excretion of ammonia.

The results presented above are therefore consistent with current 

theory regarding the processes involved in free amino acid accumulation 

in response to hyperosmotic stress (Hawkins and Hilbish, 1991 in 

press). Synthesis of alanine from pyruvate would result in a reduction 

in aerobic metabolism as the substrate for the Kreb's cycle is 

utilised; likewise synthesis from protein catabolism would result in a 

reduction in ammonia and primary amine excretion. In addition, the 

higher rates of alanine accumulation seen in 'exposed' individuals, 

whether alanine is derived from pyruvate, protein catabolism or both, 

are consistent with the physiological observations. Greater alanine 

synthesis in 'exposed' individuals corresponded with a greater 

reduction in aerobic metabolism and nitrogen excretion. Similarly 

higher levels of free amino acid accumulation among exposed individuals 

were associated with higher rates of excretion on return to normal 

salinity.

4.4.4 Morphological and Physiological Differentiation

In addition to describing the general physiological response of Nucella 

to short term salinity fluctuations, the primary aim of this study was 

to determine whether variation in the physiological response to 

salinity stress occurred between populations previously shown to 

demonstrate morphological differentiation. If population
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FIG. 4.12

Bar chart contrasting population specific pedal tissue 
alanine concentrations following 6 hours at 55ppt with total 
primary amine excretion over the first two hours after return 
to 35ppt.
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differentiation was apparent, the question could then be asked as to 

whether morphological and physiological variation could be considered 

to interact in the production of an adaptive phenotype.

In the response to hyperosmotic stress, significant metabolic 

differences were observed between populations that could reasonably be 

related to genetic differentiation based upon existing evidence from 

morphological (this study), physiological (growth, Chapter 3), 

electrophoretic (Day, 1990) and chromosomal differentiation (Chapter 

3). Given that differences in morphology and growth are of genetic 

origin it is not unreasonable to suggest that physiological differences 

may also represent genetic differentiation due to shore spefific 

selection regimes. If this is the case then a general mechanism for the 

interaction between morphological and physiological variability can be 

suggested.

Temperature driven selection in Nucella has already been demonstrated 

to occur for white shelled morphs on sheltered shores (Etter, 1988). In 

this study although all ’exposed' and 'sheltered' snails were white 

shelled, differentiation was observed between shores for shell shape. 

On emersion from water into air, the ’sheltered' shore shell shape 

retained a greater volume of extra-corporeal water for a given tissue 

weight, the result was that the salinity in the mantle cavity of these 

individuals was lower than in similar sized ’exposed' morphs after a 

given period of emersion. Parallel with this observation, ’exposed' 

morphs expressed a faster/enhanced physiological response to 

hyperosmotic stress, matched by greater rates of nitrogenous excretion
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on return to normal salinity. During hyperosmotic stress ’exposed' 

Nucella exhibited a greater reduction in aerobic metabolism and 

nitrogen excretion and accumulated higher levels of intracellular 

alanine.

Through the impact upon cellular processes and increased nitrogen loss, 

fluctuating salinity can be considered energetically costly . In an 

environment where foraging is restricted by the selection pressures 

associated with tidal emersion (Burrows and Hughes, 1991), food is 

limited and individuals are energy stressed (Burrows and Hughes, 1989), 

selection may be expected to operate upon morphological and 

physiological variation in order to maximise fitness. On the basis of 

the morphological and physiological data it is possible to suggest 

selective arguments for morphological and physiological traits observed 

in Nucella. On sheltered shores where foraging is limited by the threat 

of desiccation and prey is less abundant for the same reasons, the 

metabolic costs imposed by fluctuating salinity may have been overcome 

by selection for morphological traits that give increased scope for 

evaporative cooling while at the same time modify the salinity 

fluctuations realised by the mantle cavity fluid. In contrast, on 

'exposed' shores where wave action dominates over temperature stress, 

the selective effects of wave action and the requirement for a more 

spherical shell to reduce drag, may preclude through their covariance 

set, the morphological characteristics necessary for greater water 

retention. As a direct consequence, the ’exposed' shore phenotype 

experiences greater comparative osmotic and physiological stress upon 

emersion exhibiting a physiological response adapted to this regime.
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4.5 SUMMARY

The morphological (shell shape) variation described in Chapter 3 was 

re-examined to determine the influence of genetic/phenotypic 

differentiation on the volume of extra-corporeal water retained and the 

salinity attained by the mantle cavity fluid upon emersion. Population 

differentiation in shell shape along an allele and karyotype cline was 

again evident, though less distinct than previously observed in Chapter 

3. However, this reduction in the degree of differentiation could be 

directly attributed to differences in allele frequencies between the 

two experiments at the clinally varying loci. A 'shift' in the exposed 

shell form towards the sheltered morph was associated with a greater 

representation of 'sheltered' alleles amongst the 'exposed' population. 

On the combined basis of the morphological and physiological results, 

the conclusion was drawn that clinal allozyme variation on these shores 

effectively marks differences in genetic composition between 

populations, rather than being directly involved in fitness 

associations.

/

I I The putative adaptive consequences of variation in shell shape for

1 water retention and salinity stress upon emersion were examined using

laboratory reared juveniles and shore collected adults respectively. 

The sheltered shell shape was demonstrated to retain, on emersion, a 

I greater volume of extra-corporeal water for a given tissue weight such

\ that the salinity realised by the mantle cavity fluid of sheltered

\ morphs was lower for a given period of aerial exposure than that

attained by the exposed morph.
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Given morphological variation that could reasonably be attributed to 

ameliorating hyperosmotic stress on emersion, the physiological 

response of Nucella to short term (6 hours) and long term (48 hours) 

exposure to hyperosmotic stress was also investigated. Respiration 

rates, as an indicator of aerobic metabolism along with alanine 

accumulation and ammonia and primary amine excretion rates (nitrogen 

metabolism) were measured during hyperosmotic stress (55ppt) and upon 

abrupt return to normal salinity (35ppt). During both short and long 

term hyperosmotic stress aerobic metabolism and rates on ammonia and 

primary amine excretion were reduced whilst the pedal tissue 

concentration alanine increased. Following prolonged hyperosmotic 

stress (48 hours) aerobic metabolism, ammonia excretion and locomotory 

activity increased, with respect to levels measured after short term 

exposure, but remained lower than those observed at 35ppt. There was 

continued depression of primary amine excretion during long term 

hyperosmotic stress. These results were discussed and considered to 

agree with current theories of salinity acclimation in marine 

invertebrates.

In addition to the general physiological response of Nucella to 

hyperosmotic stress, population differentiation was also observed in 

these physiological processes. During short term hyperosmotic stress, 

the population expressing the exposed shell shape exhibited a greater 

reduction in aerobic metabolism, ammonia and primary amine excretion 

and accumulated higher levels of intracellular alanine during short 

term hyperosmotic stress. In exposed individuals, greater alanine 

accumulation was accompanied by higher rates of primary amine excretion 

upon return to normal salinity. On the basis of electrophoretic
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variation at the LAP-2 locus it was suggested that as for shell shape 

specific physiologies were associated with specific genetic 

compositions marked by electrophoretic variation at the clinally 

varying loci. Evidence was also presented, using the alanine 

accumulation and electrophoretic data of introgression of LAP-2 alleles 

across the allele and karyotype cline.

Combining the morphological, physiological and genetic data an 

adaptationist argument was presented for an integrated 

morphological/physiological phenotype that may permit fitness 

maximisation along a putative environmental gradient.
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CHAPTER 5

GENERAL DISCUSSION
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A relatively large literature exists for the intertidal gastropod 

Nucella lapillus (references in text), describing a number of 

phenotypic and genetic polymorphisms along with the putative 

interactions between these and habitat specific selection pressures. 

The aim of this study was to develop and use Nucella as a model to 

investigate the influence of genetic composition upon fitness. To 

achieve this goal, the suitability of Nucella for laboratory culture 

was assessed in order to permit the examination of these relationships 

in animals not previously influenced by aspects of environmental 

heterogeneity other than maternal effects.

Nucella proved particularly amenable to laboratory culture, both for 

'mass' culture and the rearing of single families (Chapters 2 and 3, 

Sections 2.3 and 3.3 respectively). In all cases, using the techniques 

developed, growth rates exceeded previously published reports 

(Crothers, 1977, 1980; Bayne and Scullard, 1978b). Moreover energy

budgets and scope for growth predictions, based upon physiological 

determinations, proved to be in very close agreement (over the period 

of somatic growth) with actual production as predicted by the 

Bertalanffy growth equation (Fig. 2.22, Table 2.12). This supports both 

the physiological measurements made and the future use of Nucella as a 

model for physiological/genetical study (Section 2.5).

The individual studies undertaken within this thesis examined; i) the 

effects of multi- (H) and single locus heterozygosity upon aspects of 

fitness (Chapters 2 and 3, Sections 2.3 and 3.3 respectively); ii) the 

effects of genetic composition upon the physiology (growth) and 

morphology of two populations within a gene frequency and karyotype
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cline (Chapters 3 and 4, Sections 3.3 and 4.3 respectively) and, iii) 

the specific relationship between genetic composition and the 

physiological response to hyperosmotic stress (Chapter 4). Each of 

these have been addressed in detail at the end of each Chapter in the 

respective Chapter discussions (Sections 2.4, 3.4 and 4.4) and Chapter 

summaries (Sections 2.5, 3.5 and 4.5).

With respect to multi- and single locus heterozygosity, the results 

indicated specific relationships between individual loci and 'fitness' 

variation rather than with multi- or single locus heterozygosity per se 

(when either sample size or the number of studied loci is small). 

Further, the analyses demonstrated that important information may be 

overlooked when using the 0/1 scoring system commonly adopted in such 

studies. Although relationships may initially be explained by multi- or 

single locus heterozygosity effects, they may, on closer analysis, 

prove either to be due to specific effects directly related to 

electrophoretic variation, e.g. apparent true overdominance in the case 

of PEP-1, or may instead represent associations arising from linkage 

relationships between electrophoretic variation and genetic composition 

(LAP-2). The overiding conclusion from the studies in Chapters 2 and 3, 

combined with the growing number of investigations to have reported 

single locus genotype effects for electrophoretic loci (Pemberton et 

al, 1988), is that variation at electrophoretic loci, as might be 

expected, does not behave uniformly. This is of particular relevance to 

multi-locus heterozygosity studies involving only a few loci that may 

only poorly represent overall genomic heterozygosity (Chakraborty, 

1981). In this respect, future studies would perhaps do better to 

concentrate their efforts on investigating the fitness consequences (or
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neutrality) associated with single locus genotypes.

By far the most important outcome of this study, over and above the H 

heterozygosty investigations, was the identification (along a 7km 

stretch of coastline) of an association between clinal variation for 

genetic composition (karyotypic and electrophoretic), phenotype and 

environmental variation. The identification of these associations 

offers a unique opportunity to examine the outcome of the processes of 

selection, and the interation with genetic composition, phenotypic 

variation and the process of population differentiation. In this 

respect Nucella may hopefully become established as a model system for 

the examination of genetic composition and habitat variation.

Prior to this study, associations between karyotypic variation and 

phenotype in Nucella were confused and contradictory. The karyotypic 

polymorphism within Nucella, first described by Staiger (1954) along 

the north west coast of Brittany, France, exists as a Robertsonian 

polymorphism with populations ranging in chromosome number between two 

homokaryotypic forms of 2n-26 and 2n-36; 5 pairs of metacentric

chromosomes in the form 2n=26 corresponding to 10 pairs of acrocentrics 

in the form 2n-36. As with other studies of genetic variation, the 

identification of karyotypic variation provoked an adaptationist 

argument for the occurrence of genetic variability. In Staiger's study 

area chromosome number appeared to be correlated with shore type and 

shell thickness (although this relationship was confused) , with 

selection in favour of the heterokaryotype on shores of intermediate 

exposure suggested to maintain the polymorphism. However, in an 

extension of Staiger's study, Hoxmark (1970, 1971) found that along the
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coast of Norway populations were monoporphic 2n—26 irrespective of 

shore type and random variation in shell thickness. Nevertheless, along 

the channel coasts and south west peninsula of Great Britain, Bantock 

and Cockayne (1975) found similar karyotypic variation to that 

described by Staiger and a similar relationship between karyotype and 

habitat with the higher chromosome number occuring on shores of extreme 

shelter. However, as with Hoxmark (1971), Bantock and Cockayne (1975) 

could not find any reliable phenotypic correlate of genetic variation. 

In a final report, Bantock and Page (1976) concluded with respect to 

the karyotypic polymorphism in Nucella that: " although the

distributional data on numerical (chromosome number) variation 

sometimes provide correlations with environmental variables so that the 

occurrence of directional selection can be inferred, this has not been 

demonstrated and nor do we have any idea of what maintains the 

polymorphism in a given place. There is no clear cut association 

between shell and chromosomal variation, and we have no idea from which 

direction the chromosomal polymorphisms have arisen". These conclusions 

are perhaps not surprising given the choice of phenotypic correlate of 

fitness (shell thickness) which this study has suggested more likely to 

represent ecophenotypic variation (Chapter 3, Section 3.4.1).

Populations karyotypically differentiated have also been suggested to 

be genetically differentiated with respect electrophoretic variation at 

certain loci (Day, 1990). The results obtained in this study, the 

correlation seen between karyotype and allele frequencies, confirms 

these initial observations (Chapter 3, Sections 3.3.1 and 3.4) 

suggesting that over the 7km stretch of coastline between Start Point 

and Prawle Point, allele and karyotype clines appear initially to be
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both coincident and concordant. Apparent exclusive linkage between EST- 

3 and MDH-1 alleles further indicates, as suggested by Day (1990) that 

allele and karyotype clines are intimately associated.

However, despite a tentative association between allele frequency at 

these clinally varying loci and Length:Aperture ratios (Day, 1990; 

Tables 5.1 and 5.2, data from adults used in this study), the influence 

of genetic composition on phenotype and its likely interaction with 

habitat remained uncertain and could be as well explained by stochastic 

forces and geographical barriers to gene flow (Day, 1990) as the 

outcome of selection for shore specific adaptations.

This study, in contrast to previous investigations, identified 

phenotypic variation covarying with clinal variation in electromorph 

and karyotype frequencies. Statistical association was proven between 

population (genetic composition) and phenotype; morphological variation 

for shell shape (Chapters 3 and 4, Sections 3.3.4 and 4.3.1 

respectively), physiological variation in growth (Chapter 3, Section 

3.2.3.1) and the response to hyperosmotic stress (Chapter 4, Section 

4.3.3), and also between specific electrophoretic variation at MDH- 

l/EST-3 and LAP-2 loci, that could either be related to the loci 

themselves or to relationships between allelic variation and linked 

genetic background. Morphological and physiological variation covaried 

in a manner that could be associated with a putative temperature cline 

(based upon this study and previous relationships between similar 

morphological variation and habitat in other intertidal gastropods e.g.
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TABLE 5.1
Comparison of Length:Aperture ratios ± 2.S.E (L/Ap) for the three 

populations: sites 7, 8 and 15 (Day, 1990) used in this study. Data 

obtained form animals used in this study.

Site_________ N_________ L/AP

7 54 1.326±0.013

8 57 1.38910.018

15 60 1.40410.013

TABLE 5.2

Allele frequencies for sites 7, 8 and 15 (Day, 1990) at the three

clinally varying electrophoretic loci used in this study. Data taken 

from Day, 1990.

Locus Allele Allele Frequency

site 7 site 8 site 15

MDH-1 9 0.071 0.500 0.857

10 0.929 0.474 0.143

11 0 0.026 0

EST-3 9 0.071 0.447 0.857

10 0.929 0.553 0.143

LAP-2 9 0.071 0.211 0.595

10 0.929 0.789 0.405
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Newkirk and Doyle, 1975) and a mechanism by which morphological and 

physiological variation may combine to establish an adaptive phenotype 

that responds to wave action and/or desiccation was suggested in 

Chapter 4 (Section 4.4).

Desiccation stress on emersion in air has already been shown to limit 

both the vertical distribution (Coombs, 1973) and foraging behaviour of 

Nucella (Burrows and Hughes, 1989, 1990, 1991). Similarly temperature 

stress is a putative selective agent in determining patterns of shore 

specific shell coloration (Etter, 1988). In this study, variation in 

shell shape had, for any given body size, a significant effect on the 

volume of extra-corporeal water retained upon emersion. The site 8 

(Day, 1990) 'sheltered morph' (higher frequency of acrocentric 

chromosomes and MDH-lg, EST-3g and LPA-2g alleles) retained a greater 

volume of extra-corporeal water on emersion than similar sized 'exposed 

morphs' from site 7. Combined with shell shape this influenced the 

salinity of the mantle cavity fluid during emersion with 'exposed 

morphs' attaining a higher salinity for a given period of aerial 

exposure. During emersion the two shell shape morphs of different 

genetic composition, experienced different levels of physiological 

stress when placed under similar environmental conditions. It was not 

surprising therefore that populations of different genetic composition 

also had a different physiological response to salinity stress. The 

population with the 'exposed' shell shape that experienced greater 

salinity fluctuations on emersion, exhibited during hyperosmotic 

stress, a greater reduction in aerobic respiration (Figs. 4.4a, 4.4b), 

a greater reduction in ammonia (Fig. 4.8) and primary amine excretion 

(Fig. 4.9) and a greater increase in intracellular alanine
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concentrations (Table 4.14 Fig. 4.7).

Population differentiation in genetic composition and phenotypes was 

emphasised by the associations between genotype at the LAP-2 locus and 

intracellular alanine concentrations following hyperosmotic stress. 

'Exposed' LAP-210 homozygotes had higher intracellular alanine 

concentrations following 6 hours hyperosmotic stress than either 

'sheltered' LAP-29 g or LAP-210 1Q genotypes. 'Sheltered' LAP-29 

genotypes exhibited intermediate alanine concentrations but with 

increased variance. The reciprocal experiment (analysis of 'exposed' 

LAP-29 and LAP-210 genotypes) was not performed due to reasons 

given in Chapter 4, however, these results infer (provided that LAP- 

21Q IQ genotypes are functional homologs), that LAP-2 is not directly 

involved in the physiological response to salinity stress. More 

importantly however, given the low vagility of Nucella making direct 

migration of individuals between site 7 and site 15 (6km) improbable, 

the results provide evidence of introgression across the cline width; 

low accumulation rates associated with 'sheltered' LAP-210 

homozygotes representing introgression of the site 7 'exposed' LAP-210 

allele into the genetic background of the 'sheltered' site 15 

population.

The suggestion that genetic and phenotypic variation occurs in response 

to environmental variation is reinforced by considering the geography 

of the region and the position of the allele and karyotype clines. 

Start Point, where the allele clines commence, represents an abrupt 

change in the aspect of the coastline from east facing north of Start 

Point to south facing west of the point. In this region, the prevailing
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wind/wave direction is from the south-west and during the summer months 

extreme low spring tides occur around midday. The coastline west of 

Start Point thus receives greater wave action and greater temperature 

stress than the coastline east of the point which is both sheltered 

from wave action and from insolation/temperature stress after mid-day 

by high, near vertical cliffs. In contrast more horizontal shores 

flanked by raised beaches west of the Start Point receive insolation 

throughout the day irrespective of aspect. At first sight, shell shapes 

based upon L/Ap ratios (Day, 1990) appear contrary to classical theory 

regarding shelter/exposure since putatively sheltered populations east 

of Start Point (less wave action and putatively cooler) exhibit the 

exposed shell shape. If however, temperature is considered the dominant 

stress and MDH-l/EST-3 allozyme variation reflects shell shape clines, 

this pattern can be readily explained. Considering the EST-310 

genotype to be associated with the classical 'exposed' shell shape 

rather than exposure per se, genetic variation on the 'high 

temperature' shores west of Start Point can be associated with 

phenotypic adaptation to increasing temperature stress. A trade off may 

therefore exist between resistance to desiccation and either better 

attachment through reducing drag effects and/or a more economical shell 

shape in terms of shell mass to tissue weight (Fig. 3.11). When 

temperature stress is relatively unimportant, the 'exposed' shell shape 

irrespective of the degree wave action, may be adopted due to its 

reduced drag coefficients and its more 'economical' shape enclosing a 

greater tissue volume for a given amount of shell deposition. Empirical 

evidence already tentatively supports the dominance of temperature in 

determining shell shape; in northern Spain populations of Nucella 

express the 'sheltered' shell shape irrespective of exposure to wave
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action (Kitching, 1986). In this region on both high temperature, and 

high wave energy shores Nucella are absent altogether.

In this respect clinal variation may reflect directional selection for 

increasing temperature stress, since east of Start Point the 'exposed' 

shell form occurs on shores that are sheltered from both wave action 

and temperature. It is for this reason that throughout this thesis 

references to sheltered and exposed morphs, based upon shell shape 

characteristics, with respect to these shores have been within 

quotation marks. In order to interpret the genetic and phenotypic 

variation it may be necessary to divorce phenotype from the classic 

view of either 'sheltered' or 'exposed' and the selection pressures 

associated with them.

Nucella: A Model for the Association of 
Genetic Composition to Habitat

Notwithstanding the arguments and rationale presented above, the 

association between i) clinal variation in karyotype and allele 

frequencies, ii) features of morphological and physiological variation 

corresponding to traits previously associated with shore specific 

selection pressures, and iii) the existence of a putative 

environmental temperature gradient coincident with genetic and 

phenotypic variation, provides a unique opportunity to investigate 

processes of selection and population differentiation and their 

outcome, the association between genetic composition and habitat; ’Why 

is What Where ?' (Berry, 1989a).
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Before the effects of genetic composition, particularly the influence 

of karyotypic variation, can be discussed with respect to population 

differentiation, the present status of the karyotypes of Nucella needs 

to be clarified. The nature and wider scale distribution of the 

polymorphism may at present be considered vague. Current evidence 

supports that it is Robertsonian in nature, however, a putative 

inversion polymorphism has also been described (Bantock and Page, 1976; 

Page, 1988), and due to the failure of chromosome banding techniques, 

(present descriptions of the chromosome types relying on arm ratios and 

centromere positions), no clear evidence is currently available as to 

whether the polymorphism is more likely to have arisen by fusion, 

fission or fission followed by translocation; information that is 

particularly important to the future interpretation of the likely 

effects of the polymorphism upon population differentiation and gene 

flow (Baker and Bickham, 1986; Sites and Moritz, 1987).

With respect to the wider distribution of the karyotypes, the higher 

chromosome number/polymorphism appears on present information to be 

restricted almost exclusively to the southern half of Gt. Britain and 

Channel Coasts (S. England and N.France). Since however, populations 

along the southern limits of the distribution of Nucella (Spanish 

coasts etc) have not been studied, it is not possible to say whether 

the polymorphism along the English Channel represents a hybrid zone 

between Northern 2n=26 and Southern 2n«*36 populations or local 

chromosomal rearrangements that are restricted in distribution to these 

shores.

Although distributional data for the karyotypes of Nucella is
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incomplete, Nucella nevertheless provides an opportunity to examine the 

consequences of chromosomal change that has eluded many studies to 

date. Chromosomal polymorphisms, particularly for fusions and 

inversions, have the potential both to reorganise linkage relationships 

and enable a population to maintain a certain portion of the genome 

essentially free of recombination (John, 1981). In this respect they 

have been implicated as potentially Important in several evolutionary 

processes. For example, chromosomal rearrangements may be involved In 

i) establishing position effect relationships (Bickham and Baker, 

1979), ii) creating suitable conditions for the development of co

adapted gene complexes ( W h i t e 1978), and iii) through their effects 

on linkage relationships recombination (John and Freeman, 1975), may 

reduce introgression between neighbouring karyotypically differentiated 

populations (White, 1978). In this respect, the non random association 

of genes that results from chromosomal change may result in a given 

phenotype being selected and inherited as a co-adapted unit. Further, 

through effects of structural heterozygosity, chromosomome mutations 

may also result in non-disjunction of gametes leading to strong 

negative heterosis, with effects that may result in the genetic 

isolation of novel chromosome arrangements. As such chromosomal change 

has been considered an important mechanism for facilitating sympatric 

speciation (White, 1968).

A central problem In models of chromosome speciation, however, is the 

negative heterosis required of heterokaryotypes to ensure genetic 

isolation, since this provides a barrier to fixation of a novel 

chromosome mutation. The conditions most likely to overcome 

underdominance and result in fixation of a strongly negatively

360



heterotic rearrangement have, in order of importance, theoretically 

been shown to be; small deme size and inbreeding, meiotic drive, and/or 

a selective advantage associated with the new homokaryotype (Hedrick, 

1981). The low vagility of both juvenile and adult Nucella combined 

with direct development and the patchy nature of the habitat may all 

have served to reduce deme size, increasing the likelihood of fixation 

of an underdominant rearrangement. However, the degree of negative 

heterosis associated with chromosomal change depends upon the nature of 

the rearrangement. It is generally accepted that only where chromosomal 

rearrangements involve monobrachial homology (requiring fixation of 

different rearrangements in neighbouring populations) do they generally 

lead to strong negative heterosis. In this respect it is important to 

more fully understand the karyotypes of Nucella. From the variety of 

intermediate karyotypes, the evidence from Nucella suggests that 

heterokaryotypes are at least partly fertile, it is unlikely therefore 

that the two homokaryotypes represent different species. Other 

questions can be asked, but answers must nevertheless remain 

speculative until the distributional data and karyotypic analysis is 

improved. For instance, as suggested above, the English Channel coasts 

may represent a hybrid zone between karyotypically differentiated 

Northern and Southern temperature adapted genotypes. If these 

’Northern' and 'Southern' populations are fixed for different 2n-26 

fusion homokaryotypes, selection in favour of acrocentrics may be 

responsible for maintaining the higher chromosome number within the 

hybrid zone (see Searle, 1986).

Chromosomal rearrangements may also influence population 

differentiation through their effects upon linkage relationships and
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recombination between loci (see above). Where migration/gene flow is 

less than the width of the cline, likely in Nucella, environmental 

gradients will tend to result in the development of a step cline. 

Genes/chromosome rearrangements that increase the selective advantage 

of a particular morph in its own environment will experience positive 

selection and accumulate (Clarke, 1966), in turn these will further 

increase the steepness of the cline. Likewise, any mechanism that 

increases linkage, favours co-adaptation, or reduces recombination 

between loci, particularly if the selective functions are spatially 

coincident (Endler, 1977), will also be favoured and increase genetic 

differentiation. Through the effects of chromosomal change on 

recombination, homozygosity for different chromosomal rearrangements, 

either side of an environmental and allele frequency cline, may 

restrict the number of allelic exchanges between gametic types. In the 

extreme case where recombination between specific loci is reduced to 

zero, chromosomal rearrangements will result in the allelic frequencies 

of adjacent populations will be conserved (Gregorius and Herzog, 1989).

If, as appears to be demonstrated by this study, chromosomal variants 

are associated with particular ecotypes, and genetic (allelic) and 

environmnetal variation covary, karyotypic rearrangements may steepen 

the genotype clines in Nucella by reducing introgression from 

neighbouring populations increasing population differentiation. In 

addition, the reduction in gene flow associated with chromosomal change 

may have enhanced the development of locally adapted 'unique' gene 

pools in neighbouring populations that have now become effectively 

isolated for regions of chromosomes bearing locally adapted loci. 

Provided that fertility of heterokaryotypes is not severely impaired,
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only those loci situated on chromosomes involved in the structural 

rearrangement are restricted in passage between populations (Gregorius 

and Herzog, 1989). Advantageous genetic variation that is neutral with 

respect to adaptation to the habitat will still be able to flow between 

populations and recombine into the alternative genetic background.

Although the implications of karyotypic variation in Nucella cannot at 

present be directly addressed, identification of genetic (allozyme) 

phenotypic and environmental variation provides a unique opportunity to 

investigate the influence of chromosomal rearrangements upon 

population differentiation and fitness maximisation. Specifically, the 

effects on linkage modification and gene flow between neighbouring 

populations can be realistically studied. Not all regions or all 

Nucella populations appear karyotypically polymorphic yet the 

morpholigical variation described in this study is typical of many 

populations that exist under selective regimes putatively associated 

with temperature and/or wave action. While karyotypic differences may 

be associated with, and increase the likelihood of, fixation of 

different polygenic interaction systems, similar phenotypic variation 

may also occur for groups of fitness-related traits in populations 

outside of the region of chromosomal variation. A comparison of the 

extent of phenotypic differentiation between chromosomally polymorphic 

and monomorphic shores would allow the effects of chromosomal change on 

gene flow and introgression to be assessed. If the rationale presented 

above regarding the consequences of chromosomal change hold, clinal 

genotypic and phenotypic variation should be considerably steeper 

between neighbouring karyotypically differentiated populations than 

between homokaryotypic populations that exist across similar
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environmental gradients. If introgression is reduced, means and 

variances of phenotypic traits should be respectively more distinct and 

smaller among chromosomally differentiated populations if introgression 

is reduced. Inter-regional comparisons across shores with putatively 

similar environmental gradients, for which selection could reasonably 

be expected to result in the development of similar shore specific 

adaptive strategies, would permit an evaluation of the influence of 

karyotypic change upon population differentiation.

Through their effects upon meiosis, linkage and recombination 

chromosomal rearrangements have thus been associated with speciation, 

hybrid zones and environmental clines. The consequences of chromosomal 

change are therefore profound, with important effects upon evolutionary 

biology either through their ability to initiate speciation or their 

effects upon the structural organisation of genetic material and gene 

flow. However, despite this association and largely due to a lack of 

suitable model systems, these theoretical consequences of karyotypic 

change are still unsupported by empirical evidence (Patton and 

Sherwood, 1983). As recently as 1989, Hale concluded that "although 

data from several studies (on rodents) suggest a correlation between 

chromosomal variation, phenotype and environment, a cause-and-effect 

relationship between environmental and chromosomal variation has not 

been substantiated in any of these circumstances". Nucella may provide 

a unique opportinity to investigate the influence of genetic 

composition on fitness and its association with habitat, 'the 

fundamental problem in ecology' (Berry, 1989a).
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CORRIGENDA

Page 87 legend to Fig. 2.9 line 4 should read: required a
transformation to obtain an estimate of the mean

Page 153 line 13 should read: S - 1.656 (±0.031)1 + 6. 5*10-4
(±0.0018)

Page 153 line 16 should read: Sn - 1.477 (±0.041)Ib + 9 . 6*10’4
(±0.0029)

Page 156 lines 23 and 24 should read: over the four measured radii. S 
was estimated as (perimeter of aperture)2/4.II.aperture area (all 
measured in pixcels) to give an estimate of

Page 161 line 2 should read: E.C. 1.1.1.40) and Esterase-3 (EST-3, E.C.
3.1.1.1). Protocol

Page 197 line 6 should 
(±0.026)

Page 197 line 7 should 
(±0.032)

Page 197 line 8 should 
(±0.032)

Page 197 line 10 should 
(±0.026)

Page 197 line 11 should 
(±0.032)

Page 197 line 12 should 
(±0.032)

Page 274 line 6 should 
(±0.530)

Page 274 line 8 should 
(±0.532)

Page 274 line 10 should 
(±0.530)

Page 379 line 7 should 
and Oceanography, 2

for

read: log,rtW — 3.138°10 n

read: log1rtT - 3.010°10 n

read: log,_S - 3.277°10 n

read: log,.W - 3.138°10 n

read: log1rtT - 3.010°10 n

read: log,.S * 3.277°10 n

read: log,.D - 3.575°10 n

read: log,,.D - 3.575°10 n

read: log,ftD *>= 3.575°10 n

read: utilization by 
0, 20-27.

(±0.023)log10Ln - 4.186 

(±0.028)log10Ln - 4.364 

(±0.028)log10Ln - 4.625 

(±0.023)log10Ln - 4.031 

(±0.028)log10Ln - 4.156 

(±0.028)logloLn - 4.525 

(±0.395)log10Ln - 5.703 

(±0.395)log10Ln - 5.875 

(±0.395)log10Ln - 5.936 
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