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Sununary

The whelk Nassarrus au eratus (Lamarck) is common on

intertidal sandflats in. southern Australia. A behaviour described and

defined as being a "t^¡ister" was observed in some individuals. Upon

contacting a member of their own species, Twisters gave a very specific

response, rotating Eheir shell from side to side in a way similar to

the avoidance responses displayed by many gastropods to predators.

However, some individuals, defined as rrNon Twistersr', never gave this

response after contacting another N. pauperatus. The frequency of

Twisters varied between populations of N. pauperatus, and hras negatively

correlated with food availability (as estimated by measuring hunger) and

positíveiy correlated wiCh the population densiÈy of juvenile N.

pauperatus.

Some possible reasons for the differences in the frequency of

Twisters between populations were investigaEed in terms of whether they

could be attributed to either selection or stochasÈic factors. Breeding

experiments suggested that being a Twister \^tas heritable. Three

hypotheses \¡rere proposed Eo account for the association between the

percenËage of Trvisters and food avaitability, and these l¡/ere tested in the

field and the laboratory. It was found in the laboratory that TwisEers

were better than Non Twisters at competing for space to feed, when food

was in short supply and distributed as discreÈe patches. There was also

evidence that competition for space to feed occurred when food was in

short supply in the field and it vras postulated thaE Twisters thus had a

selective advantage compared to Non Trrristers in such situations. A

possible disadvantage of being a Twister r¡ras noE adequately tested.
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The usefulness of

species.

sEudying differences in behaviour within a

1.1 Introduction.

There have been very few studies of variation in behaviour,

compared to studies of differences in norphology, or the sÈructure

of chromosomes or proteins, within a species.

This rnay be because behavioural differences are more subÈle and

also more difficult to experiment with compared Ëo other traiÈs

(Seghers, Ig74b). Behavioural phenotypes result from the

inËeraction between the genotyPe of an organism and the environment

(Hinde , 1966). I,¡hilst the classif ication of behaviour as either

ttlearned" or ttinnafe" has been recognised as unrealistic, paËterns

of behaviour will have varying degrees of heritability (see Fox 1978).

Whatever their heritability, behavioural patterns may affect the

probability of their Possessor surviving and reproducing (see Eibl-

Eibesfeldt, Ig7O, for numerous examples). Tinbergen (1963, 1965)

has especially stressed the usefulness of studies aimed at determining

the selective value of behaviour paLterns since these clarify the

importance of natural selection in the evolution of behaviour.

Differences in behaviour between individuals of the same species

may provide unique opportuníties for the study of the selective value

of different behavioural phenotypes, since individuals arê available

which either possess or lack a particular pattern of behaviour but

are otherwise very similar, whereas different specíes may also differ

greatly with respect to other traits as wel1. Liley and Seghers

(1g15) argue that behavioural differences betr^/een natural populations

of the same species provide an especially powerful means of

investigating the selective values of such intra-specific behaviour

since differences in behaviour between populaËions can be correlated

J

I
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vrith differences in the environment, giving rise to Èestable

hypotheses accounting for these observed associations.

Behaviour is only one of the large set of characters which will

vary between local populations of a species. As well as being

considered imporEant in the process of speciation, the extent Ëo

which such differences can be accounted for by natural selection,

relative to stochastic factors, is an important question for

evolutionary biologists (Dobzhansky, et al, L977). This thesis

concentrates primarily upon this question in resPect

differences between natural populations of Nassarius

(Lamarck).

to behavioural

pauperatus

L.2 Previous studies of differences in behaviour between populaÈions

of the same species.

Curio (1961) observed that German Pied Flycatchers (Ficedula

hypoleuca hypoleuca) mobbed both Èhe Redbacked Shrike (Lanius collurio)

and Owls, but that Spanish Pied Flycatchers (Ficedula hypoleuca

iberiae) only mobbed Owls. Curio noted that Lanius collurio did

not naturally occur in the habitat of Ficedula hypoleuca iberiae,

but did not further investigate this difference in behaviour.

McPhail (1969) described differences in the nuptial colours of

male sticklebacks (Gasterosteus s pecies). The nuptial colour of

males was either red or black and these differences \"/ere heritable.

Females from populations containing either all red or all black

males preferred Eo mate with red males, YeL populations were found

that contained all, or a high proportion, of black males. These

were in habitats containíng Novumbea species, a predator of juvenile

sticklebacks. McPhail found that although this predator could not

consume adult sÈicklebacks, it orienced towards red males in

preference to black males and since male sticklebacks tend their
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progeny, this predator may consume a greater ProPortion of progeny

from red males. McPhail also found that the escaPe responses of

larvae raised in the laboratory differed according to whether Ëheir

parents came from populations with or without predators. Larvae

from black parents (from a population experiencing predation) were

observed to be better able to elude individual Novumbea than larvae

from red parents (fron a population which had not experienced

predation), and significantly less black larvae lrere eaten in

laboratory experimenEs

McPhail concluded that "there is an innate escaPe response in

black larvae that makes them less susceptible Eo predation".

However this difference in behaviour may have been completely

independenL of colouration, since all larvae from the population

suffering predation $/ere from black parents and vice versa.

llhilst McPhail has not shown that differences in behaviour are

causally associated with black colouration, he has shown that a

difference in behaviour associated with the presence of a predator

in the field can decrease the probability of an individual sËickleback

being consumed by the same predator in the laboratory, and also that

the difference appears to be heritable

Krebs (1970) described changes in aggressive behaviour that

occurred during changes in population density in two species of vole,

Microtus ggþroggs.lgl and Microtu_s Pennsylvanicus. Krebs emphasised

that it was not known whether t,hese behavioural differences h/ere

genetically determined or not, nor whether they were actually

caused by changes in population density.

Strong (1973) found that the proportion of Ehe female moult

cycle and the total time spent in amplexus by the amphipod IIya1el1a

azEeca varied between geographically isolated populations and was

negatively correlated with Èhe presence of species known to prey
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upon H. azleca, in Èhe habiÈats of these populations. A pair of

H. azteca spends up to several days continuously amplexed and

cultures established in Ëhe laboratory from different populations

maintained their respectiv" ¿ìff"t.nces in the proportion of the

moult cycle and total time spent amplexed, suggesting that the

differences in behaviour were heritable. SËrong postulated that

amplexed pairs of H. azteca r^rere more vulnerable Èo predators, since

they were larger (hence more visible) and also more slower moving

than individuals. Consequently he argued that selecÈive predation

upon amplexed pairs had selected for individuals which spent less

time in amplexus. However, Strong did not test this hypothesis.

Barash OglZ) observed differences in social behaviour betr¿een

populalions of the marmot Marmota flaviventris along an altitudinal

gradient. He posEulated Ëhat these differences in social behaviour

t'were real and reflected a complex series of adapEations to different

lengÈhs of growing seasons". Barash did not atËempt to esËablish

the reality or advantages of these differences by aÈtempting to

demonstrate whether they \ùere heritable, or how they were related

to differences in growing season.

Yeaton and Cody (L974) found that territory size in the song

sparror4/ Melospiza melodia v¡as correlated v¡ith the number of other

avian species present on different islands, which were thought to

compete with Melog>lza melodia for food. They argued that this

correlation illustrated "competitive release" wherein the lack of

competing species enabled M. melodia to exploit the ecological niches

thus left vacant and hence obtain sufficient resources from a

smaller area of territory. Yeaton and Cody did not test this

hypothesis by experimentally manipulating these populations.

Seghers (I974a) described how the degree to which guppies

(poecilia reticulata) formed schools varied between geographically



5

íso1 ate

pos itiv

upon P.

d populations,

ely correlated

reticulata.

populations for 3-4 generaÈions ín the laboratory without predators

and found that these retained the same differences in schooling

behaviour thaÈ he had observed in Èhe field. Consequently he

assumed that Èhese differences in behaviour were heritable.

However, these guppies were raised in laboraÈory populations

together with their Parents so it is possible that the differences

in schooling behaviour may have been learned. Seghers postulated

that individuals in a school would not be so heavily preyed upon as

tlrose swimrning alone (see Milinski , 1977 ) and demonstraÈed

experimentally that predators consumed significantly more guppies

from ttnon schoolingtt than from "schoolingt' stocks, but emphasised

thaË since guppies from these different sÈocks also differed with

respect to other behaviour patterns, the differences in predation

v/ere also probably partly due Eo other behavioural differences '

Nevertheless Seghers has shown that the Presence of predators in the

habitat of some populations of a species does result ín differences

in the behaviour of inclividuals in these populations which reduce

Èheir probability of being preyed upon.

Seghers also (1974b) showed that the laboratory raísed Progeny

from two of the populaÈions previously studied also displayed

different responses to shapes resembling aerial avian predators, and

postulated that these differences had arisen as a result of "differences

in the selection pressures exerted by aquatic versus aerial predators"

between these populations. This hypoËhesis was not tested.

similarly, Farr o975) observed a correlation between

differences in Ehe frequency and type of male courtship display by

Poecilia reticulata and the presence of fish which prey upon this

and Èhat t.he tendency to form schools was

with the presence of species known to Prey

Seghers cultured guppies from these different
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species in the field. The number of courtship displays per five

minutes by males in geographical 1y isolated populations \^Ias

significantly less in populations which hrere preyed upon by Rivulus

hartii. Farr proposed that selective predation of courting male

P. reticulata and also sexual selection for courting males were

responsible for maintaining these differences in behaviour, but. these

hypotheses lrere not tested.

Caldwe11 and Dingle (L977) observed that there were differences

in the frequency of agonistic behaviour shown by individuals of the

s tomatopo d crustacean Haptosquilla glyptocercus from two natural

populations, when observed in the laboratory. H . glyptocercus

occupies natural cavities in the substratum, for which it competes

with H. glypEocercus as well as other stomatoPod species (Caldwell

and Dingle, 197Ð. The frequency of raptorial strikes and spreading

of the raptorial meri, both of which are exhibited during comPetitive

interactions for cavities, were significantly higher in individual

H. glyptocercus from one of these populations. Different sets of

stomatopod species compete for cavities with tt. glyptocercus at each

location and Caldwel1 and Dingle hypothesised that this may be

responsible for the observed differences in behaviour, by selecting

for more aggressive individuals when competition is more intense.

Neither this hypothesis, nor Caldwell and Dinglets assumption that

the behaviour rvas heritable, \^7ere tested.

In summary, only McPhail (1969) and Seghers (I974a) have actually

demonstrated how different patterns of behaviour can affect the

probability of an individual surviving in different environmenËs.

Others have observed differences in behaviour between populaEions of

the same species and have proposed various untested hypotheses to

account for these. I^lith the exception of Curio, (t96t) and Yeaton

and Cody, (1974) all of Ehese authors discuss the behavioural
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differences in terms of natural selection for these specific

differences in behaviour, yet only McPhail (1969), Strong (1973)

and Seghers 0974a) have evidence to suggest that the behaviour in

question is herítable.

1.3 Behavioural differences bethTeen populaËíons of Nassarius PauPeratus.

This thesis describes and defines a behaviour pattern displayed

by some individuals of the marine whelk Nassarius Pauperatus (lamarck)

The proporËions of individuals showing this behaviour vary between

populations. The heritability of this behaviour is investigated

and hypotheses concerning its survival value are proPosed and tested.

I
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2. Taxonomy, distribution and dieL of Nassarius pauperatus,

description and definition of "twisting" and of being a "Twister,

and initial observaÈions of differences in this behaviour between

populations.

2.1 Distribution, taxonomy and habitat of Nassarius pauperatus.

2.I.L Distribution and taxonomy.

The marine snail Nassarius pauperatus (Lamarck) occurs rn

lnlestern Australia (Smittr, 1975), Queensland, (from labelled museum

specimens), Victoria, New South l^lales and Tasmania as vrell as South

Australia(liacPherson and Cabriel, 1962). The Êaxonomy of the Indo-

Pacific Nassariidae has recently been revised by Cernohorsky Q972)

and the history of the classification of N. pauperatus detailed by

S¡nith (1975)* who also described the radula of this species and

compared it with that of Nassarius burchardi (Dunker in Philippi)

which often occurs sympatrically with N. pauPeratus.

Therefore I shal1 not comment further upon the classification

of this species, except to note that the Nassar:Luq PauPeratus sampled

in South Australia were easily distinguished morphologically from

Nassarius burchardi (Dunker in Philippi) and Nassarius pyrrhus (Menke),

these being the only other Nassariidae found with l¡. Pauperatus, and

that radulae from both juvenile and adult N.

description given by Smith.

pauperatus fitted the

* Throughout his thesis
Nassarius pauperata, mi

Smith refers to Nassarius pauperatus as
squoEing Cernohorsky L97 2
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2.L.2 The habitat of Nassarius pauperatus.

MacPherson and Gabriel Q962) state that Nassarlus pauperatus

may be found "alive on sandbanks at, low tide" and Cernohorsky Q972)

describes its habitaE as being "in rock pools, among weed, intertidal"

Womersley and Edmonds (1958) found South Australian N pauperatus in

the lower to mid littoral zone on "coasts of slight wave action, with

sandy or mudéy'flats or beaches". I likewise found N' Dauperatus

on sheltered intertidal sandflat.s, ofÈen in pools, on beaches with

slight wave acÈion and in the mouth of the Onkaparinga estuary. At

all locations where iE occurred, N . pauperatus \nlas alwaYs the mosE

abundant species of Nassarius. On steeply sloping but shelEered

beaches with extensive lower littoral sand or mudflaÈs aÈ low tide,

N. pauperatus \¡/as restricted Ëo a narrov¡ band on Èhe shelving part of

the beach corresponding to Èhe mid to lower littoral zone and was

oft.en not found at all on very steep but nevertheless sheltered beaches

(..g. Pine Point, South Australia).

2.2 The diet of Nassarius pauperatus

2.2.L The belief that Nassarius pauperatus is a predatory carnivore

Nassarius pauperatus is described byl'IacPherson and Gabriel

(1962), pp 192-3, as "carnivorous, readily boring through the shells

of other molluscs and feeding on them". I found this to be a

co¡nmon belief among South Australian malacologists (O.p. Thomas,

personal communication). However, Johnston and Mawson (1946)

describe N. pauperatus as "carnivorous, readily coming to the surface

when food is available" suggesting that it is a carrion feeder, and

Cernohorsky (i-gl2) has categorised the Nassariidae as being mainly

carrion feeders.



2.2.2 Observations of the feeding behaviour

in the field and laboraÈory.

10.

of Nassarius pauperatus

pauperatus preys

Nassarius pauperatus !{ere never observed drilling other molluscs

in the field but were found feeding upon dead molluscsr crustaceans'

and annelids as well as appearing lo graze upon algal film coating the

surface of the sandflat. ManY N . pauperatus rapidly congregated

around and fed upon living bivalves (".e Katelys ia sc alarina

Lamarck) if the latter v¡ere forced open and placed on the sand.

To further confirm this, a total of 50 adult and juvenile

\ pauperatus Ì^/ere collected from Port Gawler and kept in the

laboratory for three months at 19oC together in an aquarium with

several K. scalarina, also collected from Port Gawler. The latter

ranged in shell length from 1.5 cm up to 4.6 cm, thus providing the

snails with a range of she1l thicknesses to drill. However, even

though all rhe N pauperatus eventually died (presumably of starvation,

since those which died were consumed without having been dri1led,

unless quickly removed) none of Lhe bivalves \"¡ere drilled. Bivalves

had to be occasionally replaced since these were not fed either, in

case the snails r^¡ere able to utilise this food for themselves' When

a bivalve died, snails gathered around it and \^rere observed intruding

their proboscises through the open she11 valves and feeding on the

dead bivalve.

2.2.3 Examination of gut contents

The gut contents Lrom 25 adult and 25 j uvenile Nassarius

Hence my field observations did not suggest that N.

upon other molluscs by drilling them.

pauperatus which had been freshly collected and

field v¡ere examinecl under a binocular mic::oscoPe

revealing whaË appeared to be a mixture of boEh

dissected in the

at 40X magnification,

plant and animal
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material, the proportions of which varied between individuals.

A crystalline style, characteristic of species feeding primarily

upon plant material (Jenner, 1956) \¡ras never found, even in specimens

dissected in the field only minutes afEer collection. Bottom

sediment was rarely observed in the gut and then only in very small

quantities, of usually less Èhan 57" of Ëhe total contents.

2.2.4 Conclusion

From these observations I conclude that this species is an

omnivore, eating both plant material and animal carrion.

pauperatus could

whilst being fed only

I and 2).

This was

be maintained

algae or

later confirmed by the finding that

in the laboratory for long periods

only animal carrion (see.Appendices

N

2.3 Description and definition of "twisting" and of being a "Twister".

2.3.I Initial observations of twisting.

llhilst waÈching a sample of 50 adult and juvenile Nassarius

pauperatus encounEerin g each other in an aquarium in the laboratory,

a rather striking behaviour was observed* and iE was decided to

investigate Èhis further.

Initially this behaviour was called an "avoidance responset'

since it resembled the avoidance responses that many species of

gastropod exhibit following an encounter wiËh species which prey

upon them (".g. see Feder, 1963). However, the response by N.

pauperatus differed inasmuch as the "avoider" did not always change

* Since it was commonly believed that Nassarius pauPeratus \i/as a
predatory species which drilled other molluscs it was intended to
use it to test an hypothesis relating spatial heterogeneity and
predator prey interactions. The snails being watched were those
used in the previous section (2.2.2) in which it was concluded that
this species was not predatory.
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direction, move away from the individual it had encountered.or lose

contact r¿ith the substratum, but instead often continued in the

same direction and remained in bodily contacL with the other snail.

For these and other reasons I later renamed the behaviour "twisting".

Twisting was displayed by some individuals after they had

touched any accessible part of the body of another N. pauperatus

wiÈh either, or any combination of, their siphon, tentacle(s) or

proboscis, but not if they only touched Èhe shell of the other snail.

Individuals also twisted if another snail touched them, especially

if this contact occurred on the rear of their foot.

Touching the body of another with either siphon, tentacle(s) or

proboscis was defined as "contact" and this term will be used solely

in this context throughout this Èhesis. The snail which initiated

contact was referred to. as Snail I (one) and the snail thus contacted,

Snail 2 (two). Twisting, which consisted of swinging the shell

from side to side (see Figures 2.1 and 2.2), usually commenced very

shortly afËer contact occurred, and continued whilst contact \^7as

maintained and oft.en for one or two seconds after contact ceased.

Not all contacËs resulted in twisting - either both, Snail 1, Snail

2, or neither snail twisted following contact. Twisting by Snail

2 appeared to differ from twisting by Snail t in thar Snail 2

frequently changed direction and became detached from the substratum

whilst twisting, but this was rarely observed by Snail 1. Thus

twisting by Snail 2 more resembled the classical "avoidance response"

described by Feder (1963), and this difference will be dealt with in

greater detail 1aEer.

Twisting by N pauperatus, characteristic of Snail 2, could also

be elicited by mechanically damaging individuals with a needle on the

rear of their foot, or by forcibly restraining their shells for a ferv

seconds.

Also, following several hours of mechanical disturbance (".g.



Figure 2.1 Trristing by Snail l, afÈer having contacted

another (Snail 2).

1. Snail I and 2 approaching.

2. Snail I contacts Snail 2.

3. Snail 1 commences twisting.
contacts Snail 1.

5

Snail 2

4 Both snails remain in contact. Snail I
continues twisting, Snail 2 does not
twist.

Snail I ceased contact with Snail 2

buE continues twisting.

6. Snail 1 ceases twisting.

I
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Fígure 2.2

by Snail I

Twisting by Snail 2 after being contacted

1

2

Snails

Snail 1

foot.

I and 2 approaching.

approaches hind part of Snail 2rs

3 Snail I contacts Snail 2 with proboscis.
Snail 1 does not twist.

4. Snail 2 begins twisting. Contact ceases.
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that experienced during travel in a motor vehicle) many individuals

were observed swinging their shells from side to side !"iÈhout

having had any recent contacL with anoÈher snail. However, this

behaviour ceased within an hour of being undisturbed, and was not

investigaEed further.

2.3.2 Initial survey of other locations.

Following these casual observations in the laboratory of

twisting by Nassarius pauperatus from Port Gawler I decided to

sample N. pauperatus from other locations in South Australia, to see

if individuals from these also displayed this behaviour. Port

Gawler, Middle Beach, Parham and Port clinton (see Figure 3.1) were

visired on either Iz/V/76 or 13 /V/lA. At each site qualitative

observations trere made of the frequency of twisting resPonses

following contact between pairs of N. pauperatus.

High frequencies of Èwisting following contact were observed at

Port Gawler, Por! Parham and Middle Beach. However, at Port Clinton,

far fewer contacts were followed by twisting by either Snail L or 2.

Consequently, samples of 80 adult N . pauperatus \^Iere collecEed from

each of P

of the N.

ort Gawler a

pauperatus

nd Port Clinton. To ens

per area of substratum I^7e

ure that all (or most)

re collected, the

ched, rather than just

pauperafus hlere never

surface of the sandflat was disturbed and sear

collecting snails visible on the surface. N'

found any deeper than 3.0 cm, so the substratum \^/as searched to this

depth.

Snails were placed in polyurethane foam containers and transported

to the laboraEory where they were kept without food in white

polystyrene trays (dimensions 54 x 32 x 12 cm deep) which were filled

wiÈh aerated seawater to a depth of 4 cm, at a constant temperature

of 17oC and current daylength.
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To observe contacts between snails, the airstone was removed

from the tray and the usually inactive snails pushed into a pile in

the centre of the tray. Following this disturbance, many snails

then began to crahrl outwards from the heap, contacting others as

they did so. Snails from both locations were observed for two

hours each day on the second, sixth and eighth day following collection

Every 20 minutes during the observation period, snails were returned

to the cenEre of the container since most usually became inactive

after 15-20 minutes.

The snail which initially contacted another \^/as referred to as

Snail I, and the contacted snail, Snail 2 (as defined previously)'

If both snails con¡acted each other (i.e. each touched the other with

either siphon, tentacle.(s) or proboscis), t\rlo contacts \'rere recorded,

r¿ith Snail I becoming Snail 2 arld vice versa. The results of Snail

1 contacting Snail 2 were scored ín one of the four following

.'categorres:

(1) NTR No twisting response by either snail'

(2) rRBSl Twisting response by Snail 1

(3) TRBS2 Twisting resPonse by Snail 2

(4) TRBB Twisting resPonse by both snails '

Results appear in Table 2.1. The proportion of responses in each

of the four categories did not differ significanËly between days

r4rithout food following collection for snails from Port Gawler but

did for those from Port Clinton (see Table 2'L)' Examination of

the data from Port Clinton in Table 2.1 reveals that the changing

proportions in each category with time are due to an increase of the

proportion of contacts resulting in TRBS2 (and a decrease in those

resulting in NTR). Observations showed that contacts resulting in



Days without
food following
co11 ect ion

Number of contacts resulting in

NTR TRBS1 TRBS2 TRBB

Port Gawler

Total

35

79

73

2

6

I

6

L4

20

3620

3l

34

13 2L

10 9

4 x 3 contingency Èable for
,

independence, Xi = 10.40, p >0.05

Port Clinton

0

0

3

4

8

6

2

6

I

32

28

I

31

26

37

67

6429

2
4 x 3 contingency table for independence, x6 = 29 .43 p <0.001

Table 2.1. Results of contacLs observed between B0 adult Nassarius

pauperatus from each of Port Gawler and Port Clinton in the laboratory,

21 6 and 8 days afÈer collection. For definition of responses to

contact, see text.
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twisting by Snail 2 (i.e. TRBS2 and TRBB) ¡,rere due to Snail 1

touching Èhe rear of the fooE of Snail 2, and the response usually

appeared different fro* tti"ting by Snail 1, (see Sectíon 2.3.1).

Consequently I recaÈegorised the results of conEact into those

resulting in twisÈing by Snail 1 (TRBSI and TRBB) and those not

resulting in twisting by Snail I (TRBS2 and NTR). These sums

appear in Table 2.2. The proportion of responses in each of the

Èvro categories rvas independent of days without food following

collection for snails from both Port Gawler and Port Clinton (see

Table 2.2). Considering this homogeneity within samples, all

observations from Port ClinÈon and all from Port Gawler r¡Iere summed

between days following collection within each location (see Table

2.2) . The proportion of contacts resulting in twisting by Snail 1

differed significanÈly between snails from Port Gawler and Port

Clinton (see Table 2.2).

2.3.3 Observations of twisting in the f ield

Although it had been casually observed that the frequency of

contacts resulting in twisting differed between locations in the

field, no quantitative measurements had been made. To compare the

behaviour of N. pauperatus between populaÈions in the field and also

between the field and the laboratory, observations of unstaged contacts

were made at Port Gawler and Port Clinton on several occasions during

the laÈter part of. L976. ResulÈs of these aPpear in Table 2.3(a).

The data \"tere treated similarly to those ín TabLe 2-2, and categorised

as either resulting in twisting by Snail I, or not resulEing in

twisting by Snail 1. Data in Table 2.3(b) were comPared to those

in Table 2.2. X2 tests dicl not lead to rejection of the hypothesis

that the frequency of twisting by Snail l following contact \,/as

inclependent of whether observations \¡/ere made in the laboratory or



Days without
food following
collection

ToÈal:

Total:

Contacts resulting in

PorE Gawler

Twisting by Snail 1

(rn¡st + TRBB)

23

52

43

118

2I

No Twisting by Snail 1
(rnnsZ + NTR)

L2

27

69

59

55

t47

2

2

6

I 30

Port Clinton

4

B

9

2

6

I

33

3 x 2 contingency table for independence, Port Gawler, x2 = 0.91, p >0.05

2
3 x 2 contingency table for independence, PorË Clinton, x2 = O.26, p >0.05

2 x 2 contingency table for independence between ËoÈals for Port Clinton

and Port Gawler Xl = 05.11, p <0.001.

labl-e 2.2 Results of contacts observed between 80 adult Nassarius

from Port Gawler and Port Clinton in the laboratory. Datapauperatus

from Table 2.L



(a)

Port Gawler

PorË Clinton

Number of contacÈs resulting in

NTR TRBSl TRBS2 TRBB

L2 32 11

29 5 19

Total

69

54

L4

1

(b)

PorÈ Gawler

Port Clinton

Twisting by
Snail I

No Twisting by
Snail 1

23

Number of contacts resulting in

48

46

6

Total

69

54

2 x 2 cont,ingency table comparison between con
by Snail 1, by snails from Port Gawler il tht
2.2) and in Ehe f ield (f rom'Table 2.3(b) ) ' X;

2 x 2 contingency table comparison between contacts resulting in
twisting by Snail 1, by snails from Port Clinton in the laboratory
(from T.áarc z.z) and in the field (from Table 2.3(b)),
Xi = 0.07, p >0.05.

le comparison between contacts resulring in
n^the field between Port Gawler and Port ClinEon
xf=38.3r,P<'ool'

Èac
1ab
=Q

Ès resulting in twisting
oratory (from Table
.28, p >0.05.

2x2 contingency tab
twisting by Snail 1 i
(from Table 2.3(b) ) ,

Table 2.3(a) Results of unstaged contacts observed between Nassarlus

pauperatus in the field at PorE Gawler and Port Clinton, and 2.3(b)

Results from Table 2.3(a) classified as resulting in twisting by Snail

1 or not resulting in twisting by Snail 1.
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the field (table 2.3(b)), for snails from eiÈher Port Gawler or Port

Clinton. However, the frequency of twisting responses by Snail I

differed significantly between Port Gawler and Port Clinton (table

2.3(b) ) .

2.3.4 Specificity of twisting by Snail 1

WhilsE observing contacts bet¡¿een Nassarius Pauperatus in

the laboratory it was noticed that specific individuals, recognisable

by shell pattern and size, eould be relied upon either always to

twist, or never to twist, after they had contacEed another

N. Þauperatus.

To test the hypothesis that individual \. pggP-gIg!"g- always

twisted or never trvisted after they had contacted another snai1,

further samples of 70 adult plus juvenile N. EgPergllrs were collected

from borh PorÈ Gawler and Port clinton on 4/VI/l6 an¿ 5/Vl/76.

These were kept in Èhe laboratory in separate polystyrene Lrays as

before. All snails which twisted afÈer they had contacted another,

(ttrat is, all Snaíl Its involved in contacts resulting in TRBS1 or

TRBB) were marked on the visible part of their shel1 with red finger-

nail polish. Likewise, individuals which did not twist after having

contacted another (that is, all Snail I's which were involved in

contacts resulting in either TRBS2 or NTR) were marked with blue

fingernail polish. Once all the snails from each location had been

marked, each was observed contacting another Snail on a minimum of

trnro more occasions, to see if it displayed dif ferent behaviour Eo

that initially observed.

From these observations it was apPalent that the behaviour of

either trvisting or not twisting after contacting another snail was

very constant in individuals. In both samples, all snails v¡hich

had twisted initially after having contacted another snail also aià
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so on both of the later occasions. Two of the snails which had

initially not exhibited a twisting resPonse after they had appeared

Èo contact another snail did twist when later observed. This may

have been due Èo their behaviour having changed, or because they did

not actually contact the other snail when initially observed. All

snails were kept in the laboratory for the following six months,

and occasionally fed Katelysia scalarina. No change in the Ewisting

behaviour of the snails was observed during this period. Further-

more, later in Ehis study other samples of N. pauperatus were

collected, observed and scored for wheËher they twisted after

contacting another, and I soon became skilled at observing whether

contact between snails had occurred or not. Under these circumstancest

all snails in a sample r^rere almost invariably classif ied correcEly,

suggesting Ëhat the behaviour of twisting after contacting anotlìer

snail was noE 1abile, and that snails incorrectly classified were a

result of faulty observations.

2.3.5 Def inition of a "Twister" and a "Non Tr^¡ister"

From the observations above, the following types of Nassarius

pauperatus t/ere defined. Snails which always twisted after Ehey

had contacted another were named "Twisters" and those which did not

vrere named "Non Twisters". Twisters always twisted after conËacting

another N pauperatus and Non Twisters did not, although both

Twisters and Non Twisters often twisted í-f they v¡ere mechanically

damaged or contacted on the rear of their foot by another N.

pauperatus, but Ëhe latter trvisting resporìse more resembled a classic

"avoidance response". Therefore, in a mixed sample of Twisters and

Non Twisters the four possible outcomes of Snail I contacting Snail

2 will result from Ëhe following combinations of Twisters and Non

Twis ters :
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(1) NTR No tr¿isting response by either snail. (Snail 1 must

be a Non Twister, Snail 2 could be either a Tr¿isÈer

or a Non Twister).

Q) TRBSI Twisting response by Snail 1. (Snail I must be a

Twister, Snail 2 could be either a TwisÈer or a Non

Twister).

(3) TRBS2 Twisting response by snail 2. (snail 1 must be a Non

Twister, Snail 2 could be either a Twister or a Non

Twister).

(4) rRBB Twisting response by both snails. (Snail 1 must be a

TwisËer, Snail 2 could be either a Twister or a Non

Twister). -

2.3.6 Differences in the frequency of Twisters between populations.

The final numbers of Twisters and Non Twisters (following the

reclassification of two Non Twisters as Twisters) in the sample

collected during June, lg76 (section 2.3.4) were: Port Gawler, 54

Twisters, 16 Non Twisters; Port Clinton, 12 TWisters, 58 Non Twisters

A (sornewhat unnecessary) X2 test 1ed me to rejecÈ the hypothesis that

the frequency of Twisters was independent of locatio., (Xl = 50.57

p <0.001 ) .

2.3.7 Association of being a Twister with sex or maturity'

Following the observation that the behaviour of Twisters and Non

Twisters remained constant, snails \¡/ere examined Eo see if being a

Twister \./as associated with sex or with being an adult or a juvenile'
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Each adul¡ snail was sexed by observing the underside of its

foot as it moved up the side of a glass beaker of seawater. Adult

male N pauperatus have a penis and adult females a pedal gland

opening (Smittr 1975), the latter of which could thus be observed'

Snails lacking a pedal gland opening l{ere assumed to be males and

later dissection of individuals with and without pedal gland openíngs

confirmed the reliability of this meËhod of sexing. Juvenile snails

could not be sexed since they did not possess either a pedal gland

opening or a penis.

The numbers of adult and juvenile Twisters and Non Îwisters

from Port Gawler and Port Clinton are in Table 2.4. The proportion

of Twisters did not differ significantly between sexes' nor between

adult or juvenile snails from eiÈher Port Gawler or Port Clinton

(rable 2.4) .

2 ,'4 Discussion.

These observations have shown that significantly ferver Nassarius

pauperatus from Port ClinÈon compared to Port Gawler display a

behaviour defined as being a "Twister". Being a Tr¿ister remained

remarkably constant rnrithin individuals, with only two changes, from

Non Twister to Twister occurring ouË of 140 initial classifications.

These may have been either real changes in behaviour, or cases in

which the initial encounter did not actually involve contact.

Following more experience of observing cases of contact it was

common to initially be able to classify all snails correctly.

Furthermore, the few cases of misclassificaÈion were of snails

classified as Non Twisfers later becoming Twisters. A change in

behaviour from Twister to Non Twister. would be a far more powerful

test of the above hypoËhesis, but was no! observed'



Port Gawler

AdulÈs:

Mal es

Females

Juveni les:

î¿isters

L2

30

L2

Non Twisters

4

9

3

Port Clinton

Adults:

Males

Females

Juveniles:

TWis ters Non Twisters

16

23

19

3

4

5

Port Gawler:

2 x 2 conti4gency table for independence between Twisters
and sex, Xi = 0.02, P >0.05.

and Non Twisters

2 x 2 conting
and Twisters

Port Clinton:

2 :2 conti2s
and sex, Xl

2 x 2 contingency Lãble for ind
and TwisËers or Non Twisters,

ency table for indegendence between bein adults or juveniles
or Non Twisters, Xi = 0.09, P >0.05'

ency table for independence between Twisters or Non Twisters
= 0.01, p>0.05.

egendence between being adults or juveniles
xi = o'35, P >o'05'

TabLe 2.4. Numbers of adult and juvenile Twisters and Non TwisEers

from Port Gawler and Port Clinton.
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Results of encounters bet¡¿een snails in trays in the

laboratory are also consisÈent with the hypothesis that the

behaviour of Twisters and Non Twisters did not change, in that Ehe

proporÈion of contacts resulÈing in twisting by Snail I did not vary

significantly over time within samples from both Port Gawler or Port

Clinton (see Tables 2.1 and 2.2), suggesting that there is a fixed

proportion of snails that will twist after they have contacted

anoEher.

Being a Twister did not appear Èo be related to the sex of

adult N. pauperatus, nor to whether snails were adult or juvenile.

During this sÈudy it was also observed that Twisters did not twist

after having conËacted other sPecies common on the sandflat (Katelysia

scalarina, Nassarius burchardi, the crab Philyra laevis 1nel1), or

the gastropod Bedeva hanleyjl Angas).

To be able to establish whether or not a behaviour has selective

value and hor¿ this operates, it is necessary to postulate various

hypotheses and test these. Considering thaÈ the frequency of

Twisters varied between Port Gawler and PorÈ Clinton, sampling of

N. pauperatus from other locations may provide clues to the factors

responsible for this, and this survey is described in the next

chapter.
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3. Survey of populaLions of Nassarius pauperatus in South Australia

3.I Introduction.

Populations of Nassarius pauperatus at Port Gawler and Port

ClinÈon did noE only conEain different proportions of Twisters

It was also observed that firstly, the population densiÈy of

T pauperatus, especiall y with respect to juvenile snails, appeared

to be much higher aÈ Port Gawler than at Port Clinton and, secondly,

that adults seemed larger at Port Clinton Èhan at Port Gavrler.

I,Ihen N. pauperatus become sexually mature they develop a lip on

their shell and cease growing, then being classified as adults (Smith,

L975). The she1l lengths of both adult males and females appeared

to be normally distributed in samples from Port Gawler and Port

Clinton, with the sex ratio exceeding 2:L ín favour of females aÈ

both locations. Therefore a two way analysis of variance, with

unequal but proportional subclass sizes (Sot<al and Rohlf , L969), r{as

performed upon the she11 lengths of 40 adult females and 20 adult

males from each location, which were randomly selected from samples

used in the previous chapter. (The variancesof these samples were

not significanEly heterogeneoust F*"* (4,19) = L.97, p >0.05).

ResulÈs of the ANOVA (see Table 3.1) confirmed Èhat there were

significanÈ dífferences in size between location and sex, but no

significant interaction.

By inspection (Tab1e 3.1) ttre mean length of male and female

snails is greater at Port Clinton than aE Port Gawler. This

significant difference in size may be due to a variety of factors,

one of which is the availability of food.

Considering these observations, it was decided to sample other

populations of N pauperat.us for the density of adult and juvenile

snails, the shelI lengths of adults and to estimate food availability,



ú

Males

Port Gawler

Population

Females

r.42

0.111

40

Port ClinÈon

Males Females

1.56 1.48

0.091 0. 128

20 40

x L.47

0. r16

20

x

n

Source of variation df

Subgroups

Sex

Location

Interaction

Error 116

Total 119

i : mean, Þ.x

>0.05 ,N.S. : p

MS F(t,tt6)SS

0.2811

0.1281

0. 1466

0 .0064

L.5349

standard deviation,

:!r*c¡L : p <.001

9. 7045i-k*

1 I . 1061>k**

O.4B4B N. S.

n sample síze,

3

1

I

I

0.,0937

0. 1281

a.1466

0 .0064

0.0132

Table 3. I Mean
pauperatus from
tr,to-r¡/ay ANOVA, w

shell length af 20 male and 40 female Nassariu:
both Port Clinton and PorL Gawler, and results of
ith unequal but proportional subclass sizes'
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in addition to the percenEage of Twisters.

3.2 Methods.

3 .2.I Locations at q¡hich Nassarius pauperatus l^tere s ampled .

The south Australian coasEline from coffin Bay to Robe,

including that of Kangaroo rsland (see Figure 3'1), was surveyed for

Nassarius pauperatus during I976-L978, and snails from two populations

west of Coffin Bay were collected by others.

N. pauperatus occur continuously for several kilometres on each

side of the Gulf St Víncent (Figure 3.1) and snails v/ere samPled from

several locations within these populaEions. AlEogether, 20 locations

vtere sampled for the size and sex of adults and the percentage of

Twisters. Food availability was indirectly estimated (see Section

3.3.1) at 17 locations, and the population densities of juvenile and

adult snails estimated at 10 locaEions. Only one known population

of N. pauperatus (Ceduna) in South Australia was not sampled'

3.2.2 Estimation of population density.

It was soon noticed that the population density of adult and

juvenile Nassarius pauperatus, as well as the proportion of juveniles,

varied greatly between locations sampled at the same time of year.

N. pauperatus lay eggs in the field during laËe October and l{ovember.

Juveniles from these have reached approximately 0.5 cm in length by

March of the following year and continue growing until they reach

sexual maturity between I'fay and September of the year afEer that

(Srnittr, L975, also confirmed by my collections). Collection in the

field of juveniles of shell length less than 0.5 cm was not

representative of the total numbers present, since snails of such

small size were easily overlooked, especially when buried in the

substrat.um. However, by November of each year, juvenile l-l pauperatus



Figure 3.1 Nassarius pauperatus populations studied in South Australia,
and locations sampled.

Gulf Saint Vincent

1.

2.

3.

4.

5.

6.

7.

8.

o

10.

11.

L2.

Mouth of the Onkaparinga River.

Mouth of Swan Alley Creek, Port A,¿elaì¿e.x+

Port Gawler.

Middle Beach.

Port Prime.

Parham.

Port l,Iakef ield. *

Port Clinton.*

Rogues Point.*

Stansbury.

Coobowie: "Bag [,Iash" on Salt Creek Bay.

Sultana Point: 1.0 km south of Edithburgh on the Sultana
Point Road.

Spencer Gulf

13.

t4.

15.

t6.

t7.

Moonta Bay: north side of jetty.

Yatala Harbour.

Lucky Bayt 0.5 km north of holiday shacks.

PorË Lincoln I: Beach by Flinders Cairn.

Port Lincoln II: Entrance to Sleaford Mere

1B

I,les t Coas È

19.

Coffin Bay: 100 metres north of boaÈ ramp

Streaky Bay.

Smoky Bay.20

Kangaroo Island

2T American River.

Distribution continuous between locations 2 Eo 7 and 8-9, indicated
by arrows on Figure 3.1.

+ Only two snaj-ls found at this location.
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resulting from breeding during the previous year were easily

noticed, being larger Ehan 0.7 cm in all populations but lacking

lips on their shells. The proportion of juveniles in November

of each year e¡as taken a" t.pte"enting the yearly recruitment of

juveniles, and this was sampled for more than one year at several

locations.

Population densities of adult and juvenile N' pauperatus were

estimated aÈ ten locations (numbers 1,3r6,8,9,10,11 r12,I3 and 15 in

Figure 3.1). At each, a minimum of 10 random 60 x 60 cm quadraÈ

samples vrere taken from the zone in which N pauperatus occurred.

Samples were randomised by tossing the quadraË between 2 and 3 metres

forward every 10 paces (approximately 8 metres) witn my eyes shut.

The first sample v¡as taken in the approximate centre of the zone in

which N. pauperaËus occurred and successive samples taken by walking

ten paces away from the same side of the quadrat every time. Since

the quadrat spun when thrown, the positions of all samples following

the first \^/ere randomised. At locations where the width of the

zone containing N pauperatus r¡/as narrohr (Iess than 10 meEres) ttte

quadrat !,ras tossed forwardrwith my eyes shutrapproximately parallel

to the shore thus ensuring that it fell within the zone but still

randomly so.

The quadrat was constructed of galvanised iron sheet and had a

5 cm lip which was pushed 3.5 cm down into the substratum as soon as

the quadrat \^ras reached after being thrown. This prevented any

snails from entering or leaving Èhe sample area whilst it was being

searched and was necessary since snails were frequently aroused,

either by the quadrat striking the substratum or the subsequent

disturbance during collection. \ . pauperatus were never found anY

deeper tl-ran 3.0 cm in the substratum, so this v/as searched to the

depth of the quadrat '
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3.2.3 Size and sex of adults and the percentage of Twisters

Considering that in some populations the proporÈion of juvenile

snails liras very small, and that the proportion of Twisters was

independent of whether snails were juvenile or adults (Section 2.3.7),

samples of adult snails were used for all estimaËes of the percentage

of Twisters.

A minimum sample of 80 adults was collected at random from each

location, except in two instances where population densities were

so low that this number could not be collected within one hour, and

also in the two cases when snails were collected by others. Snails

were packed in polyurethane foam containers and Eransported to the

laboratory within 24 hours, where they were placed in polystyrene

Èrays (32 x 54 x 12 cm'deep) containing 4-6 cm depth of aerated

seawater, with a maximum density of 50 snails per tray. Pairs of

snails were observed contacting each other and Snail 1ts classified

and marked as either Twisters or Non Twisters, as described and

def ined in Section 2 . 3. 5 . The behaviour of all snails r^tas subsequen!1y

checked twice. Snails were lhen sexed by either examination or

dissection (as in Section 2.3.7) and their axial shel1 length

measured to the nearest 0.005 cm. The proportion of juvenile

snails, the shell length of adulËs and the Percentage of Twisters

vtere measured more than once for some locations during three years.

3.3 Methods: Food availability.

3. 3. 1 InEroduction.

It was earlíer concluded that Nassarius pauperatus was an

omnivore, feeding upon both plant material and animal carrion

(Section 2.2.4). However, sampling the sandflat at low tide for

the density of carrion ancl various types of algae r¡ras not considered
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Èo be a valid, nor reliable, estimate of the amount of food

available to N. pauperatus. Firstly, carrion is rapidly scavenged

by other species as well as N. Þauperatus, secondly, Ëhe sandflaE

could only be sampled during the day at low tide and thirdly, it

r¡ras not known which species of algae $/ere eaten, nor their food value'

Instead it was attempted to estimate relative food availability

by measuring how hungry samples of N. PauPeratus were from different

locations by observing the behaviour of snails when offered food'

Although this is an indirecE measure of food availability, it was

considered to be more reliable than any sampling of food for the above

reasons, and may also provide information about the behaviour of

N. pauperatus in relation to the availability of food, which may help

to explain any association observed between the Percentage of Twisters

and hunger.

3.3.2 Estimation of hunger - Method 1.

3 .3.2.L Procedure.

hun

Two methods were designed to measure hunger' In Method 1' one

dred Nassarius pauperatus \tere collected at random at each location

by searching the subsEratum to a depth of 3.0 cm (as describcd rn

section 2.3.2). Snails \rere arranged in a ring of L4 cm diameter

upon a 60 x 60 cm sheet of fibreglass mesh (hole si-ze 2 mm x 2 nun)

which was laid on Èop of the sandflat at each location. A living

bivalve (Katelysia scalarina) was forced open and placed in the

centre of the ring of snails. The behaviour of each snail during

the next 15 minutes \,¡as recorded in one of the following three

caÈegories:
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"Feeding" - snail fed upon K. scalarina

"Active" - snail moved about but did not feed

I'SedenËary''- snail did not move at all.

Any snails v¡hich conrnenced feeding during this time r^¡ere immediately

removed from the ùi.ralve, to ensure that there I¡Ias sPace available

for others Èo feed, and placed in a separate container. AE the end

of 15 minutes, all the sedentary snails were counÈed and the number

of active snails obtained by subtraction.

Trials at PorE Gawler and PorË Clinton shornred that all N.

pauperatus that were going to feed during the next hour usually

conrnenced during the first 10 minut.es, and that those classified as

being acËive during the next hour usually became so before 15 minutes

had elapsed.

3.3.2 .2 Dif f erences bet\^/een Nassari-us pauperatus collected from uPon

and within the substratum.

Nassarius pauperatus l¡¡ere found boEh upon

buried r¿ithin, the substratum (Sectiot 2.3.2) .

were collected at the same time from the same

the surface

Adult N.

area of

of, and

pauper.atus

Port Clinton and separate samples from the surface and

substratum at

from within

the substratum were offered Katelys ia scalarina (as described in the

previous Section) and the proportion of snails feeding v¡ere compared

3.3.2.3 Dif ferences betr^reen adult and juvenile Nassarius pauperatus.

One hundred juvenile and 100 adult Nassarius pauperatus were

collected at each of Port Gawler and PorE Clínton on adjacent days'

Both adult and juvenile snails \'¡ere separately offered Katelysia

scalarina and the proportions of snails that fed were compared

within locations. (It was found that the proportion of snails

feeding did nor differ significantly between adults and juveniles
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aÈ either location (see Results, Section 3.4.2.3). However, the

proportion of snails feeding did differ significantly between

samples of adults collected from upon and within the substratum

(see section 3.4.2.2). Corr"ia.ring that smaller juveniles buried

within the substratum were likely to be overlooked, and thaÈ fhe

proportion of juveniles varied between locations, only adult snails,

collected from both the surface and from within the substratum (see

Section 2.3 .2) were used for subsequent estimates of hunger

3,3.2.4 Differences beEween samples offered plant and animal material.

A difference in the proportion of Nassarius pauPeratus feeding

uPon Kat elys i a scalarina between locaEions may be due to a difference

in the response of snails Èo carrion ra¡her than a difference in

hunger. Therefore, 200 adult snails were collected aÈ each of Port

Clinton and Port Gawler on adjacent days. One hundred snails from

each location were offered K. scalarina and the other 100 a piece of

cotton l¡tool , soaked with a pure culture of an alga that N pauperatus

was knolgn to feed upon (see Appendices l and 2), using the procedure

described in Section 3.3.2.L, and Ehe proportions of snails feeding

r{ere comPared.

3.3.2.5 The effects of food availability upon the feeding and growth

of Nassarius PauPeratus.

Tô examine the effects of different levels of food availability

upon the feeding behaviour and growth of Nassarius PauPeraÈus, 50

juveniles were chosen from a larger sample collected from Port Gawler

These juveniles formed 25 matched pairs, matched for being Twisters

or Non Twisters and also shell length to wíthin 0.015 cm (and in most

cases to within 0.005 cm). The 50 snails were assigned to two

groups oÍ. 25, with one member of each maËched pair in each group.
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It was not possible to match snails for sex since sexual differences

!,rere noE apparent until after individuals had matured. Matched

pairs were numbered from I to 25 with a "8a11 PenÈel Extra Fine R 56"

pen on their shells and the r,rrnb"t was then covered with clear

fingernail polish to protect it. One group was then designated

"high food" and the other "low food" and these were marked

distinctively with sPots of differently coloured fingernail polish

on their shells.

Both groups r¡/ere initially kept together in the same tray of

aerated seawater at 20oC with a "long day" photoperiod and otherwise

as described in Section 2.3.2, until some snails showed signs of

becoming mature, whereupon groups htere transferred to seParate trayst

for reasons described in Section 4.2.

The high food group l^tas offered ad 1ib KatelYsia scalarina every

day and the low food grouP rvas offered ad lib K. scalarina every 14

days. Different frequencies of such feeding "pulses" have been

shor¡rn to simulaÈe differen¡ leve1s of food availability to other

gasEropodr (e.g. see Calow, Ig73; Moriarty, 1978)'

Snails \,rere normally inactive unl ess food was addecl to their

tray. Before being offered food, snails v/ere arranged in a ring of

14 cm diameter in the middle of their ttay anil several frozen K.

scalarina, (to ensure that all snails had space to feed) were placed

in the centre of the ring. The behaviour of each snail in each group

when offered food r^ras classified as either feeding, active or

sedentary (as in Section 3.3.2.1) and was noted daily for two periods;

one of 53 days duration while all snails were juvenile and one of 48

days duraEion when all snails had become adult'

Interruptions to the daily feeding of the high food grouP

outside these periods, whilst I was astay on fieldwork provided an

opportunity to exarnine the effects of various periods of starvation
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upon the proportion of snails feeding

3.3.3 Estimation of hunger - Method 2

3.3.3.1 Procedure.

The second method for attempting to measure how hungry

Nassarius pauperatus \,¡ere, consisted of collecting a random sample

of a minimum of 80 snails from each location. These vtere Eransported

to the laboratory as quickly as possible, in polyurethane foan

containers, to minimise temPeraEure changes during travel. Snails

were placed in polystyrene trays of aerated seawater at a constant

temperature of 17oC and current day length, at a maximum densiËy of

50 per tray. Each day following collection all snails were offered

Kate lys i a scalarina in their Erays (as previously described for the

trigh and low food group) and those snails that cormnenced feeding

during the next 15 minutes \¡rere removed and counted. The number of

snails feeding each day Èhus provided an estimate of the mean time

taken for all snails in a sample to commence feeding. An initial

trial showed that snails fed significanËly sooner at Port Gawler than

Port Clinton (see Results, Section 3.4.3'1)' This may have been due

to snails actually being hungrier at Port Gawler, to a difference in

preference for K. scalarina between locations, to having been

transported for different distances and times (see Figure 3'1) or

other unknown factors differing between locations, so attemPts !'/ere

made to differentiate beEween such factors and differences in hunger.

3,3.3.2 Differences beÈween samples offered plant and animal material'

Differences in response Èo plant and animal food v¡ere examined

by offering EhTo separate samples of 100 adult snails from each of

Port Gawler and P<¡rt Clinton either Kate saa scalarina or the alga

offered in Section 3.3.2.4, (using the procedure described above in
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section 3.3.3.1), and differences in the mean days to feed

compared between foods, within locaÈions.

3.3.3.3 Starvation, satiation .and re-feeding'

If the dif ference in mean days to feed betr.¡een snails from Port

Gawler and porÈ Clinton was due Eo a difference in hunger, then snails

from different locations having experienced the same leve1s of food

availability should not differ in the time taken to feed. One

hundred adult Nassarius pauperatus \¡/ere collected on adjacent days

from each of Port Gar¡ler and Port ClinËon and offered Katelysia

scalarina daily in the laboratory, as described previously. As soon

as any snail in either group attempted to feed, it was removed to

another tray without food. All snails in both samples had attempted

tg feed by 16 days after collection.

Both samples were then starved for a further 14 days (thus, all

snails in both samples had effectively been starved for 30 days) and

then satiated on day 30 with ad 1ib K. scalarina, after which they

were offered K. scalarina every following day and the snails first

feeding upon each day were removed and counted'

3.3.3.4 The effects of differences in travelling time

To examine Ehe effects of being transported upon the time taken

to first feed, 200 adult snails were collected on adjacent days from

each of PorE Clinton arrd Port Gawler. 100 snails from each

location were driven directly to the laboratory and transferred to

trays of aerated seawater at IloC, and the other 100 from each

location were driven about for an additional hour. Temperatures

in the polyurethane foam containers used to transPort snails r^Iere

kept as close as possible to those of the sea\./ater that snails l'¡ere

collected from by the addition of plastic bags containing ice, for
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various lengths of time. These snails were then transferred to

separate laboratory trays and the average time elapsing before they

fed upon K. scalarina comPared to Èhat of snails driven directly Eo

the laboratory.

3.3.4 Comparison of hunger between other locations'

Method I was chosen to estimate hunger, following the finding

that Method 2 was affected by the duration of Eime snails had spent

in transit between the field and the laboratory (see ResulLs, SecÈion

3.4.3.3). Hunger was estimated at Port Gawler and Port Clinton on

adjacent days every month for 13 months. During this time most of

the other locations were also sampled and hunger estimated. The

estimaÈes of hunger at Port Gawler and Port Clinton varied between

months so the values obtained for other locations \^/ere exPressed in

relation to the value for Port Gawler that they were samPled closest

to, in tirne. If a location v/as sampled outside the 13 month period,

a sample was also taken from Port Gawler for comparison' In no case

r¡/as any location sampled more than 12 days aPart from its reference

sample at Port Gawler, and this difference was usually less than six

days (see Table 3.22).

3.4 Results.

3.4.I Population densities and the percentage of Twisters.

population densities of adult and juvenile Nassarius pauperatus

and the percentage of Twisters from 10 locations aPpear in Table 3.2

Whilst collecting snails and estimating population densities it was

observed that the distribution of N. pauPeratus appeared to be

clumped at some locations, namely Port Gawler, l'loonta Bay and Lucky

Bay (which is not surprising, considering the distribution of

carrion and intertidal pools on Èhe sandflat), and the distribution



Sample size
(quadrats )

Table 3

at each

Date LocaEion Adults plus juveniles Adults

X
xxx

Juveniles

s
X

Percent
Twisters

86.25

77 .L4

83.75

17 .50

L5.79

t6.25

t6.32

7. 50

TL.25

62.00

x

10

23

10

20

10

25

25

25

10

10

rv /77

xa/76

9 .40

8. 96

8.20

I .05

1 .70

0 .80

8.60

1 .20

11.80

6 .30

2.02

4.5r

3.20

1 .00

1.00

0 .87

3.33

T.T2

6.59

2.67

L.20

L.57

1.70

0.85

1.70

0.80

3. 80

L.20

10. 70

3 .30

2 .00

1.53

2.7 6

0.88

I .00

0 .87

2.06

T.I2

6.L9

t.66

8.20

7 .39

6. 60

0. 30

None

None

4. 80

None

I .10

3.00

1 .60

3.80

1.01

o.73

found

found

2.7L

found

1.13

L.43

il

il

Onkaparinga

Port Gawler

Parham

Port Clinton

Rogues Pt.

Stansbury

Coobowie

Sultana Pt.

Lucky Bay

Moonta Bay

il

It

TT/79

il

2 Densities of adult and juvenile Nassarigs pauperatus and the Percentage of Tr¡isÈers

location i : mean. s : standard deviation'x
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of snails per 3600 cm2 was highly skewed to the right at these

locations. Therefore the non parametric Spearman rank correlation

coefficienÈ (Siege1, 1956) was used Eo comPare population densities

and the percentages of Tr¿isters for the eight locations sampled

during November 1976. Only the population density of juvenile

N. DauÞeratus !'/as s1 gnificantly correlated with Èhe percentage of

Twisters (Juveniles, r" = 0.74, 0.01<p<0.05; Adults, t" = 0.08,

p>0.05; Adults plus juveniles, t" = 0.10, p >0.05).

Some locations \¡/ere samPled several times during this study for

the proportion of adulE and juvenile snails, the mean size of adults

and the percentage of T\¿isters. Considering the life history

paÈtern of this species, with juvenile snails recruited into the

adult population during May to September each year, data for adult

shell length are only presented for periods after successive

recruitments had occurred. Descriptive statistics for Èhe shell

length of male and female N. PauPeraÈus, the proportion of juvenile

snails, the sex ratio of adult snails and the percentage of Twisters

appear in Tables 3.3 to 3.7. From these data it can be seen that

the variables diffcr between locations, but that values remainecl

remarkably similar within Èhe locations sampled more Ehan once during

L976-1978.

3.4.2 Estimation of hunger - Method I

3.4.2.I Behaviour of Nassarius pauperatus before and after feeding.

Observations of snails in the high food grouP in the laboraÈory

showed that generally after a period of feeding, individual snails

were then sedentary for one or more days, followed by a period of

!-2 days activity, after which they fed again. However, Ëhese

events did not always occur in this sequence, with snails being

someEimes active after feeding and then sedentary before feeding



Location

Onkaparinga

Port Gawler

Middle Beach

Port Prime

Parham

Port tr^Iakefield

Port Clinton

Rogues PoinE

Stansbury

Coobowie

Sultana Point

Moonta Bay

Yafala Harbour

Lucky Bay

Port Lincoln I

Port Líncoln II

Coffin Bay

Streaky Bay

Smoky Bay

American River

Males

29

43

23

20

23:

16

57

9

32

24

25

11

3

27

L4

19

2T

20

9

T4

Females

51

L57

57

60

57

64

r23

29

68

86

78

89

18

53

66

61

59

54

35

66

*?,n = 37 .26, 0.005<p<0.01

Table 3.3
in sample
of each s

Numbers of rnale and female Nassarius Pauperatus
s from 20 locatíons in South Austral a, The proporËions
ex are significantly different between locations '



Shel1 length
Locat ion

Onkaparinga

Port Gawler

l.fiddle Beach

Port Prime

Parham

Port I'lake f ield

Port Clinton

Rogues Point

Stansbury

Coobowie

Sultana Point

Moonta Bay

Yatala Harbour

Lucky Bay

Port Lincoln I

Port Lincoln II

Coffin Bay

Streaky Bay

Snoky Bay

American River

i : mean, sx :

s
x x

0. 137' 29 1 .40 0 . 197

0.112 43 1.38 0.L24

0.134 23 1.38 0.r24

0 .t26 20 1.40 0.119

0.070 23 1 .31 0.195

0.L25 16 1.39 0.184

0.111 57 I.47 0.144

0.104 9 r.47 0.135

0 .092 32 I .55 0 .127

0 .091 24 | .28 0 . 153

0. 098 25 1 .48 0 .109

0.094 11 1.36 0.115

0.121 3 1.36 0.102

0.2r7 27 r.62 0.257

0.134 14 1.59 0.r42

0.108 19 r.34 0.099

0.094 21 1.53 0.095

0.100 20 r.57 0.127

0.095 9 L.62 0.103

0.109 14 1.37 0.133

deviation, D ! samPle size

Males Females

nxnx

r.49

r.44

1.48

1 .48

L.46

1.50

1.51

I .61

L.62

L.42

1 .55

1.51

1 .40

r.73

I .65

t.43

1.66

1.70

1.78

r.46

s tandard

51

r57

57

60

57

64

L23

29

68

86

78

89

18

53

66

61

59

54

35

66

Table 3.4
pauperatus

Shell lengths of male and female adult Nassarius
from 20 locations in South Australia.



Males

Adult shell length

Females

Location
and dates
sampl ed

Port Gar¿ler

June 1976

November 1976

Novernber 1977

November 1978

Port Clinton

June 1976

Novernber 1976

November 1977

November 1978

SËansbury

November 1976

October 1977

November 1978

Coobowie

November 1976

October 1977

November 1978

Sultana Point

November 1976

October 1977

November 1978

Ï : mean,

sx n sxx nx

r.47

r.44

L.46

L.49

0.117 20

0.112 43

0.120 50

0.114 30

r.42

1 .38

I .40

t.4l

1.48

r.47

L.45

r.49

0. 111

o.r24

0. r39

0.116

0.128

0.r44

o.L32

0.137

40

57

150

100

40

r23

L54

109

1 .56

r.51

t.57

1 .53

r.62

1 .63

1 .66

1.55

I .55

r.56

68

70

60

90

B5

0.091

0.111

0.117

0.099

20

57

57

30

o.092 32

0. 104 25

0.07 9 20

o.r27

0.133

0.120

r.42

1. 39

1. 40

0.091 24

0.103 35

0.085 30

| .28 0.153

1.30 0.126

1.33 0.141

86

1.55 0.098 25 1.48 0.109 78

1.53 0.100 36 r.45 0.095 LL4

1.58 0.120 29 L.44 0.101 73

standard deviation, n : samPle size
x

Table 3.5 Shell lengths of male and female,

sampled from five locations during I976-1978,

recruiEment of adults.

adult Nassarius PauPeratus,

following successive



Location Date(s) sampled
Proportion of
juveniles

Port Gawler

Middle Beach

Port Prime

Parham

Port lJakefield

Port Clinton

Rogues PoinE

Stansbury

Coobor¿ie

Sultana Point

Lucky Bay

Port Lincoln I

Port Lincoln II

Coffin Bay

xr/76
xrllt
xrl78

xr176

><rl7 6

xr176

xrl76

nl76
xrl77
,{178

xr/76

xrl76
xr/78

xr/76
)<r178

xr/76
xr/78

y,\176

xr/77

x\/tt
xrl77

0.82
0. 75
o.72

0.10
0.05

0.41

o.42

0 .35

0. 68

a.26
0. 15
o.23

0.09

o.49
o.52

0 .06
0 .07

0. 11

0.08

0.39

0 .09

table 3.6
pauperatus

Ptoportion of juveniles in samples of Nassarius
from various locations during November of each year'



LocaÈions and
dates sampled

Proportion of
Iþisters (adults)

Port Gawler
vrl76
xr/76
rrrl77
vrl77
vr.frl77
xr/77
Tf I78

Port Cl-inton
vrl.76
xr.l76
xr/lt
xrl78

Stansbury
xr/tø
v177
xl77
xrl77
xrltS

Coobowie
xrl76
v 177
xl77
xf 177
xr/78

SuLtana Point
xrl76
v/77
xl77
xf 177
XI/78

o.77
0.77
0.83
o.76
0.84
0.79
0.85

0. 14
0. 17
o.22
o.l2

0. 16
0. 19
0. 16
0. r7
0. 13

0. 16
0. 15
0. 19
0. 13
0.13

0.08
0.09
0.07
0.05
0.11

Table 3.7
pauperatu

Proportion of Twisters in samples of adult NassariYs
s at five locations sampled more than once during 1976-1978'
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again. Accordingly snails I¡Iere only classified as either "feeding"

or "not feeding" when offered food, with snails formerly classed as

"sedentary" being included in the 1aÈter category.

3.4.2.2 Differences in feeding between Nassarius pauperatus

oollected from upon and from within the substratum.

A significantly greater proportion of snails collected from the

surface of the subst. ratum fed in the field when offered Katelysia

scala-rina compared to snails collected frorn within the substratum

(table 3.8). This result is not surprising considering that snails

active on the surface of the sandflat. are probably those Ehat are

hungry and seeking food.

3,4.2.3 Differences in feeding between adult and juvenile Nassarius

pauperatus.

Results of offering Katelysia scalarina to seParate groups of

100 adult and 100 juvenile Nassarius PauPeratYs on adjacent days at

PorË Clinton and Port Gawler are in Table 3.9. There qras no

significant difference in the proportion of adulL or juvenile snails

feeding within either location, even though the proportions of total

snails feeding differed significantly between locations (tab1e 3.9).

3.4.2.4 Proportion of Nassarius

and animal material.

pauperatus feeding when offered plant

There rdas no significant difference between the proportion of

adult Nassarius pauperatus feeding when separate samPles r¿ere offered

eiËher Katelysia scal-arina or ari alga at Port Clinton or Port Gawler,

even though the proportions of snails feeding differed significantly

between the above locations (tab1e 3.10).



Sandflat surface

Number
feeding

26

Number not
feeding

L7

Table 3.8 Numbers of adult Nassarius
feeding, in samples collected from the
within the substratum, at Port Clinton

Snails collected from

!üithin substratum

51

sandflat surface or from

6

2 x 2 contingency table for independence:
2

x1 = 28.09, P < .001.

pauperaËus feeding or not

Feeding 55

Gawler

Juveniles Adults

4B

Populat ion

52

= 0.98, p > 0.05

= 0.44, p > 0.05

ClinËon

Juveniles

10

90

Adul ts

13

87

2 x 2 contingency tables for independence between:

(a) proportion of adults and juveniles feeding;

Not
feeding

(b)

45

Port Gawler,

Port C1inton,

2*r,
x1

proporÈion gf total snails feeding at ort Gawler and PorÈ

Clinton, Xí = 74.15, P <'001.

Table 3.9 Numbers of adult and j uvenile Nassarius PauPeratus
feeding or not feeding when offered
Gawler and Port Clinton.

Kate I IA scalarina at Port
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3.4,2.5 Food availability and feeding behaviour in the laboratory.

Observations made in Ehe laboratory (not surprisingly) suggested

that the proportion of Nassarius pauperatus feeding tt/as correlated

with the length of time a sample of snails had been deprived of

food. All snails in Ëhe low food group fed when offered food every

fortnight. By design the daÈa are extremely scanty for periods

other than zero or L4 days spenÈ without food. However, seven

interruptions occurred in the usual daily feeding regime of the high

food group whilsÈ I was alìray on fieldwork. The number of snails

feeding when offered K. scalarína following four of these occasions

are in Table 3.11, and support the hypothesis that the proportion of

a sample of snails feeding is related Eo the length of time they have

been deprived of food. Table 3.12 shows the mean number of snails

feeding per day in the high food group whilst all snails were

juvenile and later when all snails vtere adult. No interruptions to

feeding occurred during either of these periods. The total number

of snails is less during the second period of observation, due to

five snails having died whilst I was a\ÀIay on fieldwork between lveeks

2I and 23. Data for all juvenile snails Ítere included in the

analysis, this observation period having been between v/eeks zero and

eight. Because the total number of snails differed between the

observaÈion periods a comparison of the distributions of the

percentage of snails feeding Per day was made using a Kolmogorov-

Smirnov two tailed, trvo sample test (Siegel, 1956) which showed that

there was no signif icanÈ difference betl^/een the distributions of the

percentage of snails feeding whilst eiÈher juvenile or adult

(D observed = 0.L679;
max

DO. O5 = 0 .2710) , see Figure 3.2.
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Population

Port Gawler

Alga Cockle

Feeding 32 25

Not
feeding 68 75

Port Clinton

Alga

2L

Cockle

16

8479

2 x 2 contingency tables for independence between:

(a)

(b)

whether feeding' versus food tYPe;
,

Port Gawler, Xi = 1.20' N.S.

t
Port Clinton, Xj = 0.81, N.S.

wheÈher feeding versus location: xl = 5.sø,

N.S. : p > 0.05, :k ; .01 < P < '05

Table 3.10 Numbers of adult Nassarius PauPeraqge
when offered cockle Katel ia scalarina ) or alga,
and Port Gawler.

J

feeding or not
at Port ClinEon

Days without food

1

I
2

10

Table 3.11 Number of
the high food grouP, fo

Number of snails feeding

L2

t4

19

25

Nas sarius feeding out of 25 ín
1 low ng interruPtron s to feeding.



Snails feeding Juvenile Adult

9.52

2.55

48

20

3-15

r
sx

11.30

4.59

53

25

3-23

n
(observaEions )

n
( snai ls )

range

f : mean, s sÈandard deviation, n: sample size

Table 3.12 l"fean, range and sÈandard deviation of the number of

l{assarius pauperatus feeding per day in Èhe high food group from

observaÈions made whilst snails were both juvenile and adult.

Note that the total number of snails has decreased in the adult group.

x
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Data for the number of days spenÈ feeding and not feeding for

individuals in the high food group whilst juvenile and adult are

in Tables 3.13 and 3.I4. The total days spent feeiding plus noÈ

feeding differ between individual snails, because data from the

beginning and end of each observation period were excluded, since

it was not knovm how long a snail had been either feeding or not

before observatiotts contrnenced or after Èhey ceased'

All combinations of behavioural types and sexes are Present in

the high food group. Heterogeneity of the proportions of days

spent feeding between snails of different sizes, ages, sexes or

behaviour will mean that the technique of estimating hunger from the

proportion of snails feeding at any location will be biased by the

proportion of each sex, síze, age or behaviour in each sample.

Chi - squared tests of homogeneity showed that there v¡ere no

significant differences in the proportions of days spent feeding

betr¿een individuals whilst either adult or juvenile (see Tables 3'13

and 3.r4). Therefore, the daËa were suÍmed within each of the two

observation periods and the proportion of days spent feeding or not

compared beLween juveniles and adults. These did not differ

significantly (2 x 2 contingency Èable , X2I = 2'32, P)O'05)'

Considering these results it appears that there are no

significant differences in the proportion of time sPent feeding

between snails whether they are any combination of Twister, Non

Twister, adult or juvenile, male or female' However, differences

in the distribution of the days spent feeding per individual will

also affect estimates of hunger made by sampling the proportion of

snails feeding if some synchrony of feeding occurs. This is quiÈe

likely because the availability of carrion on the sandflat may vary

over tl-me.



Snail
number

I
2

3

4

5

6

7

I
9

10

11

L2

13

L4

15

r6

L7

18

19

20

2l
22

23

24

25

Sex Behaviour
Number of days

Feeding Not feeding

She 11
length
( cm)

NK

NK

F

NK

T

T

T

N

T

N

T

N

N

T

N

T

T

N

T

T

T

N

T

T

T

N

T

T

N

q. e8o

I.T25
I .200

1.190

L.200

1.140

1.170

I .050

t.295
L.225

L.265

1.100

1 .040

I .205

1.110

1.150

1.210

r.240
t.r25
1.165

0.980

1 .040

I .040

1. 250

1.070

22

25

2T

25

2T

23

19

L7

15

T9

2L

27

23

2l
26

2l
26

1B

24

I9
11

25

18

20

22

23

27

2B

26

23

27

27

2B

28

29

22

22

22

1B

20

29

24

32

23

26

26

24

31

26

25

F

F

F

F

NK

F

M

F

NK

M

F

F

M

M

F

F

F

F

F

F

F

M : male, F : female, NK : sex not known since snail died before
becoming adu1t, T : Twister, N : Non TwisÈer

25 x 2 contingency table for homogeneity betweçn snails with resPect
to proportion of days spent feeding or not, Xi+ -- 20.45, p > 0'05'

Table 3.13 High

number, behaviour,

not feeding.

food

sex,

treatment, whilst snails juvenile.

shell length and days sPent feeding

Snail
and



Snai 1

number

I
2

3

4

5

6

7

8

9

10

11

T2

13

14

15

L6

T7

18

19

20

2I

22

23

24

25

Sex Behaviour

Died

Died

F

Died

F

F

F

F

Died

F

M

F

Died

M

F

M

M

F

F

F

F

F

F

F

F

Number of days

Feeding NoE feeding

T

T

N

T

N

I .300 24 28

Shell
length
(cm)

I .585

1.450

1 .360

1.410

1.375

r.440
1.350

24

27

25

27

26

26

22

28

25

27

25

T

N

T

26

26

30

N

T

T

T

N

T

T

T

N

T

T

N

I.625
1 .200

L.520

1.580

1. 300

I.255
I .430

1.300

1 .280

I .505

r.445
r.495

25

25

24

26

24

25

23

29

29

25

25

25

27

27

28

26

28

27

29

23

23

27

27

27

M : male, F : female, T : Twister, N : Non Twister'

2O x 2 contingency table for homogeneity bet\^/eçn snails with respect
to proportion of ã.y" "pu.rt feeding or not, Xíg = 4'48, P > '9951

f"¡f" f.f+ 'High food treatment after snails became adult. Snail

number, behaviour, sex' shell length and days spent feeding and not

feeding.



36

The distributions of Èhe length of time spent feeding for

individual snails l^¡ere noE normal (see Figure 3.3) so were compared

within groups of adulÈ and juvenile snails using a Kruskal-lIallis

one hray analysis of variance (Siegel, 1956) and did not differ

between individuals whilst juvenile or adulE (Juveniles,

H24 = 31.41' p>0,05; Adults, Hlg = 5.96, P>0.05). Therefore the

data for snails whilst juvenile and adulË \^¡ere combined and the two

age groups compared using a Kolmogorov-Smirnov, two tailed, tI^lo

sample test. There \"tere no significanÈ differences between the

distríbutions of days spent feeding whilst snails were juvenile or

adulr (o*"* = 0.0480, D0.05 = 0.1084).

Therefore these data suggest that wheËher a snail is any

combination of a Twister or Non Twister with male or female whilst

adult or juvenile, these differences themselves will not affect its

paÈtern of feeding.

3,4.2.6 Food availability and growth of Nassarrus

laboratory.

pauperatus in the

The axial shell lengths of snails in the high and lor¡ food

treaÈmenËs $/ere measured weekly to the nearest 0.005 cm r¿ith vernier

calipers, until the individual became sexually mature and ceased

growing. The mean shell lengths of snails in both the high and 1ow

food Èreatments were plotted versus time (Figure 3.4). It is

possible that snails that died during the course of the experiment

had different rates of growth prior to dying, alÈhough I consider it

unlikely that I would have recorded Èhese, since all snails that died

did so during a period of 14 days starvation between weeks 2I and 23'

Nevertheless, data from the six snails that died have been excluded

to eliminate the possibility that differences in the shape of the

growth curves between the high and low food grouPs l¡Iere an artefact
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o 642o
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Juvenilo
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Number of successive days feeding

Figu¡¡e 5.J Distributions of tt¡e number of suocessåve days

spênt feeding for 25 I'lassarius paupe+tus wt¡ilst juvenil.e,

and for 2Q oî tl,¡ese u¡hilst aclult.
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of their containing snails which eventually died. By inspection

iÈ does not seem appropriate to comPare Ehe rates of growth between

the high and 1o\^r food treaÈments using a mathematical model of growth.

Smith Og75) used the von Bertalanffy model (see Beverton and Holt,

1957) to describe the growth of Nassarius pauperatus However,

although the data for snails in the high food treatment resembled the

curve predicted by this model (see Figure 3.4), data from the 1ow

food group did not.

From Figure 3.4 it appears that snails in the low food grouP

grer{r more slowly, but for longer, than their count.erParËs in the

high food trea¡ment. All snails thaÈ died during the experiment did

so before becoming mature and thus \^lere excluded from Èhe data, and

the time elapsing before snails of matched pairs developed a lip on

their shel1s e¡ere compared, using a one tailed !,lilcoxon matched-pairs

signed-ranks test (Siegel, 1956). This confirmed that snails in the

low food group took significantly longer to develop lips on their

shells and hence Ëo cease growing (table 3.15).

The distribution of the shell lengths of juvenile N . pauperafus

is not normal, although the shell lengths of adult males and females

in the field appear to be normally distributed (Smittr, 1975 and also

my data). In the high and low food experiments snails were chosen

as matched pairs of juveniles and since their sex could not be

distinguished, males were paired with females of the same initial

síze (see Tables 3.13, 3.I4,3.16 and 3.17). Also the pairs of

snails were not chosen at random, instead reflecting the most coûlmon

sizes in the -sample of juvenile snails. Therefore samples of males

and females in the high and low food treatments cannot be regarded

as random sampl,es from a normal disËribution, so a non parametric

comparison r¡ras made between the lengths of the matched pairs of snails

in each treatmenË. The number of times males in the low food group



I,leek followíng commencement of
experimenE upon which first sign
of 1ip formation noticed

High food Low food
Snail
number

I
2

3

4

5

6

7

8

9

10

11

t2
13

r4

15

16

L7

18

19

20

2l
22

23

24

25

DIED

DIED

11

DIED

25

29

L4

18

DIED

13

16

15

DIED

27

27

13

25

29

11

27

29

26

39

43

25

5t

51

24

18

11

29

11

29

29

13

L2

43

43

39

51

39

13

43

L2

35

51

43

52

DIED

39

l,Iilcoxon matched-pairs signed-ranks test (one tailed),
n=17, T=22.5, p<0.01.

Table 3.15 Number of weeks after experimenÈ comnenced before

individual snailq formed a lip on their shells and ceased growing'



Snail
number

Sex Behaviour
Shell
length
(cm)

1

2

3

4

5

6

7

8

9

10

11

I2

l3
t4

15

16

t7
18

19

20

2I
22

23

24

25

T

T

T

N

T

N

T

N

N

T

N

T

T

N

T

T

T

N

T

T

T

N

T

T

N

F

F

F

F

F

F

F

F

M

F

F

F

F

M

.F

F

F

M

F

F

M

F

F

NK

Ì,t

0. 980

1. 120

1.200

1. 195

1.200

1. 135

1.175

1.050

L.290

L.225

L.265

1.100

I .040

1.205

1.110

1.150

1.210

r.240
L.L25

1.165

0.980

I .040

1 .040

r.240
I .070

M : male, F : female, NK : snail died before becoming adult'
T : Twister, N : Non Twister.

Table 3.16 Low food treaEment whilst snails juvenile.

Snail number, behaviour, sex and shell length'



Snaí1
number

I
2

3

4

5

6

7

8

9

10

11

I2

13

L4

15

16

L7

I8

L9

20

2L

22

23

24

25

Sex Behaviour
Shel 1

length
(cm)

F

F

F

F

F

F

F

F

M

F

F

F

F

M

.F

F

F

M

F

F

M

F

F

Died

M

1.100

1. 365

I .330

1.420

I.3ZO

L.275

1.255

1.185

r .555

1.315

t.375
1 .280

1.190

1.330

L.325

1.485

1. 350

1 .545

1 .230

1.275

I .585

1.165

r.275

1.450

T

T

T

N

T

N

T

N

N

T

N

T

T

N

T

T

T

N

T

T

T

N

T

N

.M : male, F : female, T : Twister, N : Non Twister

Table 3.17 Low food treatmenË after all snails adult.

Snail number, behaviour, sex and shell length'



38

were matched with females in the high food grouP and vice versa

vras fortunately the same, namely four, in both cases so Ëhis should

eliminate any bias caused by there being unequal pairings of sexes

betr¿een groups, when a matched pairs test is used. MaEched pairs

containing a snail which died during Ëhe experiment v/ere noÈ usedr'

resulting in the shell lengths of pair numbers 3, 5, 61 7, 8, 10, 11,

L2, 14,15, 16, 17,18, 19, 20,2L,22,23 and 25 being comPared'

Prior to Èhe experimental treatments Èhere rrere measurable

differences between the she11 lengths of only two pairs of juvenile

snails and these were both within 0.010 cm and effectively cancelled

each other (compare Tables 3.13 and 3.16). After the Ëreatments,

adult snails in the high food grouP ktere significantly larger than

their counterparts in the low food grouP, vrhen comPared using a

I{ilcoxon matched-pairs signed-ranks test (compare Tables 3'14 and

3.17; n = 19, T = 46, P<0.01).

3.4.3 Estimation of hunger - Method 2.

3.4.3. I Differences between Nassarius

and Port Clinton.

pauperaËus from PorÈ Gawler

Both the mean and standard deviation of the days elapsing before

individual Nassarius pauperatus fed upon Katelysia scalarina were

significantly greater in samples collected from Port Clinton than

Port Gawler (Table 3.13). The distributions of the number of snails

first feeding per day had significantly different variances, and by

inspection, different shapes (see Figure 3.5) so a non-parametric

Randornisation TesE (Siegel, 1956) was used to comPare the mean days

to feed between these samples. Afler being starved for 30 days,

snails were then satiated for one day ancl offered K. scalarina on

every subsequent day. The time taken to re-feed after satiation

did not then differ significantly between snails from different



Days before feeding,
following collection

Population

Cl inton

8.55

3. 38

91

Gawler

x

s

4.08

r.66

93

x

n

,go,gr= 4.I2, p < .001

,tgZ (Randomisation TesÈ) LL.M, p ( .001

Days before feeding,
afÈer starvation for
30 days and satiation

F
9L,82

t

Popul ation

C linton

L.92

o.74

83

Gawler

x

s

n

1 .83

0. 81

92

=I.20 p>0.05

(Randomisation Test) = O-76, p > 0'05

x

r73

Í : mean, sx : standard deviation, n : sample síze'

Table 3.18 Days before attemPting to feed on Kg-telysia lcalg1na-

for adult Nassarius Dauperatus from Port Gawler and Port Clinton,

following collection and also following 30 days starvation and

satiation on day 30. sample sizes differ as a result of snails

dying
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20

Port Glinton

Port Gawler

o
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,days,

1o 5

Days

10

10

f ollowing

15

1 5

14

o

collection

tr'igure J.5 Days before attempting to feed upon l(atel.ysia

scalarina for ltlassarius pauf¡erutus fron Port Gawl"er and

Port CLinton fol.l.owing colLectionr and then following
starvation fbr JO d¿ys followin65 collection and satiation upon

K. scalarina on d¿y JO.
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locations (see Table 3.18) suggesting that the initial difference

observed vras due to a difference in hunger, resulting from previous

experience of differenË levels of food availability at PorL Gawler

and Port Clinton

3.4.3.2 Proportion of Nassarius

and animal material.

pauperatus feeding when offered planE

Results of offering Katelysia scalarina or an alga to separate

group s of Nassarius pauperatus from Port Gawler and Port Clinton are

in Table 3.19. Neither the mean nor the variance of the days

elapsing before snails fed differed significanEly between foods

within each location, when compared using a Randomisation Test and

F test.

3.4.3.3 The effect of being transported upon feeding.

Data showing the effects of being transported upon Èhe time

taken for snails to feed are in Table 3.20. From these it is obvious

that an increased time spent in transiE greatly reduces the mean and

standard deviaËion of days elapsing before snails feed. Therefore,

as the distance between the laboratory and the location sampled

increases, then so v¡ill the estimaEe of hunger, when Method 2 is used.

3.4.4 Comparison between other locations.

The numbers of adult Nassarius pauperatus either feeding or nof

feeding when offered food on adjacent days every monÈh at Port Clinton

and Port Gawler for 13 consecutive months are in Table 3.2L. Tn 12

of the 13 cases a greater proportion of snails fed at Port Gawler

than at Port ClinÈon, and Chi-squared comparisons (Z x Z contingency

tables) showed that all but three of these differed at the 5% leveL

or less. Only once did a significantly greater proportion of snails



Days
be fore
feeding

s x

n

x

Populatíon

Port Gawler

Cockle Alga

7.50 7 .42

2.52 2.86

50 50

F 
49 ,49

L.29, p > 0.05

a9g (Randomisation test)

=0.15,p>0.05

Port Clinton

Cockle AIga

10.00 ro.42

3.20 3. 33

50 50

F =1.08,p>0.0549,49

E (Randomisation test)

64, p > 0.05

9B

0

Table 3.19 Days before first feeding on cockle Katel s1a sc al ar ina)

or alga by adult Nassarius pauperatus from PorE Clinton and Port Gawler.

Population

PorÈ Gawler

Distance travelled

Shor t Long

Port ClinÈon

Distance travelled

Short Long

Days
be fore
feeding

x 5.37

2.95

100

r.43

0. 78

r02

9.74

2.85

100

2.37

1.15

100

sx

n

x : meAnt s
X

standard deviation, n : samPle size

Table 3.20 The effect of different times spent in transit between the

field and the laboratory uPon the mean and standard deviation of days

elapsing before Nassarius pauperatus fed uPon Katelvsia scalarina.
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feed at Port Clinton compared to Port Gawler. Results from other

locaÈions and their comparison with reference samples taken from

Port Gawler within 12 days are in Table 3-22. To simplify Ëhe

interpretation of Èhese data, the proportion of snails feeding was

expressed as a percentage of the total snails in a sample (see

Table 3.23). This percentage \ÂIas then subtracËed from the

percentage of snails feeding in the equivalent reference sample

from Port Gawler. Thus, samPles with a greater proportion of snails

feeding than at Port Gawler had indices of hunger greater than zero,

and those with a smaller proportion of snails feeding than at PorE

Gawler had indices of hunger of less than zero.

Table 3.24 shows the percentage of Twisters and index of

hunger relative to that at Port Gawler (from Table 3.23) for each

locaËion sampled.

The sex ratio differed significantly between locations (table

3.3) with female \. pauperatus outnumbering males by 1.76 or more

at all locations. Male [. PauPeratus were larger than females at

all locations.

The mean she1l lengths of both female and male N . pauperatus

were significantly correlated with hunger (Figure 3.6; Table 3,25).

(A non-parametric Spearman rank correlation coefficient 1ltas used,

in view of the compuËations undertaken to obtain a relative index

of hunger). This provides evidence that Metlìod I is a valid

estimate of hunger and hence of relative food availability, considering

the result of the laboratory experiment showing that food availability

significantly affected final adult síze.

The percentage of Twisters is plotted againsE the above estimate

of hunger in Figure 3.7, against the mean shell length of males in

Figure 3.8, and females in Figure 3.9. It can be seen thaE there

appears to be a relation beÈween the percentage of Twisters and both



TabLe 3.22 Number of Nassarius pauperatus feeding or not when

offered Katelysia scalarina at varaous locat,ions, together with

rr¡ rod x2 (z x z contingencY

table) comparisons between each location and PorE Gawler'



Reference sample at Port Gawler

Date Number Number not
feeding feeding 2

Locat,ion

Onkaparinga

Ifiddl e Beach

Port Prime

Parham

Port l.lakefield

Rogues Poinf

Stansbury

Coobowie

Coobowie

Sultana Point

Moonta Bay

Yatala Harbour

Lucky Bay

Port Lincoln I

Port Lincoln II

Coffin Bay

Date

22/rv /77

26lxr/76

26lxr/76

26lxr/76

28/xr/76

28/xr/76

20 / rrf/ 77

2r/rl77

20/rLrl77

20 /rrtl77

7 /rL/79

29lxr/76

s /r/77

29 /xr/76

29/xr/76

29 /xr/76

Number
feeding

Number not
feeding x1 P

3l 69

51 28

32 48

44

40

97

26

38

89

65

11

100

93

53 47

100

4lv /77

2/xrr/76

2/xrrl76

2lxr]-/76

2lxlr/7 6

2lxrr/76

8/rrrl77

e /r/7 7

8/fif /77

8/rrr/7 7

8/Ír/7e

2lxÍf /76

9/f177

2/xrÍ/76

2/xrr/76

2/xrr/76

39 6L

39 61

39 61

39 61

39 61

39 61

33 67

23 77

33 67

33 67

13 87

6t

23 77

39 6L

39 6L

39 6t

I .41

10. 89

0.02

4.58

2.r8

8.64

30.49

52.07

16.86

14. 10

13.27

0.54

25.99

28.9L

3.95

48.45

N S

s

N.S

*¡.L

**ntr

***

N.S

N

*

4

3

36

30

40

39

74

62

11

35

10

0

7

J.

0

N.S. : not significant (p>0.05), rk .05<p< .01 , ¡krk : .001<p< .01 , ìk)k:k : p< ' 001



Location
Percentage of
snails feeding

Value relaÈive
to Port Gar+ler

Onkaparinga

Middle Beach

Port Prime

Parham

Port !,Iakefield

Rogues Point

Stansbury

Goobowie

Coobowie

Sultana Point

Moonta Bay

Yatala Harbour

Lucky Bay

Port Lincoln I

Port Lincoln II

Coffin Bay

Port Glintona

Port Gawlera

31

63.75 
.

40

55

50

11.76

3

74

62

11

35

,47.62

0

7

53

0

16.69

33.77

-8

+24.75

+1

+16

+11

-27.24

-30

+51

+29

-22

+22

+8.62

-23

-32

+L4

-39

-17 .08

0

a Mean of 13 values (from Table 3.2I)

Table 3.23 Percentages of Nassarius pauperatus feeding when offered

Kate lys ia scalarina at various locations, and expressed relative Èo

reference samples from Port Gawler (from Tables 3.21 and 3.22).



Location
Hunger (assessed by
Method 1, and relative
to Port Gawler).

PercenÈage
of TwisÈers n

Onkaparinga

Port Gawler

Middle Beach

Port Prime

Parham

Port lrlakefield

Port Clinton

Rogues Point

Stansbury 
.

Coobowíe

Sultana Point

Moonta Bay

Yatala Harbour

Lucky Bay

Port Lincoln I

Port Lincoln II

Coffin Bay

Streaky Bay

Smoky Bay

American River

-8

0a

+24.75

+1.0

+16.0

+11 .0

-r7.08b

-27.24

-30.0

+40.0c

-22.0

+22.0

+8. ô2

-23.0

-32.0

+14. 0

-39 .0

not measured

not measured

not measured

86.25

77 .L4

78.75

66.25

83. 75

68. 75

17.50

L5.79

t6.25

16.32

7.50

62.0

80.95

LT.25

0

L2.50

TT.25

0

0

67.50

80

350

80

80

80

80

200

38

160

190

160

100

2l

80

80

80

80

74

44

80

a

b

c

by del]-n ition

mean of 13 values

mean of 2 values

TabLe 3.24

(from Table

Hunger, as assessed by Method 1, relative to Port Gawler

3.23) and the percentage of Twisters.



Hunger, mean female shell
length, all locations

p

-0 .89 -3. 58 L7 p<.001

Comparison nzr

Ilunger, mean male shell
length, all locations

-0. 78 -3. 11 t7 p< .001

Table 3.25 Spearman rank correlation coefficients (t"), and

standardized normal conversions of these G) for hunger versus

boEh male and female adult she1l length, with one tailed probabilities

f.or z values.

All locations Excluding Coobowre
and Port Lincoln II

Comparis on z n

Hunger relative to
Port Gawler,
% Twisters

+0. 58 +2 .33 L7 +O.74 +2.78 15

Mean shel1 length
of adult females,
Z Twisters

-0.59 -2.38 17 -0. 81 -3 -O2 15

Mean shel1 length
of adult males,
% Twisters

-0.72 -2.86 L7 -0.85 -3.19 15

TabÍe 3.26 Spearman rank correlation coefficients (r"), and

standardized normal conversions of these (z) for hunger versus the

percentage of Twisfers, and also the shell lengths of adult males and

females versus the percenÈage of Twisters, both with, and excluding,

data from Coobowie and Port Lincoln II' (one tailed probabilities

for z are all less than .01).

nzrr
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hunger and shell length excePt for two points - Coobowie and Port

Lincoln II and this r¿as confirmed statistically; see Table 3'26'

Both Èhe mean shel1 length of snails and hunger are significantly

correlated with the percentage of Twisters. The sample sizes-of

Èhe data a].e Large enough to convert the Spearman rs values to those

of the standard normal deviate Q) (Cibbons , l-97I), and these values

are increased if the data for Coobowie and Port Lincoln II are

exc luded .

3.5 Discussion.

3.5.1 Population density and Ëhe Percentage of Twisters '

The percentage of Twisters is only significantly correlated with

the population density'of juvenile Nassarius Dauperatus (Section

3.4.I and Figure 3.10). This correlation is from data with most

points clustered around zero, but does nevertheless suggest that the

population density of juvenile snails may somehoü/ be associated l^tith

the percentage of TVisters. From Tables 3'5, 3'6 and 3'l íE can be

seen that the proportion of juvenile N' pauPeratus, the Percentage

of Twisters and Éhe mean shell lengths of adult snails remained very

similar within all locations sampled more than once during l9l6-1978 '

Adult N. pauperaEus survived for more than three years in the laboratory

suggesting thaÈ members of this species may live

years, including the time spent as a juvenile'

of adult snails may include individuals which be

three years before. In the laboratory, the ava

was shown Èo affect significantly the mean adult

pauperatus. Assuming that this is also the cas

distribution of the shell lengths of adults will reflect food

availability for the previous 4'5 years' Thus, from the data

gathered cluring the years Ig76-197g, food availability can be

for at least 4.5

Therefore, a samPle

came adult at least

ilability of food

síze of Nassarius

e in the field, the
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inferred f.or 7.5 years at least, and it is notable that all

locations sampled had a monomodal, aPParently normal distribution

of the she1l lengths of both sexes, and Èhat the mean shell length

remained similar within each location sampled more than once during

Ig76-Lg78. These data suggest that food availability has remained

at very similar levels within locations for at least 7 .5 yeats.

This argument can be criticised in that oÈher factors may also

affect final adult size, or thaÈ adults may not survive for as long

in the field as in the laboratory and that survival may also vary

between locations. Nevertheless, the data do suggest that food

availability has remained relatively constant boEh between and within

locations for aÈ least three years.

3.5.2 Estimation of hunger - Method 1

There \¡/as no evidence to suggest thaÈ Method l was not a valid

estimation of hunger and hence of Èhe relative availability of food

for Nassarius pauperatus at different locations in the field' No

significant differences ¡¡ere found between the proportion of snails

feeding when offered plant or animal material' nor between the

proportion of adult or juvenile snails feeding when offered Katelysia

scalarina in the field.

The feeding paÈterns of a grouP containing all four combinations

of Twisters or Non Tr¿isters with males or females \^/as examined in

the laboratory, and r^/ere noE found to be significantly heterogeneous

beËwe en individual snails fed ad lib K. scalarina whilst adult or

juvenile, nor between pooled data for adults and juveniles.

Furthermore, in the laboratory the availability of food was

found to affect significantly the final adult size of N . pauperatus

and there \^ras a significant correlation between hunger assessed by

Method 1 relative Èo Port Gawler and the mean shell lengths of both
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male and female snails in Ehe field. This is good evidence that

relaEive food availability in the field can be inferred from Method 1'

3.5.3 Estimation of hunger - Method 2

The tirne taken to feed in Ehe laboratory by snails from Port

Gawler and Port Clinton \,Ias concordant with results obtained by

Method I and suggested that Nassarius pauperaËus were hungrier at

Port Gawler t,han Port clinton. However, the time elapsing before

snails fed upon Katelysia scalarina in the laboratory decreased as

the tirne spent in transit to the laboraÈory increased and therefore

Method 2 has little use as a comParative estimate of hunger between

locations. However, the other tests performed upon MeÈhod 2'

namely the comparison of the mean days elapsing before snails fed

following collecÈion, and after being starved for 30 days, satiated,

and then re-offered food, do suggest Ëhat the initial differences

rirere a result of snails being hungrier at Port Gawler than PorÈ Clinton'

3.5,4ThepercentageofTwisters,populationdensit'yandfood

availability - An hYPothesis.

Results have shown there to be significant correlations between

the population density of juvenile Nassarius pauPeraËus and the

percentage of Twisters, as well as between food availability (as

est,imaÈed by both hunger and the mean shell length of adults) and the

percentage of Twisters.

Differences bet\nreen locations, with respect to the percentage of

Twisters, the proportion of juveniles and the shell length of adults,

persisted for all locations sampled several times during the three

yearstudy.DaËafortlreshelllengthofadultssuggestedthat

different levels of food availability had persisted between locations

for at least three years, and possibly as long as seven' Later
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(Chapter 7) an hypothesis is proposed, relating differences in the

morphology of the shore to Èhe above data and it is then postulated

that the differences in food availability described above have

persisted for manY generations.

If the values for coobowie and Port Lincoln II were removed,

the correlations of both hunger and mean adulE shell lengths with

the percentage of Twisters t¡ere improved (see Table 3.26 and also

Figures 3.7,3.8 and 3.9). Both coobowie and Port Lincoln II are

populations containing small hungry snails and both of these are

adjacent to populations containing larger, less hungry snails'

Nassarius pauperatus has a planktonic larval stage which is pelagic

for a minimum of 21 days in laboratory cultures at 26oC (see Section

4.1). Assuming that as food availability decreases then so does

the number of offspring produced (see Krebs,1972), then snails aE

Coobowie and port Lincoln II will contribute relatively fewer larvae

to the total larval "pool" in their area than snails from the

surrounding populations. Therefore, assuming that larvae from

adjacent populations can be transported to both coobowie and Port

Lincoln II, most of the larvae recruited at the latter two locations

might be expected to have originat.ed from surrounding populations.

If it is also postulated that being a Twister is heritable, non

labile and also selected for when food is in short supply and/or

selected againsÈ when food is not in short supply, the unexpectedly

low percentages of Twisters at coobowie and Port Lincoln II can be

accounted for, since snails recruited to Ehese populations will

mostly be Non Twisters. The percentages of Tr¿isters at Coobowie

and port Lincoln II are consistent with this hypothesis in that they

are higher than those of the populations closest to Èhem (Sultana

point and Port Lincoln I respectively) (see Figure 3.1 and Table

3.24), but stil1 lower than expected for locations with such low
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food availability. It is also noÈable that the data from Coobowie

(port Lincoln II was not sampled) for the population density of

juvenile snails was characteristic of locations having a higher

frequency of TwisËers (see Figure 3.10). Therefore, the argument

outlined above can also be proposed in relation Èo the populaËion

density of juvenile snails and the percentage of Twisters.

In the following chapter I examine Èhe l'rypotheses and assumptions

above, namely that being a Twisfer is heritable, that reproductive

output decreases as food availability decreases' and that transPort

of larvae is possible from adjacent populations to Coobowie and Port

Lincoln II.
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That being a Twister is heritable, that reproductive

as food availability decreases and that transport of

Dauperatus is possible between cerËain locations '

4.I The heritability of being a Twister'

4.1.1 Introduction.

. A great deal of anecdotal evidence \^Ias accumulated which

suggested that being a Twister rn/as constant in individuals' As well

as the observations described in chapter 2 of the behaviour of

individuals remaining the same, observations made whilst scoring

samples of snails from various locations for the percentage of

Twisters (see chapter 3) also showed that individuals did not aPPear

to change their behaviour. Also, in experiments described later,

snails were subjected to various selective Pressures and although

some snails eventually died, their behaviour did not change.

llhilst being a Twister appeared to be constant in individuals,

the only \.rray to establish the heritability of this behaviour is to

cross all combinations of Twisters and Non Twisters and to observe

Ëhe results of raising the progeny of these crosses in similar

environments (CasPari, 1958).

4.I.2 Materials and Methods.

4.I.2.I Introduction

ì,Iembers of Èhe genus Nassarius have seParate sexes (Fretter and

Graham, 1962) and planktonic larvae (scheltema, 1962). Scheltema

described a technique modif ied from Loosanoff 0954) wittr which he

was able successfully to raise two specres of Nassarius. I

initially attempLed to establish whether Scheltemats technique was

suitable for raising Nassarius pauperatus
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4 .L .2.2 Induction of egg laYing .

Adult Nassarius pauperatus can be induced to copulaEe and

produce eggs prior to their.usual breeding season in lace October -

November, if broughÈ in from the field after laÈe April and kept at

or above 17oc (smith, Lg7Ð. Samples of adult females treated

similarly but kePt htithout males did not produce eggs or egg

capsules, suggesting that sPerm storage does not occur between

breeding seasons and therefore that crosses performed in the

laboratory will contain only the Progeny of the chosen male '

Thirty adult \. pauperatus were collecÈed from Port Gawler,

brought into the laboraÈory and kept at 19oC in polystyrene trays

(dimensions 54 x 32 x 12 cm deep) conËaining a minimum of 10 litres

of aerated sea\^¡ater which had been filtered through a "lrlhatman

GF/C" glass fibre filter of maximum Pore size approximately 1.3 Um'

snails began copulaEing at the end of the second day following

collection and egg production conrnenced on the third or fourth day'

Eggs were encased in transparent dome shaped capsules which were

laid on the sides and botEom of the tray. These were removed by

sliding a razor blade beÈween the base of the capsule and the tray'

Few capsules were damaged by this method of removal '

4.1.2 .3 Seawater.

A reticulated supply of sea\,Iater was not available. seawater

was collected from metropolitan Adelaide beaches on infrequent

occasions and stored until use in a tank lined \'¡ith fibreglass'

Filtered and aerated seawater from this source vras found to be toxic

to larvae, causing them to retract their vela and sink to the bottom

of the container. These usually did not recover and eventually

died. seawater was also collected from various l0cations in the

Gulf St VincenL and transported to the laboraËory ín 25 litre
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polyethylene containers. However, sear'rater collected in this way

also proved to be Èoxic to larvae, especially after being stored

for several days, and the distance between the laboratory and the

sea made it impractical to collect seawater daily'

The toxicitY of seawater to N . Dauperatus larvae could be removed

bykeepingitinashallowpolysÈyrenetraywiËhconstantaeration

under a lighË bank of Gro-Lux fluorescent tubes for more than 12

hours. Trays were maintained for this Purpose and soon developed

adensegrowÈhofalgaeontheirsidesandbotÈom.Seawaterr.ras

kepÈ in these trays for at least 24 hours, after which it was filtered

and added to the culture trays as required '

4.L.2.4 Food.

Larvae are usually offered a range of laboratory culEures of

phytoplankton (Pilkington and Fretter, 1970) withouÈ attempting to

establish the algal species,Ìconsumed naturally' an exception being

Fretter and Montgomery (1968) who recognised algal ce1ls in the guË

of larvae from Plankton hauls '

The larvae of Nassarius pauperatus were offered two different

species of "small local flage11ates" (isolated from loca1 seawater

byI.M.Thomas)whichwereculturedinonelitreflasksofsterile

Modified sch'reiber solution (stein, 1973) under a light bank of

Gro-Lux fluorescent tubes. The density of algal cells in the

culture trais of larvae was maintained at 200,000 per ml' by

estimating densities using an "Assistent" haemocytometer and

adding the appropriate volume of algal culture' Using either or

both of the sma1l local flagellates as food, no larvae survived

to metamorphosis or even gre\47 to the intermediate stage described

by Scheltema.

since larvae collected in plankton hauls sometimes have freshly

ingested algal ce1ls in their gut (Tretter and Montgomery, 1968),
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t.en larvae and six recently settled Postlarvae of N . pauperatus

were collected from intertidal pools at Port Gawler, during

November 1977. These were each washed four times in sterile

seatüater and crushed onto a welled microscope slide. Algal cells

from the stomach of each larva were collected in 5 Ul micropipettes,

under a binocular dissecting microscoPe at 40 X magnification.

This took place no more than 15 minutes after collection to minimise

the effect of larval digesEive processes upon the viability of algal

cells. The conÈents of each micropipette r^rere then added to

separate 50 ml flasks of sterile Modified Schreiber solution (Stein,

1973) and incubated aË 19oC under a light bank for 14 days'

A f1agellate, tentatively identified as Dunaliella tertiolecta

Butcher (n. Rose, personal communication) was thus isolated from two

larvae and one postlarva and maintained in Modified Schreiber

solution. By offering this alga

iË was possible to raise them Past

to the larvae of N pauperatus

metamorphos is

4.I .2.5 Temperature.

Initial attempts at culture \^rere carried ouÈ at both 19oC and

28oc at 2BoC and

died far Ëhose kept

took place at 19oC which is also

South Australia. A culture of

Larvae kept

sooner than

offered the small 1ocal flagellates

at 19oC. Further attemPts thus

the spring seawater temPeraÈure in

larvae \4/as established using the

above techniques and egg caPSules were added whenever available'

Fifty five days after establishment of the culture' metamorphosed

juveniles were visible on the sides of the rearing tray. However,

there were very few of these (less lJna¡ L7" of the number of eggs

added initially to the culture tray) and need not have developed

from eggs initially added. It \,¡as suggested that I culture at

higher temperatures (Scheltema, personal communication, also see
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Scheltema , 1967) so temperatures were increased to 26oC. At this

temperature development from metamorphosis to hatching took a

minimum of 2L days and mortality rìtas so reduced that larvae from a

group of egg capsules added'to the culture could be followed through

their various developmental sEages.

4 .I.2.6 Technique used for Nassarius pauÞeratus.

Separate pairwise crosses of all combinations of male and female

Twisters and Non Twisters \^rere attempted. Samples of up to 100

adult Nassarius DauÞeratus vrere collected from Port Gawler, prior Èo

the breeding season, and snails seParaÈed with resPect to sex on the

evening following collection. During the following 1-2 days snails

\üere scored as Twisters or Non Twisters using the methods described

in ChapËers 2 and 3. Pairs of male and female snails were then

placed together in polystyrene tubs containing approximately 400 ml

of aerated seawatet at 260C and offered ad lib Katelysia scalarina'

However, from 26 aÈtempts, only two pairs of snails produced any

eggs at all. Considering Ehat grouPs of many males and females

kept together in the same tray produced a much greater number of

egg capsules per f emale, pairs of snails \^lere caged together in

cylinders constructed of fibreglass mesh, (ho1e síze 2 nrn x 2 mm)

which hrere suspended in larger polystyrene trays of aerated seawaEer,

containing several other caged pairs. This did not improve the

frequency of egg production and even though fertilisaEion is

internal, it may possibly have occurred via \nlater borne sperm from

other than the Proximal male.

considering that it was easy to obtain eggs from groups of

snails maintained together in the same tray without restriction,

ttmass crosSes" within grouPs of Twisters and Non Twisters '$/ere

carried out. Such crosses may also yield useful information about



51.

whether a character is heritable.

Egg capsules were removed from both individual and mass crosses

as soon as they were observed. Those from individual crosses rìIere

transferred to identical tuls containing approximately 450 m1 of

filtered and aerated seawater, and those from mass crosses vtere

transferred to larger polystyrene trays containing a minimum of 10

litres of seawater. Approximately 257" of the sea\,Iater in both

trays and Èubs was changed daily. Several "scoops" of up to 400

ml were removed from the trays, using a white polystyrene tub'

Any larvae included with this \n/ater could easily be seen againsE

the r,rhite background of the tub and were pipetted back to the Èray'

Similarlyr \^tater h¡as decanÈed from the pairwise crosses maintained

in tubs, and any larvae included $/ere returned to their original

tub. Larvae were offered the alga previously isolated from wild

N. Þauperatus larvae. Following metamorphosis, Postlarvae were

maintained under identical conditions ín their resPective culture

trays except that they were also offered small pieces of Katelysia

scalarina. Some 8 weeks after metamorphosis snails commenced

feeding upon the latter food in large numbers, before this seeming

unable to locate the pieces of K. scalarina, and instead feeding

upon the film of alga on the walls of their cont.ainers.

Snails \^¡ere scored as Twisters or Non Twisters following 5.5

months of posE-metamorphic growth, by which time they were about

0.5 cm in she1l length. The availability of time did not permit

the keeping of snails until they were adults so they could not be

se4ed, and nor could their behaviour be observed whilst they grew'

Lack of time also prevented very many data being obtained.
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4.1.3 Results.

Juveniles were only obtained from four individual crosses

(two from pairs of snails in separate tubs, and two from snails

caged ín cylinders). These results aPpear in Table 4.1. Very

little can be deduced from the seParaËe pairwise crosses, since

not all combinations of Twister and Non Twister Parents are Present'

and the sample sizes of progeny are extremely smaIl'

Data from the mass crosses (Table 4.2) do suggest that being

a Twister or Non Twister is heritable. Non Twisters only produced

Non Twister progeny and Twisters produced both Twisters and Non

Twísters. . The probability of obÈaining this difference by chance

-'t tr¿as 3 .02 x IO-L¿, using a Fisher exact probability test (Siegel,

1e56 )

4.I.4 Discussion.

Results of the mass crosses are in accordance with Twister

being heritable and dominant to Non Twister. Results of the

individual crosses do noË provide evidence to either refuËe or

support this, in that sample sizes are too small and no daÈa are

available from crosses between Non Twisters '

Therefore, whilst these results do suggest that being a Twíster

or Non Twister is heritable, the data are scanty and the actual

mode of inheritance cannot be established with any certainty' It

was unfortunate that the difficulties encountered with obtaining

suitable sea\n¡ater, food and offspring from paired crosses plus the

high mortality of larvae, Prevented the gathering of more conclusive

results.
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Parents

x I 1þister

Progeny

. Non Twisters

2

Twisters

4 Non Twister

Parents

x I ïbrister

Progeny

Non Twisters

3

T¡¿ister s

I

Parents

I nor, Twister x $ Twister

Progeny

Iïisters Non Twisters

3 0

ParenÈs

ó tri"t.t x 3 Non Twister

Progeny

Tr¿isters Non Twisters

4

Table 4.1 Results of successful paired crosses betr¿een Twisters

and Non Twisters.

0
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Parents

3 ð Tt¡isters x 14 I Tv¡isters

Progeny

Twisters Non Tr¿isters

26

Parents

7 & Non Twisters x 15 I Non Ttvisters

ProgenY

Twisters Non Twisters

0 7T

Table 4.2 Results of "mass crosses" between several male and

female Nassarius pg]JlCIgIJ¡S, al 1 of which ¡¿ere Twisters or al 1

Non Twi s t,er s .

22
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4.2 Food availability and egg production

4.2.I Introduction.

Irlhen postulaËing that being a Twister htas heritable and non

labile (see SecEion 3.5,4) iÈ was assumed that the number of offspring

produced decreased as the availability of food decreased, to account

for the unexpectedly low Percentages of Twisters at coobowie and

Port Lincoln II. This assumption \^/as tested by comparing egg

production between Nassarius pauperatus collected from Coobowie,

Stansbury and Sultana Point (see Figure 3.1), as well as between

groups of N. PauPe-ratus from the same Population maintained with

either high or low levels of food in the laboratory'

4.2.2 Materials and Methods.

From late April (Autumn) adult Nassarius pauperatus can be

induced to breed prior to their usual breeding season in late

October and November, as described in Section 4'L'2'2'

Twenty male and 60 female adulE \' Pauperatus were each

collecÈed from stansbury, coobowie and Sultana Point (see Figure

3.1) on the same day during YIay 1977 and again during October

Ig77. All samples r^/ere brought back t.o the laboraEory on the same

day and kepr without food in separate polystyrene trays (dimensions

54 x 32 x 12 cm) containing 4 cm depth of aerated seawater at 20oC'

with photoperiod adjusted daily to current daylength. The numbers

ofeggcapsulesproducedperday}Terecounteduntileggproduction

ceased, and an estimate of the average number of eggs per capsule

in each group was made by counting the number of eggs per caPsule in

a maximum of 45 capsules, or all capsules if less than 40'

Itwashopedthatthiswouldprovideanestimateoflrowegg

productionvariedbetweenpopulationsinthefieldhavingvery
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different levels of hunger. (Snails at Coobowie being the smallest

and hungriest samples, and both Stansbury and Sultana Point having

much lor¿er values for hunger and containing larger snails: see

Section 3.4.Ð. Sampl"" of snails r¡Iere not fed in the laboratory

since hunger \¡ras knowrt Èo vary between populations and this

difference would be difficult to simulate.

The effect of food availability upon egg production was also

investigated in a laboraÈory exPeriment. Two groups, each

consisting ot.25 juvenile \. Pauperatus were chosen from a larger

sample collec¡ed from PorE Gawler during November 1977. These

groups of snails r¡rere the same ones previously used to investigate

the effect of differences in food availability upon the growth and

feeding behaviour of N. pauÞeratus (Section 3.3.2.5) and consisted

of 25 pairs of snails, matched for being Twisters or Non Twisters,

and for initial shell length to within 0.015 cm and usually to

within 0.005 cm. One group was designated "high food" and fed

ad lib K. scalarina daily, whilst the other "lovz food" group vras

fed ad lib K. scalarina every fortnight. Both groups I'lere initially

kept together in Ëhe same tray.

once N. pauperatus become sexually mature they develop a lip on

their shell and cease growing. As soon as the first individual

showed signs of becoming mature the high and low food groups were

transferred to separate trays to enable egg production to be

quant.ified without error. After all members showed signs of

forming lips on rheir shel1s, snails began laying eggs (on 17/VIITl78

in the high food group and on 2B/X/78 in the low food group).

The difference in time before egg production commenced between

the high and low food groups is in accordance with the observation

in section 3.4.2.6 that snails in the low food group took

significantly longer to become sexually mature than their counterPar¡s
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in the high food group.

Considering that in some samples of adult snails collected

and brought back to the laboratory, less egg capsules were produced

than there $¡ere females (""" f"¡te 4.3), variation in egg production

betr,reen populations may be a resulÈ of different proportions of

females actually laying eggs rather than variaÈion in egg production

per female. Consequently snails in both the high and low food

treatments I¡/ere waEched, and the identifying numbers of all those

laying eggs r4rere recorded. The numbers of egg capsules produced

per day vrere counted by marking the locations of nel^t egg capsules

with a chinagraph pencil, until egg production ceased. The average

number of eggs per capsule produced by each grouP hras estimated by

counting the number of eggs Per caPsule in 40 randomly selected

capsules from each group, and the lengths and widths of these

capsules measured in microns using an ocular micrometer attached to

an Olympus monocular microscope at 100x rnagnification. The

diameters of all eggs Iâ/ere usually unif orm within each capsule, so

the diameter of one egg from each of the above capsules was also

measured, in microns.

cannibalism of egg caPsules was frequently observed in the low

food treatment and this was estimated in both treatments by counting

the number of egg capsules that survived intact until the developing

larvae could be clearly distinguished within them. This method

under-estimated the degree of cannibalism, but was the only one

possible since hatching of larvae would have confounded estimates

made later in larval development. Once egg production had ceased,

the snails in both groups hrere sexed and Lheir shell lengths

measured as described previously'
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4 .2.3 Resutts .

For all three samples collected in May¡ egg production

conrnenced two days after co.llection. As expected, egg laying

was observed whilst collecting snails from all three locaÈions

during October.

Results appear in Table 4.3. 997. conf.ídence limits for the

mean number of eggs Per capsule were calculated in the usual way

assuming normaliÈy. For Ëhe total number of eggs produced a

standard deviation was estimated by multiplying the standard

deviation of eggs Per caPsule by the number of capsules ' The

confidence intervals show that there are no significant differences

between mean eggs Per caPsule or total eggs produced on either

occasion between Stansbury and Sultana Point' However' results

from coobowie differ from the above l0cations on both dates.

Snaíls from Coobowie produced significantly more eggs and

significantly less eggs Per capsule than those from Stansbury

or Sultana Point.

Results from the laboratory experiment are shown in Table 4'4'

A t Èest comparison showed thaE the mean number of eggs per capsule

was significantly lower in the 1ow food treatment than in the high

food one (t = 14.34, p < .001). The mean number of eggs
7B

producecl per female r^/as much higher in the low food than in the high

food treatment, and íne 997" confidence intervals do not overlap'

Most of the females in each treatment were observed mating and

all were seen laying eggs. This result suggests that differences

in egg producÈion between populations of N' pauperatus in the field

are not caused by differences in the proportions of females

reproduc ing.

A comparison of mean egg diameters for eggs from capsules

selectedatrandomshowedthatthosefromEhelowfoodtreatment



Stansbury

Populat ion

Coobowie Sultana Point

(1) t"tay 1977

Total capsules

Eggs per capsule

r

(n)

997" C.T.

Estimated total
eggs produced
(or total eggs
produced)

997. c.I. for
total eggs*

40

28.03

3.94

40

26.34-29.72

267

13 .00

4.65

40

11 .01-14.99

45

29.27

4 .83

45

27 .33-31.2r

sx

1121 3473.67 L3T7

1053.6-1188.8 2939.30-4002.33 1229-9-1404.4

(z) octo¡er 1977

Total capsules

Eggs per capsule

r
s x

(n)

997. C.r.

EsËimated total
eggs produced

997. C.T. for
to Eal eggs'k

t4

37 .29

4.54

14

33.64-40.94

522

470.9-573.2

108

24.55

5.03

40

24.2r-24.89

265r.40

2426.8-2876 .O

n : sample size

15

36.73

4.64

15

33.49-39 .97

551

502.35-599 .59

f: mean. s : sÈandarddeviation,'x
-k This estimate ignores variability associated with the total capsules,

of which I have no estimate.

Table 4.3 Total egg caPsules, mean eggs per caPsule and estimaLed total

number of eggs produced, wiÈh 99% conf.i.dence intervals, from 60 females

and 40 males from Stansbury, Cooborvie and Sultana Point during Ùlay and

October 1977.
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nere significantly larger than those in the high food treatment

(a7g = 3.69, p < .001), but neither the mean lengths nor the mean

widths of capsules from each treatment differed significantly,

when compared using a Randomisation test (Siegel, L956) (lengths,

t7g = 0.70 p > 0.1) (widths, t7g = 1.08 p > 0.1). It was estimated

that cannibalism in laboratory Erays destroyed 309 out of 397

capsules in the lov¡ food grouP while no capsules showed signs of

being eaten in Ehe high food grouP. cannibalism or predation of

egg capsule contenÈs in Ëhe field must invariably be underestimated

by any simple survey, since attacked capsules can only be distinguished

from those which have hatched if some undifferentiaÈed or slighEly

differentiated eggs remain in them'

However,duringOctober:-gTT,noeggcapsulesofthistyPewere

found at either stansbury or sultana Point despite the presence of

many capsules containing eggs or developing larvae' In contrast'

at Coobowie no full capsules were found and over 507" of emPty ones

found appeared to have been attacked. considering that this is an

underestimate and that no intact egg capsules were found at coobowie

this suggests that cannibalism or predation of eggs is high when

foodisscarceinthefield,aswellasthelaboratory.

During Ig77-197g both Port Gawler and Port Clinton I¡/ere searched

for egg capsules. !¡tact capsules were found aË both locations, and

also some capsules at Port Gawler which appeared to have been

aÈtacked.

4.2.4 Discussion.

I conclude that as food availability decreases, Nassarius

Dauperatus produce more eggs and egg capsules per female' Per

breeding season. This somewhat paradoxical result is interpreted

in terms of the select,ive advantages of semelparous and iteroParous
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paÈterns of reproduct.ion in different enviroriments, in Appendix 3.

However, despi¡e this result, the assumption that effective

reproductive output (that is, the number of eggs that actually

hatch) decreases as food availability decreases st.il1 stands, since

there is good evidence that predation upon the contents of egg

capsules is extremely high at Coobowíe, comPared to the adjacent

populations at Stansbury and Sultana PoinÈ. The amount of actual

predation upon the conËents of egg capsules was impossible to quantify

because attacked capsules could not always be distinguished from ones

which had hatched. Predation uPon the conÈents of egg capsules in

the laboratory \^ras estimated as being 77 .83%, up to the time when

larvae in capsules began to be indistinguishable from veligers that

had haËched, since a loss of the contenEs of a capsule containing

larvae in later stages of development may have been due to hatching.

The former period lasted for a maximum of. 6/7 of the total time

larvae spend in capsules, since capsules containing apParently fully

developed larvae often remained for several days before hatching.

Therefore, cannibalism in the laboratory was estimated as being a

minimum of 90.BL?"; assuming a constant probability of attack during

the development of larvae. The intensity of predation upon the

contents of egg capsules in the field cannot be inferred from these

data. However, despite extensive searching, no ful1 capsules were

found at Coobowie at the time N. pauperatus \¡/ere known to be laying

egBS¡ but capsules containing eggs or developing larvae v/ere common

at Stansbury and Sultana Point. This is very good evidence that

Èhe effective reproduct.ive outpuE of the population of N pauperatus

at Coobowie is close Eo zero.

Predation upon the contents of egg capsules was not estj-mated at

Port Lincoln II (because ttris location was visited before the

ímportance of predation in determining effecÈive reproductive output
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r¡ras realised). Port Lincoln II had an index of hunger of +14 which

was significantly higher than that for Port Gaw1er (see Table 3'22)

but less than the mean of +40 for Coobowie. The mean shell lengths

of adult males and females at Port Lincoln II hlere 1'43 and 1'34

cm respectively, compared to 1.42 and 1.28 cm at Coobowie and 1.44

and 1.38 cm at Port Ga¡^¡ler (table 3.Ð. Observations in the field

suggested thaÈ effective reproductive ouÈput was not close to zero

at Port Gawler.

Even though the values for hunger and shell lengÈh of adults at

Port Lincoln II are between Ëhose of Coobowie and Port Gawler, the

same cannot be assumed for the effective reproductive output of this

population. Both predation and egg production determine effective

reproductive ouËput and it is unlikely that this will be linearly

related to food availability and hunger. Therefore I only have

evidence that effective reproductive output is close to zero at

Coobowie. However, considering the index of hunger and size of

adults at Port Lincoln II, plus Ehe observation EhaÈ some egg capsules

appeared to have been attacked at Port Gawler, it is postulated that

effective reproductive output is relatively lower at Port Lincoln II

than in adjacenr PoPulations.

4.3 Circulation.

4.3.I InËroduction.

To account for the unexpectedly low percentages of Twisters at

coobowie and Port Lincoln II it was assumed that transport of

veliger larvae from adjacent populations to these was possible.

It is noÈ feasable to mark and recaPture larvae in order to

make direct observations of transport (crisp , lgTB) thus the likeli-

hood of larvae being transported from one population to the other

has to be inferred from a consideration of the direction and velocity
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of currents, the length of pelagic 1ife, and probabilities of

diffusion.

There have been few actual measurements of the direction or

velocity of water circulation in both of the South Australian gulfs,

although several models have been proposed (Bullock, I975; Bye,

1976; Easton, 1978; Sharobeam and Sag, L977; and Tronson, 1974,

I97Ð. The need for more data of circulation, or Parameters from

whích circula¡ion can be inferred, has often been stressed (..g.

Bye, L9763 Bullock, I975; Tronson, 1974).

I shal1 initially describe the circulation knovrn from actual

measurements of currents, or that which can be inferred from the

distribution of sediments, salinity, temperature and density of

water in the gulfs. Finally I shall consider the predictions made

by various models.

4 .3 ,2 Gul f Saint Vincent .

The distribution of sediments in the Gulf St VincenÈ (I,lalters,

unpublished, quoted in Tronson, L974)

"suggests that there exists a northward transport along
the western shore of St VincenE Gulf and a circulation
cell at the head of the gu1f. It also seems that the
circulation along the eastern shore is separated from
the remainder of the gulf and that this circulation may

be divided into cells with a null point south of
Ade laide" .

The pattern of temperature, salinity and density of the sear.Iater In

the Gulf St Vincent provides evidence of circulation that is

concordant with rhe distribution of sediments (Bye, I976). A tongue

of cold, 1ow salinity v/ater from the Great Australian Bight extends

northwards up the \.n/est coast of the Gulf St Vincent and salinity,

temperature and density of the seawater increase rapidly in a

northerly direcEion, indicating that \^¡aÈer in the uPPer parÈ of the

gulf is only slowly being exchanged with that further south.
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No measurements have been made of the non tidal circulation in

the Gulf St Vincent. I{owever, several models of circulation and

the velocities of currents have been proposed. Tronson (1974)

modelled circulation due to winds of various velocities and directions

and his predictions agreed well with data from the dístribution of

sediments and seawater characteristics when he simulated the direction

of the prevailing wind. Sirnilar predictions were also made by Bye

(1976) using values of thermohaline forcing calculated from

knovm density values plus average seasonal wind stresses, from Eyre

(]-973). Bye modelled the velocity of circulation during October

(when l.Iassarius pauperatus veligers should be released from capsules

in the field) and predicÈed a current of velocity 0.05 m/second

flowing northr,¡ards up the western shore of the Gulf St Vincent, which

then circulates in a clockwise direction at about the latitude of

Adelaide (see Figure 4.1) and flows southward out of the centre of

Ehe gulf. There is also a seParate, clockwise circulation at the

head of the gulf, with velocities of between 0.02 to 0.05 m/second

(rigure 4.1).

Currents also result from tidal inflow and outflow in both gulfs.

Tidal transport is northward towards the top of Gulf St Vincent on

the flood tide and vice versa on the ebb.

Currents having velocifies greater than 1.7 m/second have been

recorded offshore from Edithburgh during both ebb and flood tides

(Bye, I976). However, to calculate how far water may be transported

by these currents, vaiiation in velocity between high and low water

needs Èo be knov¡n. Radok and Raupach (1977 ) made continuous

measurements of currents in Gulf St Vincent and integrated these Eo

obtain values for transport during ebb and flood tides. Maximum

daily values \4rere: 4 km at Troubridge Hill (both northward and

southward),4.8 km at Second Valley (southerly flow only recorded)



Figure 4.1 Gulf St Vincent: lbe pattern of non

tidal circr¡l¿tion dlich can be inferrecl frorn the

clis tribution of seôirnents, seawate r chara oteristics
and actr:al neasurements of currents. Arrows indicate

circr¡lation, stars ttre location of current r"ebozders

nentioned. in ttre text.
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and 5 km at PorÈ Stanvac (northward and southward). (Locations oÉ

the abovemenÈioned current recorders are indicated in Figure 4.1).

Currents have also been measured during an ebb tide, offshore

from outer Harbour, Port Adeiaide (see Figure 4.1) by Èhe Engineering

and llater Supply Department of Èhe South Australian Government (L973)

The area under their velocity versus tíme graph was equivalent to

a southerly transport of 6.48 km. Although the currents duríng a

flood tide were not measured, it was postulaEed that these were

similar and opposite in direction to those during Èhe ebb tide,

thus resulting in a northerly transport of similar magnitude.

4.3.3 Discussion.

I'Iater movement resulting from tidal changes should result in

transport of larvae in a north-south direction on eiÈher side of

the gulf, but not between shores. The Pattern of non tidal

circulation in Gulf St Vincent suggests thaË larvae should be able

to travel norÈhwards up the h/estern shore, but only be exchanged

between shores near Ehe head of the gulf. Velocities from Bye's

rnodel give a daily transport of 4.32 km per day up Èhe v¡estern

shore. Considering that Nassarius pauperatus has a veliger larva

which ís planktonic for a minimum of 2I days in the laboratory at

260C, veligers from Sultana Point should easily be transported 5 km

to Coobowie from SulEana Point and would probably be transported

much further by the non tidal circulation alone. Tidal transPort

is also sufficient to transport larvae from Sultana Point to Coobowie

and vice versa.

In addition to Coobowie, there are other locations in Gulf St

Vincent having high indices of hunger.and containing relatively smal1

adultsrwhich Èhe patEern of circulation suggests could exchange

larvae with locations having lower indices of hunger, larger adultsl
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and relatively low percentages of TwisÈers. All populations of

N. pauperatus on the eastern shore of the Gulf St Vincent have

higher indices of hunger and contain smaller adults than those on

the western shore, with the exception of Coobor¿ie (tables 3.4 and

3.24). The inferred pattern of circulation described above suggests

that exchange of larvae is possible between shores at the head of Ehe

gulf yet the percentage of Tr¿isÈers increases abruptly from 17.501l

at Port Clinton (on the vrestern shore) to 68.757" at Port !ùakef ield

(on the eastern shore) (table 3.24 ar.d see Figure 3.1).

Although Port l^lakefield has a higher index of hunger than Port

Gawler, the difference is not statistically significant (table 3.22).

Also the mean she1l lengths of adult males and females from Port

I,trakefield r.rere very similar to those from Port Gawler (by inspection

of Table 3.4). I have argued previously that effective reproductive

output cannot be reliably determined from such data (Section 4.2.4).

However, since values for hunger and adult shell length at Port

I^lakefield are similar to Ehose at Port Gawler, it is likely that

effective reproductive output is also very similar aË both locations

and thus is not close to zero at Port l,lakefield. If so, the abrupt

change in the percentage of Twisters bet¡¿een Port Clinton and Port

I,Iakefield is not inconsistent with the pattern of circulaEion in the

gulf. N. pauperatus at Port Clinton and Port trùakefield will both

contribute to Lheir local pool of larvae and differentiation betrveen

populations bet¡veen rvhich there is substantial gene flow is not

unknown (rnrlictr and Raven , 1969).

4.3.4 Spencer GuIf

Bullock (I975) measured the temperature and salinity of water rn

Spencer Gulf in the period from February to May during 1961 to 1966.

From this he inferred that the pattern of \^tater flow in the gulf

was clockrvise, flowing northwards up the western shore and southwar:ds
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down the eastern shore, with little exchange occurring beÈvreen

water north of 33045' and Èhe rest of the gulf (see Figute 4.2).

Bullock also modelled the circulation produced by thermohaline and

wind forcing. unlike Bye (1976), Bullock did not use data of

acÈual wind stress, but simulated winds of varying directions.

Bullockrs predictions of the direct.ion of circulation agree well

with those inferred from other data, but his predictions of velocity

should be treated with caution since winds of the velocities used in

his model do not usually occur for more than one or two days (Easton,

1978 ) .

Tronson (Gg7Ð also modelled the direction of circulation driven

by winds of particular directions, and obtained resulEs similar to

those of Bullock.

l,Iater movement also occurs in Spencer Gulf due to tides.

Bullock (1975) observed Èhat the change in salinity in the northern

part of the gulf during a tidal cycle was equivalent to a tidal

excursion "of a few kilometres". Easton (f978) modelled Ehe

currents resulting from tidal changes and predicted average

velocities of about I metre per second. This corresponds to a

tidal excursion of ! 2I.6 kilomeÈres, assuming the time between

high and low r¿aÈer to average 6 hours '

4.3.5 Discussion.

The data from Spencer Gulf are as reliable as those from lhe

Gulf St Vincent rvith respect to the direction of circulaÈion'

However, no measurements of current velocities due to either tidal

or non tidal circulation have been made and the model predicting

non tidal velocities (¡ullock, 1975) has been criticised by

Easton, (1978).

Bullock's estimate of the tidal excursion of "a few kilometres"

in the upper part of spencer Gulf may not be the same as the excursion



Figur"e l¡.2 Spencer Gulf: Ttre pattern of non tidal
circulation wl¡ich can be inferyed frorn the

ùistribution of seùinents and seawater characteristics.
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in the vicinity of Port Lincoln. EasÈon's predicted average tidal

velocity of 1 metre per second makes transport of larvae to Port

Lincoln II from PorE Lincoln I quite possible during the 6 hour

period from high Èo low tide'.

From the above models and data it appears Possible Èhat larvae

from PorE Lincoln I could be Ëransported to Port Lincoln II, but

unÈil there are data for actual velocities and direction of water

movemenE, this transPort cannot be assumed'

Despite this, the known pattern of circulation can be used Èo

predict r¿hich populations are unlikely to receive larvae from others '

From the distribution of density, temperature and salinity recorded

by Bullock (1975), larvae from Coffin Bay, Port Lincoln I' Port

Lincoln II and Lucky Bay coulcl not be transported to Yatala Harbour

sincethewaterintheuPPerregionofthegulfisthoughttobe

separated from the current flowing northwards up the hTestern shore

ofspencerGulf.Also,MoontaBayappearstobeseparatedfromall

populationsonthel^IesternshorebyatongueofhighsalinitywaËer

extending southwards down the eastern coast, buÈ may be able to

receive larvae from Yatala Harbour. Therefore, (see Figure 4'2 artd

Table 3.2Ð aPart from Port Lincoln I and Port Lincoln II' there are

no oËher populations having greatly dissimilar levels of food

availabiliry, betrveen which transport of larvae aPpears possible'

4.4 Discussion

There is evidence from breeding experiments to suggest that

being a Twister is heriÈable, although data are scanty' fhe

assumption that effective reproductive output decreases as food

availabiliÈy decreases r,¡as also shown to be correct. Even though

repro<luctive output (in terms of eggs per female) increased with

decreased food avaj.lability, predation upon the contents of egg
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capsules when food was in extremely short supply appeared

sufficient to overcome Èhis. The shape of the curve of

effective reproductive outpu.t versus food availability is not

known, since the situation involved only two treatments (high and

lor^r food). However, there is no reason to assume that the relation

is linear, considering Èhat it is a product of both egg producÈion

and predaÈion, both of which increase as food availabilíty decreases

Nevertheless, when food is in very short supply, effective

reproductive output aPPears to be close to zeto '

There are sufficient data to suggest that larvae of Nassarius

pauperaÈus could be transported to coobowie from adjacenÈ populations

buÈ not enough to decide v¡hether the same could occur at PorÈ Lincoln

II, although models of. circulation suggest that this is likely.

Characterisation of populations of N' Pauperatus at and adjacent

to Coobowie and port Lincoln II using electrophoreÈic techniques

need not provide conclusive evidence for or againsÈ the assumption

that N. DauperaËus aE Coobowie and Port Lincoln II are largely

recruited from other populations. Differences in the frequency of

proÈein polymorphisms between populations do not necessarily

indicate the extent of gene flow, being also influenced by selective

pressures (Gaines, et a1, Ig74,lnli11iams, 1975)'

Tentatively accepting all three assumptions on the basis of the

evidence examined in this chapter, I shall no\^/ Propose and test

hypotheses abouE the association between the percentage of Twisters,

hunger, and the population density of juvenile N . Þauperatus.
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advant age

so hungryto Non Twist.ers when Nassarius pauPeratus are

attempt to eat each other.

5.1 Introduction.

hlhether or not a snail is a Twister apPears t

and inherited. The percentage of Twisters is si

correlated with hunger, the mean shell length of

and the population density of juvenile Nassarius

o be non-1abi1e

gnificant ly

males and females,

pauperatus

(see Chapter 3).

Ihe first hypothesis accounting for these correlations \¡¡as

proposed as a resulÈ of observations made in the laboratory whilst

differences in the percentage of Twisters between Port Gawler and

port clinton h¡ere being examined (see section 2.3.4).

In Section 2.3.5, Twisters and Non Twisters were defined.

Twisters always Èwisted af.ter contacting another snail and Non

Twisters did not, although both Twisters and Non Twisters often

twisted if they htere contacted by another snail, or physically

damaged on the rear of their foot. Therefore, in a mixed sample of

Twisters and Non Tr¿isters, there are four possible outcomes of an

encounter involving contact (ttris having been previously defined in

Section 2.3.t as Snail I touching any part of Snail 2 except the

latter's shel1, with its siphon, tentacle(s) or proboscis). These

are repeated from Section 2.3.5:

(1) NTR No rwisring by either snail. (snail I must be a

Non Twister, Snail 2 could be either a Tr^rister or

a Non Twister).

(2) TRBSI Twisting by snail 1' (snail 1 must be a Twister'

Snail 2 could be either a Twister or a Non Twister) '

(3)TRBS2TwistingbySnail2.(snaillmustbeaNonTwister,

Ihe first

compared

that they
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Snail 2 could be either a Twister or a Non twister).

(4)TRBBTwistingbybothsnails.(Snaillmustbea

Twister, Snail 2 could be either a Twister or a

tlon twister) '

In section 2,3.2 it was found that the frequency of contacts

resulting in twisting by Snail 1 did not differ significantly as the

number of days r¿ithout food following collection increased (and

this observation was concordant with the finding that individual

snails $tere either TwisËers or Non Twisters)'

The proportion of contacts resulting in twisting by Snail 2 car^

be obtained by summing the frequencies of contacts resulting in

TR3S2 and TRBB. Ihis has been performed on the data in Table 5'1'

which are taken from Table 2.I - the number of contacts resulting

.in each of the four possible outcomes described above, by samples

of snails in laboratory trays, collected from Port Gawler and Port

ClinÈon.

IÈ can be seen from Table 5.1 that the proportion of contacts

resulting in twisting by snail 2, two days after collection, is

significantly lower in the sample from Port clinton than in the

sample from Port Gawler (0.03 compared to 0.26) but that by six

days after collection, the proporEions have risen in both samples

and are not significantly different (0.46 compared to 0.43; see

Table 5.1). By eight days after collection, the proportion of

contacts resulting in twisting by snail 2 has declined to 0.26 ín

the Port Gawler sample, but has remained virtually unchanged at 0'45

in the samPle from Port Clinton'

observations of unstaged contacts in the field at Port Gawler

and PorE Clinton (from Table 2'3) have been similarly treated in

Table 5.2).



Days without
food since
col lec t.ion

Port Gawler

Frequency of contacts resulting in:

NTR + TRBSI TRBS2 + TRBB ToËal

nfnfn

2

6

B

26

45

0.74

o.57

0.74

0.26

0 .43

o.26

359

34

54 19

79

73

PorÈ Clinton

Frequency of contacts resulting in:

NTR + TRBSI TRBS2 + TRBB TotalDays without
food since
collection fn nfn

12

6

I

36

36

35

0.97

0.54

0.55

0 .03

o.46

0.45

37

67

64

31

29

2x2 contingencY tables

Day 2,

Day 6,

Day 8,

for indepeindence between locaEions on each day:

= 7.96, p < .005

= 0.15, P > 0.05

= 5.57, p < .05

sample size and number in each category

relative frequencY

2
x1

2
x1

2
x1

n

f.

Table 5.1 Numbers and frequencies of contacts either resulLíng in

twisting by snail 2, or not resulting in twisting by snail 2, in samples

from Port Gawler and Port Clinton, kept i¿ithout food in the laboratory'

Data from Table 2.1.



Population TRBS1 + NTR TRBB + TRBS2 Total

n

44

34

nf.nf

Port Gawler

Port Clinton

o.64

0 .63 20

0 .36

0.37

25 69

54

2x2 contingency table for independence between Port Gawler and

PorÈ Clinton ' x],= 0.01, P > O'05'

n : number in each category, f : relative frequency'

Table 5.2 Number and frequency of contacts occurring in the field

aË port Gawler and port Clinton resulting or not resulting in twisting

by Snail 2, (from Table 2'ù'
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The proportion of contacts resulting in twisting by Snail 2

did not differ significantly between locations (see Table 5.2)

being 0.36 and 0.37 at Port Gawler and PorË Clinton resPectively.

It was noted in Section 2.3.1 that twisting by Snail 2 almost

invariably occurred after Snail t had contacted Snail 2 on the rear

of the latter's foot with its proboscis rather than its siphon or

tentacles. hlhen feeding upon carrion, N, pauperatus rasPs away

pieces of flesh with the radula at the end of its proboscis ' Both

living and dead snails were often eaten in the laboratory if samples

of snail.s were not fed. It was therefore postulated that when

snails extend their proboscis they are attempting to feed, and rvhen

doing this to another snail Ëhey damage it, causing the latter snail

to twist, which terminates contact and prevents further damage'

(rt 
, 
is notable rhat tìisting by Snail 2 resembled the avoidance

respon6e shovm by various gastropods to predators (see Section

2.3.1)). It was also postulated that the reasorl why no significant

differences \^rere observed in the proportion of contacts resulting

in twisting by Snail 2 between Port Gawler and Port CLinton in the

field (table 5.2) was because these \,/ere ufì.staged encounters between

hungry snails (see Section 3.4-2.2)' In contrast, contacts

observed in the laboratory \47ere between a1_l the snails from an area

of substraÈum - not just those visibly active on the surface of the

sandflat aÈ the time of collection (see section 2.3.2 for details

of how snails were collected); also, contacts between these snails

rrrere observed after artificially disturbing them in their laboratory

tray. Therefore iE was argued that on day 2, a lower proportion of

contacts resulted in twisting by snail 2 in the sample collected

from port clinton, compared to that from PorË Gawler, because fewer

snails in the former were hungry enough Èo attempt to feed upon

others. However, by day 6 the proportion of contacts resulting in
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twisting by snail 2 :had risen in the sample from Port clinÈon to a

frequency similar Eo that in the Port Gar¿ler sample, presumably

because snails became hungrier. I cannot explain the decline in

the frequency of twisting by snail 2 on day B in the Port Gawler

sample, excePt that it may have been a result of snails being so

starved that they were incapable of attempting to feed - this was

supporÈed by the death of several snails in this sample during the

nexE few days, compared Eo no deaths in the sample from Port clinton'

Assuggestedabove,whenhungerinapopulationincreases,so

should the proportion of snails that will become active and seek

food, in response to the appropriate chemical stimulus. If this

assumption is true, then the number of N' PauPeratus aggregated

around items of carrion should be correlated with hunger' (Hunger

need not be correlated with the population density of N. PauPeratus;

see Table 3.2, Lucky Bay). Consider now the t\^ro extremes of the

above continuum : (1) A population in which there is so much

food available that snails need only spend a very small proportion

of their time seeking food and Q) The opposite extreme in which

so little food is available that snails spend most of Eheir time

seeking food.

(1) In a population in which food is plentiful' snails seeking

carrion should have a low probability of contacting and being

conÈacted by other hungry snails whilst moving towards food, or

whenfeeding.ThereforetwistingbySnail2shouldnotoccur

f requent.ly.

(2) In a population in which food is not plentiful' there should

be a high probability that snails seeking carrion will contact, aud

also be contacted by, oÈher hungry snails'

Asnailmovingtowardsasourceoffoodshouldcontactother

snails in front of it with its proboscis (because it is hungry) and
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also be contacted from behind by the proboscises of other snails

(because they too are hurrgry). lühen finally reaching the item of

food a snail should be in tentacular or siphonal contact with snails

feeding on each side of it, and also be contacÈed from behind by the

proboscises of other snails. In such situations a Twister which

tÍrists as long as it is in contact with other snails should have a

much lov¡er probability of being damaged than a Non Twister which

only twists after damage comlnences, and which ceases twisting soon

after contact ceases (see Section 2'3'5)' Assuming that being

darnaged incurs an increased probability of dying' it is therefore

postulated Ëhat Twisters should have a selective advantage over

Non Twisters, the magnitude of which should be correlated with the

probability of contacting other hungry snails' and hence' hunger of

a population. (Rt trris stage the possible disadvantages of being

a Twister or the advantages of being a Non Twister when food is not

in shorÈ supply l/ere not considered) '

Fromt'heabovehypothesisitwaspredictedthat,ifTwistersand

Non Twisters are caged Eogel-her Tntithout food, Twisters should survive

for longer than Non Twisters because Twisters should be less likely

to be damaged or cannibalised by other snails. This hypothesis vTas

ÈesÈed in the field and the laboratory '

Materials and l'lethods

Nassarius Pauperatus.

Survey of locations for aggregations of

Initially Èhe sandflat \^/as searched at seven locations for

aggregations of Nassarius PauPeratus around

These were found to be very uncoÍlmort' presumably

because any

aggregations

only noticed

rapidly consumed. A1so, naturally occurring

naturally occurring

items of carrion.

carr]-on vras

of N.

after

pauperaËus around items of carrion l'¡ere usrrally

snails had actually gathered, thus many
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interactions between snails moving Èowards the carrion I'¡ere not

observed. consequently, between 17 and 21 baits of single

Katelys ia scalarina, all of a similar size, which had been

previously collected from Port Gawler v/ere placed in a non-random

pattern, consisting of a grid of points each 5 metres apart' across

the zone in which N. Þauperatus occurred, at each location'

This non-random patEern v¡as chosen instead of a random disÈribution

to eliminate possible variaÈion betrveen locations caused by some

baits being so close tha¡ the number of snails gathering around

these r^lere reduced. Positions of baits were marked with white

pipecleaners pushed into the substratum. The length of time a bait

remained on the sandflat until completely consumed varied frorn a fevr

minutes at locations where snails \^/ere relatively hungry, to over 20

minutes at locations where snails were less hungry. The maximum

number of N. DauÞeratus aggregated around each bait was recorded'

OEher species also rnrere infrequently found feeding upon the baits

and the numbers and types of these r¡ere also recorded'

5.3 Materials and Methods Testing the first hYPothesis.

5.3.1 TreatmenÈ of snails Prior to all experiments.

Both juven ile and adult Nassarius pauperatus r^/ere collected from

port Gawler, South Australia and maintained in the laboratory at

19oC and current day length, in white polystyrene trays of aerated

seawaEer (as described in previous sections) at a maximum density of

50 snails per tray. contacts bet¡,reen pairs of snails were observed

to distínguish between Twisters and Non Twisters and adult snails

\dere sexed (as in Section 2'3'7) ' Snails of each sex and behaviour

were marked on their shells with different coloured spots of

fingernail polish and their behaviour reobserved trvice to confirm

the initial categorisation. Less than L7" of snails we-re mis-
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classifiedandthosewereallTwistersinitiallytypedasNon

Twisters, presumably because they did not make contact r¿ith the

other snail during the initial encounÈer'

once scored as either Twisters or Non Twist'ers and, if adult'

males or females, snails were satiated daily on Katelysia s calarina

All the snails used in the same experimental"run"were collected

on the same day and both starved and satiated for the same lengEh

of time, prior to their use in experiments '

Two treatments !,¡ere run; these \"rere named "interacting" and

,tseparate,,. The "interacting" treaËment consisted of caging

several pairs of Tr¿isters and Non Twisters matched for shell length

and sex, together without food' These snails were thus able to

contact one another. The "separate'r treatment contained several

similarly matched pairs of Twisters and Non Twisters caged together

wit-hout food but these were glued down by the back of their shells

(wittr their opercular openings facing upwards) to a 30 x 30 cm

flatsheetofglass,with,'RepcoVloodhillE.POX.EputÈyribbon''.

Ifthehypothesisiscorrect,TwisÈerswouldbeexpectedtosurvive

longerthanNonTwistersinthe|'interacÈing.'treatmentsbutnotin

the "separate" treatments, and if not' there should be no differences

inÈhelengthoftimeTwistersandNonTwisterssurvivedwithin

either treatment.

5.3.2 Field exPeriments '

Port Gawler \Á/as chosen for all field experiments because

multiple re-examination of cages could noÈ be afforded

further awaY f rom Adelai<le '

Cage frames, dimensions 60 x 60 x 16 cm deep were

from 0 .625 cm diameter v¡el.ded steel rod which was then

zínc. These \¡/ere covered wifh fibreglass coated zinc

at srtes

const ruc ted

dipped in

flywire,
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of hole síze 2 mm x 2 mm, which \^tas se\^7n onËo the frames with nylon

fishing 1ine. A slit of abouË 55 cm was left in the "top'r 60 x

60 cm side of the cage (see Figure 5'1) so that snails could be

added and later removed and examined to see if they had died'

Cages could be completely closed by sewing this opening shut with

nylon fishing 1ine.

Cages were placed in the centre of the zone in which N'

DauÞeratus occurred in the field, sunk 8 cm into the substratum

(see Figure 5.1), and filled from the outside by straining substratum

Ëhroughthefly\^/irecoveredsides,therebyensuringthatfooditems

of greater than 4 .2 cross sectional area htere excluded' once

filled, the cages were anchored in place with four 2 cm x 2 cm x I

metre jarrah-wood stakes, buried 92 cm in the substratum and angled

inwards over each of the four sides of the eage (nigure 5'1)' The

cages were then left closed for a minimum of ,10 days before snails

were added. A densiËy of r0 snails per cage of floor area 3600 cm2

was chosen, since the mean density of N' pauperatus at Port Gawler

was 8.96 snails per 3600 cm2. Each cage contained 5 Twisters and

5 Non Twisters, as five pairs matched for shell length (usual1y to

within .005 cm, with a maximum difference of .025 cm) and, if adulr'

sex. All snails \^/ere individually numbered' Snails were simply

added to the ,'interacting" treatments and those in the t'separate"

treatments glued to their glass sheet during the day on which they

wereplacedoutinthefield,andthisplatelaidonthesubstrat'um

inside the cage, with the snails facing upwards ' Both types of

treatment cages were Èhen sealed by sewirrg their tops closed with

fishing line, and visiËed upon various days after this to

score snails as being alive or dead'
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Figur"e þ.1 cage t¡pe used. to test t¡e first h¡¡potJresis

irr the fiel.cl, showr¡ in position on the sandf1latr. CaBe

ùiu¡ensions welìÊ 6O x 6O x 16 cn d.eep end oage is st¡ov¡n

sunk I cB into the substratun and anchored in place

wittr four jarnah-wood. stakes, dinensions 2 cn x 2 cn x 1 metr€¿
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5.3.3 The pilot exPerimenE

A pilot experiment, consisting of one replicate of each of the

'rseparate" and t'interactingt' treatments vlas run at Port Gawler,

commencing on the 21/IV/77 ar'¿ lasting f'ot IL2 days ' Cages were

visited and snails examined to see if they were dead or alive on

4,10, 24,42 and 51 days after the experiment commenced, by which

Èime all Èhe snails in the "inËeracting" treatment had died' The

,,separate" treatment I¡Ias re-examined on days 6t and 112, after which

the pilot experiment was terminated, even though none of the snails

in this treaÈment had died.

5.3.4 Experimental runs.

using the pilot experimenE as a guide to time the examination

of cages to score snails as dead or alive, the following ÈreaÈments

\,vere run at Port Gawler, in two consecutive runs, each consisting

of six separate cages.

Adult females: 4 "interacting" r:eplicates, and 2 "separate"

replicates, comprising the first run. Juveniles: 3 I'interacËing"

replicates, 1 "separate" replicate; Adult males: 1 "inÈeracting"

replicate and I "separate" replicate, comprising the second run'

Fewer ,,separate" treatments were run than initially planned since

the results from the pilot experiment showed that all snails in

this treatmenE \^/ere still alive on day 112 even though all snails

in the "interacting" treatment had died by day 51, suggesting that

the "separaËe" treatment rvas inappropriate (see Discussion below) '

5,3.5 Laboratory exPerlments

Laboratory experiments v/ere more extensive' could not be

interfered with by others (see below) and since trays could be

examined daily, the exact day on rvhich a snail died was known.



76

A similar experimental design to that of the field experiments was

used, except thaÈ snails were caged at higher population densities

than in the field experiment - of 10 per polystylene tray of

dimensions 54 x 32 x 12 
"* 

å."0, filled with seawater to a depth of

9 cm, thus having a total area used by snaíls of 3276 cmz, comPared

to that of 3600 "*2 
in the field cages. However this was sti1lless

than thehighes¡mean population densiËy observed in the field and

within the standard deviation of populaÈion density at Port Gawler

(see Table 3.2).

Trays were filled r¿ith aeraËed seav¡ater and kept at a constant

temperature of 19oC with photoperiod adjusted to current daylength'

Seawater in trays \¡¡as changed fortnightly. The followíng treaEments

Iô7ef e fUn;

Juveniles:

Adult females:

Adult males:

4 ,'interact.ing" replicates and 3 "separate" replicaËes;

4 "interacting" replicates and 3 "separate" replicates;

2 "interacLing't replicates and 2 "separate" replicates.

5.4 Results.

5.4.I Aggregations of snails '

The mean of the maximum numbers of Nassarius Dauperatus

gathered around baits of Katelysia scalarina, as v/e1l as hunger as

assessed by Method 1, relative to Port Gawler (from Table 3.24)

appear in Table 5.3 and are graphed in Figure 5'2' It is noteworthy

that these data show that Lucky Bay, which had the highest population

densiEy of adulEs + juveniles of all locaLions sampled (see Table

3.2) had the second lowest mean number of N' pauperatus Per

aggregation.Furthermore,themeanofthemaximumnumberofsnails

per bair is significantly correlated with hunger (Spearman r" =

0.89;.01<p<'05).Onlythreeotherspecieswe::erecorded

feeding in the naturally occurring aggregations and around the



Aggregations around
K. scalarina

Ilunger, as assessed
by Method 1, relaLive
to Port Gawler

Other species Present in aggregations:

Bedeva Phi lyra
laevisNassarius burchardiLocat ion

Port Gawler
Port Clinton
Rogues Point
Stansbury
Coobowie
Sultana Point

Table 5.3

Ka telys ia

nx
hanleyi

0

,2(2),1(3)
,2(3), 1(4)
,3(2)

0

4 ( I ) , 1 ( 3 ) , 1 ( 4 ) , 1 ( 5 ) ,
1(7),1(9) ,1(12)

0

a (b) : a: number of aggregations also containing

otlrer species , .

b: number of individuals of that species

of
and

2r.35
5.40
3.65
2.20

2.7 .r2
3 .57

x

5.36
3.61
4.73
3.49
8.41
3.17

20
20
20
20
t7
2T

0*
-17 . 0I't
-27 .24
-30,
+40 |

-22

-23

0
0
3(1),2(2)
0

3(1)
1(1),1(2)
0
2(1)
2(1)
1(i)

1(1)
4( 1)6(1)

!( 1)
5(1)

00Lucky BaY 2.80 1.05 20

t
x

s

n
x

: mean of 13 values

: mean of 2 values

: mean

: standard deviation
: sample size

Spearman rank correlaEion coefficient between mean number of snails Per aggregation

and hunger as assessed by Method 1, relative to Port Gawler: t\ = 7, rs = 0'89, P < 0'05'

The mean of the maximum number of Nassarius pauperatus in aggregations around baits

scalarina in the field, with hunger as assessed by MeÈhod 1, relative to Port Gawler'

the numbers of other species in aggregations '
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Figur^e !.2 The mean of tLre narinr¡n number of Nassarius

pauperatus in a¡-¡gregations arormd. baits of þþLygþ scal-arina

versus hrxiger as asse5aed by lr{ethod. 1 , rel¿tivs to Port &¿wfer.

Standard deviations ane also indioated.
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artificial baits of K. scalarina; these being the predatorY whelk

Bedeva hanleyi, the snail Nassarius burchardi and Èhe crab Philyra

laevis. However, a large proportion of aggregations at each

location consisted only of N. PauPeratus' and N. pauperatus did

not twist when contacting any of the above specres '

5.4.2 Experimental results.

ResultsofthepilotexperimentareinTable5.4.Fivesnails

in the ,,interacting" treaLmenL were dead when the cages were visited

24 days after the experiment \¡Ias started and all had died by day 51'

However, none of the snails in the "separate[ treatment had died by

day Il2 and these were observed extending their proboscises and

grazíng on algal film that grel^/ on their shells and the glass they

r,rere sÈuck to - this may have been sufficient food to have enabled

snails Èo have survived. consi-dering the lack of mortality in the

rrseparate,r treatmenE, fewer were used in the subsequent field

experiments than were initially intended'

Results from the other field experiments are in Tables 5'5 to

5.7 . Interference with some of these cages (presumably by Homo

sapiens seeking edible crabs) during the spring of 1977 reduced the

results obtained in the field and resulted in termination of the

field experiments on Il-/LI/77 '

onlyoneofthesnailsinanyofthe''separate..replicatesdied

prior to the experiment being terminated. I¡Iithout comparison

between the "separate" and t'inEeracting" treatments t the results

are meaningless. However, in the laboratory experimentsr snails

in the "sepa::ate" treatments did die, permitting comparison between

both Eypes of treatments '

Results from the laboratory experiment are in Tables 5 ' 8 to

5. 10 . Treatments \^/ere continued until all snails in both treatments



Sex

Tr¿i sters

Shel1
length
(cm)

I .525

t.265
1 .170

I .630

1 .050

L.520

t.265
1.180

1 .630

I .050

Day on r^rhich
found dead

24

24

42

42

51

Non Twisters

Shel 1

length
(cm)

Day on which
found deadSex

ttinteractingt'

M

F

F

M

F

M

F

F

u
F

L.520

L.270

1.175

1.635

I .050

L.520

L.265

1.170

1 .615

1.050

24

24

51

24

42

'r separate"

M

F

F

M

F

M

F

F

M

F
*

* All snails still alive on daY 112'

Table 5.4 The piloÈ experiment. shell length, behaviour, sex, and

day upon which snails found dead. All snails in the "interacting"
treatmenË had died by day 51, buÈ all in the'rseparate" treatment hlere

still alive on day 112, upon which the experiment was Ëerminated'



Twis ters

She1l
length
(cm)

Day on which
found dead

36

7l
7l
7T

36

Non Trtristers

Shell Day on which
length found dead
( crn)

"interact,ing'r : F1

I.235
I .340

1.065

I .045

t.265

r.235
1.340

1 .060

1.045

L.270

1.605

r.575
t.445
r.520
1. 320

t.245
r.230
1.105

I .470

t.290

36

54

36

54

54

36

29

7L

54

54

"interacting" z F2

1.610

L.575

I .440

1.515

1.320

L.265

1 .230

1. 100

t.475
t.290

29

29

54

36

36

t'int.eracting" : F3

29

29

29

54

36

7l
54

77

29

7L

(,,InÈeractingl treatmenÈ F4 was broken into aftet day 29) '

one tailed, I{ilcoxon matched-pairs signed-ranks test, comparing Êime

elapsing before Twisters and Non Twisters were discovered dead :

n=9, T=20, p>0.05.

Table 5.5(a) Field experiments in cages without food:

Adult females in "interacEing" treatments, shel1 length, behaviour,

and day upon which snails first discovered dead '



I\sisters

Shell
length
(cm)

Day on which
found dead

Non Tr¿isters

Shell Day on which
length found dead
(cm)

L.235

1.345

I .065

I .050

I .400

1.450

L.525

1. 570

I .605

1. 305

ttseparaËett F5

rrseparaÈett : F6

r.235
1.340

1 .060

1 ,055

1.400

L.445

L.520

1.575

1.605

1. 305

Jr

J.

-t-

*
*

*

6

.L

*

*
*
*

Table 5,5(b) Field experiment in cages wíthout food:

Adult females in t'separate" treatments, shell length and behaviour.

* Snails were still alive upon day 77, af.ter which experiment hlas

terminated.



Twis ters

She11
length
(cm)

Non Twisters

Day on which
found dead

Day on which
found dead

She 11
length
(cm)

!.'interacting" : F7

0.990

0.845

0.990

I .065

1.165

o.945

0. 990

1.075

1.130

1.175

I.265
0 .965

1.100

0. 870

I .090

40

31

31

40

40

I'interacting" : FB

0. 980

0.845

0.990

1 .060

1. 165

0. 950

0 .995

1.075

1.130

1.175

r.265
0. 950

1.105

0.865

I .090

31

31

31

40

61

40

40

40

10

40

10

40

31

31

IO

trinteracting" : F9

61

31

40

31

40

40

31

40

31

31

One tailed, lnlilcoxon matched-pairs signed-ranks test comparing time

elapsing before Twisters and Non Twisters were discovered dead:

n=g, T (+ranks) =14.00, T (-ranks) = 22.00, p> 0.05 in

both cases.

Table 5.6(a) Field experiments in cages without food:

Juvenile snails in "interacting" treaLments, shel1 lengthrbehaviour

and day upon which snails first discovered dead'



Twisters

Shel 1

length
( c¡n)

r.230
1.175

0. 920

1 .020

0 .960

Day on which
found dead

Non Twisters

She 11
length
(cm)

Day on which
found dead

ttseparaËett 3 F10

*
&

*
J

r.235
L.T75

0 .920

I .020

0.975

Table 5.6(b) Field experiments in cages \'tTithout food:

Juvenile snails in "separate" treatment F10

'å All snails were alive on day 40, after which cage

was broken into.



Twisters

Shell
length
(cm)

Day on which
found dead

Non Twisters

She1l
length
(cm)

Day on which
found dead

ttinteracLi4g" : F11

L.575

1.605

1.450

L.525

1.450

40

40

40

40

31

r.575
1.610

r.440
1.520

L.440

¿

4

31

31

40

.L

cage thrown about by crabbers after day 40, and snails

emptied out.

Fl2ttseparatett

I .600

1 .580

I .450

r.445
1.520

*

*

&

1.595

I .580

r.445
L.445

r.520

alive at day 40. Snails removed after day 40 by crabbers '

Table 5.7 Field experiments in cages withour food:

adult males in both ttinteracting" and "separa¡e" treatments, shell

length, behaviour and day upon which snails first discovered dead'

Cages were broken into or otherwise disturbed after day 40. (Sample

sizes in "interacËingr' Èreatment are too small to compare staËisLically) '



Twis Èers

Shel 1

length
(cm)

0.945

I .035

1 .050

1.135

r.235

I .060

1.180

I .350

r.255
0.985

L.220

1.130

1.160

1.160

0 .920

0 .930

0.825

0.810

0.750

0.740

Non Twisters

Day
snail
died

Shel 1

length
(cm).

0.940

r .040

1 .045

1.140

r.240

Day
snail
died

trinÈeracting" : L2

ttinteracting"

58

24

47

46

32

23

37

32

I2

45

L1

32

27

43

59

2T

62

6r

B1

97

91

"interacting": L3

I .060

1.180

1.345

L.260

0.990

r.220
1.130

I .155

1.165

o.920

0.930

0 .825

0 .805

0.745

0 .740

76

B2

60

84

B1

31

39

44

27

35

"inEeracting" : L4

49

30

46

42

55

16

4I
2B

28

37

One tailed, hlilcoxon matched-pairs signed-ranks test comparison between

days elapsing before Twisters and Non Twisters died:

n = 20, T (+ ranks) = 98, p > 0.05

n = 20, T (- ranks) = lLZ, p > 0.05

Table 5.8(a) Laboratory experiments in trays without

juvenile snails in "inLeracting" treatments, behaviour,

and days elapsing before snails died'

food:

length



Twisters

Shel 1

length
(cm)

Day
snai 1

died

Non TwisEers

Shel1 Day
length snail
(cm) died

ttseparaÈet' : L5

o.925

o.825

0.785

0.855

0 .915

0 .855

0 .850

0. 895

0. 790

t.225

0 .945

o.945

0. 890

1.140

1 .060

31

33

28

9

13

0.915

0.810

0. 785

0 .855

0.915

0. 860

0.850

0.900

0. 790

r.225

0.945

0 .950

0 .890

1. 140

I .060

6

34

20

L4

33

11

I
4I
I

10

ftseparatett : L6

19

33

28

33

27

ffseparate" : L7

22

16

L2

29

5

13

13

32

46

26

One tailed, Wilcoxon matched-pairs signed-ranks test comparison between

days elapsing before TwisEers and Non Twisters died:

n=15, T=52.5, P>0.05.

Table 5.8(b) Laboratory experiments' in trays withouÈ food:

juvenile snails in "separate" treatments, behaviour, length and

days elapsing before snails died'



Twisters

Shel1
length
(cm)

Day
snail
died

Non TwisËers

Shell DaY
length snail
(cm) died

r .460

1 .405

1.415

1.485

1.410

I .490

t.520
r.525
r.240
1 .565

L.250

1.400

L.235

L.285

r.455

I .6r0

1 .535

r.470
L.435

1 .585

ttinLeracting"

22

26

13

27

30

" interacting"

55

2B

11

22

20

t'inÈeract ing"

80

46

23

16

80

trint erac tingtt

20

L9

7

48

65

LB

t.460
1.400

L.4L5

1.485

1.400

L9

1.490

L.520

t.525
r.240
I .565

L10

t.250
I .400

L.235

1.280

1.450

Ll1

1.610

1.530

L.470

1.435

I .585

34

78

59

39

48

33

83

47

46

43

42

L2

55

7

26

38

33

50

6

67

One tailed Wilcoxon maÈched-pairs signed-ranks test comparison between

days elapsing before Twisters and Non Twisters died:

n=20, T=70, p>0.05.

Table 5:9(a) Laboratory experiments in trays without food:

adult female snails in "interacting" treatmenËs, behaviour, length

and days elapsing before snails died'



Non TwistersTwisters

She1l
length
( cm)

r.495
I .410

1.480

I.520
1.415

L.220

1.510

t.235
1 .435

1.195

1 .585

I .345

r.470
1.460

1.330

Day
snail
died

She1l
length
(cm)

L.220

1.510

r.235
I .435

1.190

1 .580

r.345
L.470

r.465
1.330

Day
snail
died

Itseparate" ; Ll2

48 I.495
67 1.410

38 1.485

42 I.520

43 1.410

36

85

29

11

45

49

9

5

51

80

ttseparatett

33

47

I
I
I

Ll3

ttseparatett : LL4

64

33

54

58

87

75

15

4t
22

36

One tailed trIilcoxon matched-pairs signed-ranks test comparison between

days elapsing before Twisters and Non Twisters died:

n = 15, T = 48.50, P > 0.05.

Table 5.9(b) Laboratory experimenË in trays without food:

adult female snails in "separate" treatments, behaviour, length

and days elapsing before snails died'



Twisters

Shel1
length
(cm)

Non TwisÈers

Day
snail
died

She1l
length
(cm) 

.

1.300

1 .500

r.260
I .595

1 .600

1 .550

I .555

r.445
I .480

1.670

Day
snai 1

died

"interacting" : Ll5

I .300

I .500

L.265

r .585

1.600

1 .560

1 .560

r.445
1 .480

1.670

40

16

51

19

78

L2

31

37

20

55

"interactingt': L16

13

B9

27

53

B

3B

11

40

3B

47

one tailed l^lilcoxon matched-pairs signed-ranks test comparison between

days elapsing before Twisters and Non Twisters died:

n=10, T=23.50, P>0.05.

Table 5.10(a) Laboratory experiments in trays \'rithouË food:

adult male snails in "interacting" Èreatments, behaviour, length

and days elapsing before snails died'



Twisters

She1l
length
(cm)

Non Twisters

1.6 15

Day
snail
died

Shell
length
(cm)

1.610

I .610

1 .565

I .485

r.525

r.475
1. 300

1 .580

I .435

r.425

Day
snail
died

Itseparatetr: L17

47

7

36

L6

78

ttseparate'r : LlB

75

14

15

47

80

20

5B

7l
61

52

I .610

L.565

1 .485

L.525

L.475

1 .300

I .580

1 .430

L.425

68

75

87

59

22

One tailed Wilcoxon matched-pairs signed-ranks test comparison between

days elapsing before TwisEers and Non Twisters died:

n=10, T=16, P>0.05'

Table 5.10(b) Laboratory experiments in trays without food:

adult male snails in "separate" treaLments; behaviour, length

and days elapsing before snails died'
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had died, and in contrast it can be seen by inspection thaË snails

in both treatments died at similar times. It was noted that algae

did not gro\,í on the shells of snails in Ëhe "separateil treatments

nor to the glass plates fo it¡ictr they were affixed, in laboratory

experiments. one tailed, trIilcoxon matched-pairs signed-ranks

tesÈs were used to compare the time taken to die between the matched

pairs of Twisters and Non Twisters within both the "separate" and

I'interacting" treatments. No significant difference \üas found

between the time elapsing before Twisters or Non Twisters died

within either the "separatett or "interacting" treatmenEs (see

Tables 5.8 to 5.10). Similarly, one tailed Wilcoxon matched-pairs

signed-ranks test comparisons between the time elapsing before

snails were discovered dead in "interacting" treatments in the

field did noË reveal any significant differences between TwisÈers

and Non Twisters (see Tables 5'5 and 5'6)'

5.5 Discussion.

Results from the survey of seven locations for the maximum

numbers of Nas sarius pauperatus in aggregations around baits of

Katelysia scalarina supported the assumption that as hunger increases

sodoestheprobabilityofcontactingotherhungrysnails,inthat

the mean number of snails in aggregatíons around baits \À/as correlated

with hunger' These results also confirmed that the number of

snails in aggregations arotrnd baits was primarily a function of

hunger, and that the latter was usually, but not always' predictable

from populaLion densitY.

Results from the field experimenËs \,Iere inconclusive since none

of the snails in the "separaten treatments died. In the laboratory

there \4¡ere no significant differences beËween the time elapsing

before Twisters and Non Twisters died within either the "separate"
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or I'inËeracEing" treatments. If there had been a difference

between Twisters and Non Twist,ers in the I'inËeracÈing" treatments,

then differences between Twisters and Non Twisters in the "separate"

treatments would have been of interest, to tesÈ whether interaction

between snails had been responsible for this '

Results from the laborat,ory experiments did not supPort the

prediction Ëhat Twisters should survive for longer than Non Twisters

when snails are so hungry that they attemPË to eat each other'

Even though contacËs resulÈing in twisting by both snail 1 and

Snail 2 were observed occurring in field cages and in the laboraËory,

Twisters did not survive for significantly longer than Non Twisters

in the ttinteracting" or the "separatett treatments. Therefore the

observed correlaËion betv/een the Percentage of Twisters and hunger

cannot be accounEed for by the hypothesis that Twisters are selected

when snails are hungry because they are less likely than Non

Twisters to be damaged or eaten by others '

Considering that most cases of snails twisting hlere observed

both in Èhe field and the laboratory when carrion was made available,

a second hypoÈhesis \¡/as proposed to explain the correlation betweeu

the percentage of Twisters and hunger. This is described and

tested in the following chaPter'
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The second and third hypotheses; That Twisters are better than

Non Twisters at competing for space to feed, and that Twisters

are more conspicuous to predators than Non Twisters.

The second hypothesis; That Tr^¡isters are better than Non TwisËers

aË competing for sPace to feed.

the behav iour of Nassarius pauperatus in aggregaÈions

Twisters at

of observing

around naEurallY

occurring items of carrion and baits of Katelysia scalarina in the

field. The terms "competition" and "compeEe'! are used in the sense

defined by Milne (1961) (and similarly by Birch in an earlier PaPer

(¡írch, 1957 )) as

"the endeavour of two (or more) animals to gain the
same particular thingr or to gain the measure each

vrarits from the supply of a Ehing when thaË supply is
not sufficient for both (or all)"'

In the previous chapter it was found that Twisters did not aPPear

to have a selective advantage comPared to Non Twisters, in terrns of

being damaged by other snails when they were hungry' Observations

made in the field revealed thaË many encounters involving contact and

twisting occurred between N. pauperatus moving towards r or garhered

around, iËems of carrion. It was also notecl that in some populaLions

there were often so many snails gathered around a piece of carrion

that some of those on the outside of the agg|egat-íon could not reach

the carrion with their proboscises and hence could not feed. The

data from Table 5.3, of the mean number of snails gathered around

artificial baits are repeated in Table 6. l, along with observations

of whether or not all snails present were able to feed' Other

populations were also surveyed for whether or not all the snails

gaËhered around naturally occurring iËems of carrion were able to

feed, and these results apPear in Table 6'2, along with the names and

6.1

The hypothesis that Twisters are better Ehan Non

competing for space to feed vras proPosed as a result



Snails per aggregaËion

DaÈe sampled Location x s

November 1977 Port Gawler 2L.35 5'36 20

DescripÈion of aggregatÍon

NoÈ all snails caPable
of feeding

All snails feeding

All snails feeding

All snails feeding

All snails feeding

Not, all snails capable
of feeding

All snails feeding

n
Hunger, relative
to Port Gawler

-17.08

-23

-27 .24

-30
+40

-22

x

0

lr

ll

il

il

ll

il

il

It

It

il

il

Port Clinton
Lucky Bay

Rogues Point

Stansbury

Coobowie

5 .40

2.80

3.65

2.20

27 .12

3.6r
1 .05

4.73

3.49

8.4r

20

20

20

20

t7

Sultana Point 3.57 3.L7 2L

Table 6.1 ïhe mean maximum number of snails present per bait of Katel-ysia scalarina and whether or not

all Èhe snails present in an aggregaËion are capable of feeding. Populations vlere all sampled during

November 1977. Data from Table 5.3'

mean, ,* , standard deviation, n : sample size)(



Those with

Number of natural
aggregaÈions examined

Some snails
unable to feed

Ihose v¡ith other species

burchardi P. laevis å.
Al1 snails
feeding T. hanleyi

Loc at ion

Onkaparinga

Port Gawler

Middle Beach

Port Clinton
S tans bury

Coobowie

Sultana Point

Moonta BaY

3

11

I
t7

2

1

4

2

0

2

0

I7

2

0

4

0

J

9

I
0

0

I
0

2

0

1 (s)

0

1(2), 1(3)

0

0

1(4),1(7),1(8)
1 (1)

0

3 (1)

0

0

0

I (1)

0

0

0

0

0

6(1), 2(1)

r (2)

0

0

0

a (b) : a: number of aggregations containing this species, b : numbers of this species

Table 6.2 Naturally occurring aggregations of Nassarius pauperatus around items of carrion in the field'

ltrhether all snails in an aggregation \¡rere capable of feeding is indicated' plus Ëhe number of aggregations

containing other species, and the types and numbers of these (".g. 2(3) indicates È\^ro aggregations containing

three of the species in question). populations \irere sampled on .several dates during LaEe L97 7 and early

rg7g. other species found in aggregations were the crab Philyra laevis, Nassarius burchardi and the whelk,

Bedeva hanleyi.
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numbers of all other species found in the aggregations .

It can be seen from Table 6.2 that few naturally occurring

aggregaÈions contained species other than Nassarius pauPeratus,

and that oÈher species, when Present, vlere usually in low numbers'

This was also the case in aggregations of N. pauperatus around

baits of Katelvsia scalarina (see Table 5'3)'

Observations of naturally occurring aggregations around carrion

and those around baits of K. scalarina showed Èhat at locations that

were relatively hungry (see Table 3.24) the number of N. Þauperatus

in aggregations was often so 1arge that there \^tas insufficient space

around the food for all snails to feed. Aggregations of N.

pauperatus around algae r¡/ere never observed naturally in the field,

presumably because algae were distributed as a film on the surface of

the sandflat. However, aggTegations of snails did occur both in rhe

field and the laboratory around pieces of cotton wool soaked with

algal cells Èhat N. pauperatus v/as known to feed on (see Appendix I) '

Therefore, food that is available as a discrete "patch" was defined

as a "point source" of food. In the field, carrion was usually

available as point sources, but algae \^/ere not'

It is easy to visualise how competition for space to feed may

occur around point sources when food for N' Þauperatus is in short

supply. If foocl is not in short supply (that is, there is more than

enough available for all the N pauperatus in a specific area) it is

unlikely that therc will be cornpetition for sPace to feed, even if Èhe

food is distributed as point sources. If food is in short supply

(that is, there is insufficient food available in a given' area for all

the snaíls) and some or all is distributed as point sources, there

will be competition for space to feed around these. However, if food

is in short supply but not distributed as point sources, there will

not be competition for space to feed'
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Whils t aggregations of snails around point sources of carrion

were being examined and counEed in the field it was noticed that

some of the snails unable Eo feed on the outside of an aggregation

appeared, by twisting, to be able to force their way into the

aggregation and feed. It was Èherefore postulated that a TwisËer,

approaching an aggregation of snails around a point source of food

at which Èhere \^/as no more space available for any more snails to

feed may, by twisting, be able to force its way into the group and

feed. A Non Twister would not usually twist when reaching snails

aggregated around food and even if another snail approached and

contacted a Non Twister from behind, causing the latter to twist,

the Non Twister would not necessarily force its way into the group of

snails gathered around. the carrion (see section 2.3.5). This

hypothesis can account for the correlation between hunger and the

percentage of Twisters in a population, assuming that as snails become

hungrier, then so does the probability of their dying of hunger

increase, and that carrion is an important source of food in the

field. There was evidence for this assurnption, namely Èhat both

juvenile and adult N. Þauperatus from Coobówie (the hungriest

population sarnpled) often died whilsË being transPorted to Adelaide,

but deaths could be prevenËed by feeding the snails K. scalarina

as soon as they were collected. Furthermore, plant material is

generally a poor source of nitrogen, compared to animal tissue

(wtrite, !g78) therefore N. pauperatus may be surrouncled by a lot of

algal food of poor quality, with carrion being an important

component of their diet for survival, growth and reproduction'

Therefore these snails may face a relative shortage of niErogenous

material avail,able from plant tissue, and in some populations, an

absolute shortage of ni-trogenous material available from animal

carrion (see AnclrevrarÈha and Browning, I961) '
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From Èhe hypothesis that Twisters were better than Non Tr¿isËers

at competing for space to feed, several predictions v¡ere made.

These r{ere:

(a) That juvenile Twisters should grow at a faster rate than

juvenile Non Twisters when food is in short supply and distributed

as point sources, but that there should be no difference in the

rates of growth of juvenile Twisters and Non Twisters when food is

not in short supply, or not distribuEed as point sources'

(b) That both adult and juvenile Non Twisters should have a greater

probability of dying than Twisters when food is in short supply and

dis¡ributed as point sources, but there should be no differences in

probability of dying between Twisters and Non Twisters when food is

not in short supply, or not distributed as point sources.

(c) That Non Twisters should be hungrier than Twisters in

populations in which food is in short supply and distributed as point

sources, but there should be no differences in hunger beÈween Twisters

and Non Twisters when food is not in short supply or not disLributed

as point sources.

(d) That Twisters should have a greater probability than Non

Twisters of being able to displace other snails from point sources of

food when Èhere is limited space available for snails to feed.

These predi-ctions vrere tested in the laborator:y and the field'

Growth, mortaliËy and behaviour

in short supply and distributed

of Nassarius pauperatus when food is

6.2.I Introduction.

This experimenË compared Ëhe growth and mortality of Twisters and

Non Twisters when offered less food than they would normally consume'

as a point source around which they had to compete for sPace to feed.

Controls \¡rere run in wttich snails were offered the same amount of food

AS point sources.
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as in the above treatment, trut did not have to conpete for space to

feed.

6.2.2 Materials and Methods

6.2.2.1 TreatmenÈ of snails prior to the experiment

Prior to their use in the exPe

identically to those used in the e

Both adult and juvenile Nassar-ius

riment, snails were treated

xperiments described in Chapter 5.

pauperatus \^lere collected from

Port Gawler and kept in covered trays of aerated seawater at 19oC

and current daylength without food. Snails vlere observed contacting

each other and the shells of Twisters and Non Twisters marked vrith

differently coloured spots of fingernail polish. Adult snails were

also sexed (as described previously) and marked \'¡ith f ingernail polish'

The behaviour of all snails \^/as checked twice within seven days

following collection and all snails \^7ere then satiated daily on

Katelysia scalarina, until used' All snails used in the same

experimental "run" were collected on the same day and were starved

and satiated for the same number of days before being used in the

experiment.

6.2.2 .2 Choice of f ood.

A food source was required which could be readily obtained,

varied little in quality and did not change weight or disperse when

immersed in seav'¡ater. The adductor muscle o f Katelvsia scalarrna

was chosen, since Nassarius pauPeraEus was knov¡n tq feed upon this

tissue, it could be easily isolated from Íxozen 5' gStltg:'g ttd

\^ras a relatively dense, seemingly homogeneous "";;;ed 
tissue

(by comparison with other tissues of K' s calarina which was easilY

handled and weighecl . Also the a<lductor muscles were attached to

pieces of K. sgql.ariga sl-re11, which prevented snails from moving the
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source of food around, thus making

around which snails had to comPete

these ideal as poinÈ sources,

for space to feed.

6 .2 .2 .3 Experimental design.

Feeding experiments I4¡ere all performed in the laboratory since rt

was ímpossible Ëo quantify the weight of food offered to snails in the

field, or to visit cages frequently enough to perform the experiments

adequately. The following design was used: A treatment named

,,4 11Þ" and consisting of five numbered pairs of a Twister and Non

Twister, matched for she1l length to within 0.015 cm, was offered

ad lib f. scalarina adductor muscle every day, as three seParaÈe

pieces, thus ensuring that individuals did noË have to compete for

space to feed and that they had food in excess of their requirements '

The pieces of shell to which the muscle was attached were scraped

clean of all flesh excepÈ for one of the two adductor muscles, rinsed

in seawa¡er, blotted on a "Kimberly clarlc kimwipe" tissue and weighed

to the nearest 0.0001 gram, using a "Mettler" balance. After all

snails had ceased feeding (usual1y in less than 15 minutes) ttre pieces

of shell and remaining muscle were removed from the tray, blotted and

re-weighed to establish, by subtraction, the weight of muscle consumed

To assess l-row accurate this procedure vras, t\^Ienty pieces of muscle

attached to Ëheir she1ls r^rere scraped, rinsed in seawater, blotted,

weighecl, immersed for 20 minutes in seawater, then re-blotted and

re-weighed.

The weighE of adductor muscle consumed daily by the "ad lib"

group was recorded. This was used as a standard to feed half this

weight,onaverage,totheexperimentaltreatments.Exactlyhalf

the weight of muscle consumed by the "ad lib" treatment could not be

offered to the other experimental treatments since Ehe muscle was

attached to pieces of shel1, so the weight of muscle required was
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estimated by eye and the exact weighÈ consumed by the snails in a

treatment found after the snails had fed, by subtracÈion, as above'

Since snails in the experimental treatments were never offered exactly

half the weight of muscle "oi"rr*.d 
by the "ad lib" grouP, balance

sheets for each treatment were kept. The daily weight of muscle

consumed by each replicate T^/as recorded and this was adjusted as

closely as possible to half that consumed by the "ad fiÞ" g.orrP, bY

increasing or decreasing the weight offered the next day, so that on

average over several days, snails were fecl half the weight consumed

by the "ad lib" grouP.

It rn¡as predicted that Tvristers should grow faster and survive for

longer than Non Twisters, when food is in short supply and snails are

forced to comPete for sPace to feed' However, Twisters may grow

faster than Non Tlisters for other reasons when food is in short

supply. Therefore the following treatment termed "spread evenly"

was used as a control. In the "spread evenly" treatment, snails

were offered the sarne amount of adductor muscle on average as the

t'point source" treatments. However, the food was offered every

seven days, as Several pieces, so there \^ras no competition for space

to feed in the "spread evenly" treatment'

6 .2 .2 .4 Limitations of the experiurental des ign '

There hrere t\^7o lirnirations of the experimental design. Firstly,

aS soon as more than two or three snails died in a treatment there

was usually sufficient space arouncl the food for all snails to feed,

so the ilpoint source" Èreatments ceased to be effecËive' As a

resulË, all of the snails did not die in any of the "point source"

treatments, thus limiting the comparisons that could be made of the

time elapsing before a snail died. seconclly, it was found that snails

in the,,spread evenly" treatments did not die, even after several
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months, again preventing comparisons on the basis of days elapsing

before death, both between and within treatments.

6.2.2.5 ReplicaEes , and snailq Per treatment.

Nine replicates of each of the "ad lib", "point source" and

,,spread evenly" treatments \¡/ere run, consisting of three set.s of

adult and six sets of juvenile N. pauperatus. Each replicate

contained 10 snails, being 5 numbered pairs of a TwisËer and Non

Twister matched for shell length usually to within 0.010 cm, and

never more than 0.020 cm. The shell lengths of the matched pairs

were also maËcl-red betv¡een each of the 9 sets of treatments ("'g'

replicates L1 of the "ad lib", "spread evenly" andttpoinE sourcett

treatments contained 5 pairs of Tv¡isters and Non Twisters and these

were maEched for shell length to the nearest 0.020 cm beEween

treatmenËs as well). Each "point source" and "spread everrly"

replicate was offered half the weight, on average, of adductor muscle

consumed by their particular reference rrad lib" ¡splicate. Freshly

isolated pieces of muscle were offered to all treatments. Treatments

were examined daily to see if individuals r^tere dead or alive and the

shell lengths of snails in the six juvenile treatments were measured

weekly to the nearest 0.005 cm, using NSK vernier calipers, as

described previously. Experiments commenced in November l9l7 artd

ran until March 1978. It was ensured that juvenile snails of the

same year-class I^¡ere used, by collecting only those that were larger

than 0.8 cm (see Section 3 .2.2).

6.2.2.6 Behaviour of Twisters and Non Twisters while competing for

space to feed.

Snails in the "point Source" treatments \^/ere observed as

competed for space around food. If a snail on the outside

they

of an
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aggregation successfully forced its way into the aggregation and

forced another snail out, this was taken Èo indicate that sPace to

feed was lirnited. Whether or noÈ the displacer was a Twister or a

Non Twister and its number vras recorded, enabling its size to be

known. Similarly, the behaviour and size of the snail displaced from

the aggregation was also recordecl. To ensure that size differences

between Twisters and Non Tr¿isters did not have an effect, only adults,

or juvenile replicates during the first week of the experiment were

observed. The same individual was often recorded as being a

displacer or as being displaced more than once '

6.2.3 Results .

6.2.3,I Accuracy of the re-weighing procedure'

The mean difference in weight of Katelysia scalarina muscle

before and after immersion in seawater for 20 minutes l^7as +0.0004

grams and the standard deviation of this difference (from 20 samples)

¡,¡as 0 .0062 grams. The weight of K. scalari.na muscle consumed by the

nine "ad lib,' treatments ranged from means of 0.0385 gm per day to

0.1511 gm per day between treatments therefore the error associated

with re-weighing was considered of 1itt1e importance, compared to Ëhe

magnitude of the quantities being measured'

6.2.3.2 AccuracY of the "Point sourcerr and "spreacl evenly" feedings

To illustrate the accuracy of the method of feeding the "point

source" and t'spread evenly" treatments, the mean weight of K'

scalarina consumed by the juvenile Ll "point source" and juvenile Ll

"spread evenly" treaËments, compared to the weight

by the juvenile Ll "ad lib" treatment are in Table

seen thaE the ttpoint source" and "spread evenlytt treatments

and consumed close to half the weight of adductor muscle on

of muscle consumed

6.3. It can be

received

average



TreaÈment
t{eight of Katelysia s c alarina
¡m¡scle consumed, in grams

sx nx

".d IiÞ"
ttpoint sourcett

ttspread evenly"

0 .0703

0.0320

0 .0343

0.0615

0.0284

0.0843

30

30

30

Table 6.3 l^Ieigh t of Katelysia scalarina muscle consumed bY the

Ll "ad lib", "point sourcett and "spread evenlyrt treatments. The

standard deviation of the mean weight of muscle consumed by the
t'spread evenly" treatment is high due to snails not being fed for

six days out of seven.

I t t "tt. " : standard deviation, n : sample size'x
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consumed by their equivalent "ad librr Èreatment

6 .2.3 .3 Analysis of data.

In Section 3.4.2,6 it was observed that the growth of juvenile

Nassarius pauperatus did not aPPear to fit the von Bertalanffy growth

curve, or any oÈher mathematical models of growth, when snails were

noÈ fed ad 1ib K. scalarina. Also the frequency distribution of

juvenile shell lengths of N pauperatus from the same year class does

not appear to be normal (see Smith, L975). Therefore, Ehe following

analysis of growth was carried out.

At the start of the experiment, snails of the same maÈched pair

differed by a maximum of 0.015 cm. Attempts were made to equalise

these differences within replicates of each treatment by choosing

snails of oÈher pairs which varied in length in the opPosite direction.

An esti¡nate of the difference in rate of growth between snails

of a matched pair, which is independent of the form of the growth

curve, is the magnitude and direction of the difference in shel1

length between snails of a matched pair at the conclusion of an

experimental treatment. Non parametric I'trilcoxon matched-pairs

signed-ranks tests were used to compare the lengths of matched pairs

of Twisters and Non Twisters both before and after the experiment '

To make as nany comParisons as Possible, and Ëo avoid "point sourcetl

treatments which had been transformed into "ad 1ib" treaEments after

some snails had died, comparisons of shell lengËhs were made on the

last occasion all snails T¡Iere measured whilst sÈill alive ' This

varied between replicates of the "point Sourcet' treatment' None of

the snails in the "ad lib" replicates died and only one í"n all of the

"spread evenly" replicaEes and this occurred several weeks after three

snails had died in the equivalent I'point source" replicate. The

length of time elapsing before the first snails died varied from 25
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to 44 days, beLween t'point sourcet'replicates.

6.2.3.4 Comparisons of growth.

Results of the growth experiments apPear in Tables 6.4 ("ad liþ"

treatments); 6.5 ("spread evenly" treatments); and 6.6 ("point

source" Ëreatments) ' The hypothesis being tested predicted that

Twisters should grow faster Èhan Non Twisters in the "point source"

treatments so one t"î1"¿ probabilities were used for all analyses '

Results (see Tables 6.4-6.6) did not lead to rejection of the

hypothesis. Twisters l^/ere significantly larger than their Non

Twister counterparts at the conclusion of the "point source"

experiment (p. .001), buË there welre no significant differences in

length between matched pairs of Twisters and Non Twisters at the

commencement of any of the three treatments (p > 0.05)' nor at the

conclusion of the "ad lib" (p t 0.O5) or "spread evenlyrr(p > 0.05)

treatments, even th;r*""" ended at Èhe same time as their

equivalent rrpoint sourcerr treatments.

Data for the mortality of juvenile snails in the six replicates

of the "point source" treatment are in Table 6.7, and for adult

snails in the three replicates of the "point sourcerr treatment in

Table 6.8. Significanrly more adult (p < 0.05) and juvenile

(p.0.005) Non Twisters than T\¿isters died in this treatment,

therefore results are again in accordance with the prediction that

Non Twisters should die sooner than Twisters, when forced to comPete

for space to feed around a point source. None of the snails in any

of the "spread evenly" treatments died, só whilst comparisons on the

basis of the number of days elapsing before a sr-rail died cannot be

made between treatments, these results do suggest that Twisters do

not have a selective advantage comPared to Non Twisters when food is

in short supply, unless they have to compete for sPace to feed. In



TreatmenÈ
number

Before After

Twisters Non Twisters Twisters Non Twisters

L1

0.985

, 0. 975.

r.325
I .000

I .015

0.980."

0.975

L.325

I .000

1.115

L.T25

1.150

1 .065

0.930

1. 145

o.920

1.145

t.245
1 .330

0. 955

1.055

r.125
1.370

L.220

1.130

L.295

r,275

r.255
T.L25

1.315

1 .005

1.200

1. 355

1. 340

1 .085

1.060

1.105

1. 395

1.165

1.085

r.285
1.335

r.235
1.190

1.185

1 .030

t.270
1.310

L.345

r.o25

L2

L3

1.120

1.155

1.070

o.925
1. 145

0.920

1 .145

L.250

1.330

0.960

Table 6.4 Shell leng¡hs of juveníle snails ín Ëhe "ad lib" treatments

LL, L2 and L3 both before and afEer the experiment'

0-L,r;2,r6/xr/77-25/xrr/77;L3,r6/xr-/77-L8/xrr/77)'



Treatment
number

Before After

T!¡isters Non Tv¡isters Twisters Non Twisters

L4

L5

L6

0 .995

I .025

1 .085

1.175

o.925

o.945

1 .010

1.085

1. 140

L.240

1 .180

0.970

1.320

1. 300

0. 960

0.990

1 .030

1 .085

1.180

o.925

o.945

1 .015

1 .080

1.145

L.245

1. 180

0.975

L.325

1.310

0.965

1.105

L.235

r.245
t.230
t.205

1.180

I.215
I .315

r,220
1 .390

L.375

1.185

1 .345

1.395

I .095

1.115

r,255
I.265
1. 190

1.195

r.220

1 .065

I .300

1.315

r.295

L.260

1.120

1 .400

I.325
1.150

Table 6.4 (continued) Shell lengths of juvenile snails in the "ad lib"

treatmenEs L4, L5 and L6 both before and afÈer Ëhe experiment'

(r4, 30/}JI/77 - I2/]-l-./78i L5, 30lxIr/77 - 29/I/78; L6, nlTrlTB -

Ig/:.]-.Il7Ð. tlilcoxon matched-pairs signed-ranks ËesÈ for all treatmenËs:

Before, n=17, T=51, P>0'05
AfEer, n = 30, T = 274.5, z = 0.86, P > 0'05



TreaÈmenü
number

Before AfÈer

Tr4risters Non TwisÈers Twisters Non TwisÈers

L1

L2

L3

0. 985

0.975

L.325

1.000

1.015

L.LzO

1.145

I .065

0.925

1.150

0.920

1. 140

I.245
1. 330

0. 950

0. 985

o.975

L.325

1 .005

I .015

I.I2O
1.145

1 .065

0.930

1.155

0.920

1.140

r.245
1. 340

0.955

1 .020

I .000

I.325
I .055

I .060

1.195

1.200

1- 065

1 .040

1.195

o.925

r.160

1.280

1 .340

1 .040

1 .050

1.010

1 .340

L.025

1. 030

1.180

1.195

1.100

1.075

1.190

0.940

1. 145

I.285
1. 345

1 .090

Table 6.5 Shell lengths of juvenile snails in the "spread evenly"

treaÈments Ll, L2 and L3. Each replicate ran for the same time

as its equivalent ,ad lib" Èreatment (see Table 6 '4) '



Treatment
Number

Before

TwisEers Non Twisters

AfËer

Twis ters
Non

Twis Eers

L4

L5

L6

0 .995

L.025

1.085

1.175

0.925

0 .995

L.O25

1 .080

1.180

0.920

0. 950

1 .000

1.075

1.140

r.245

L.L75

o.975

1.320

1.315

0. 955

1 .005

I .085

1 .095

I .200

0 .960

I .005

I .035

1.105

r.245
L.250

1 .180

0.975

1.330

*BROKEN

0.990

1 .005

1 .050

1.r15
L.295

0.960

1 .000

1.080

I .090

1. 200
(

L.260

1.180

0.990

L.345

1.315

1.020

0 .945

I .010

I .080

1.140

r.245

1 .180

0.970

1.320

1.300

0.965

Tab1e6.5(continued)Shelllengthsofjuvenilesnailsinthe''spread
evenly" treatments L4, L5 and L6. Eacl-r replicate ran for the same time

as its equivalent "ad lib" treatment (see Table 6.4).

l,lilcoxon matched-pairs signed-ranks test for all Lreatments;

Before, n = 15 T = 50 P > 0'05

After, n=26 T=121'5 z=I'37 P>0'05

,t Tip of shell broken off, preventing shell length from being measured'



Treatment
number

Before AfÈer

Twisters Non Twisters Twisters Non TwisÈers

L1

L2

L3

0 .985

0.975

L.325

1 .000

1 .015

1.120

1.150

I .070

0.925

1.150

0.920

L.L45

r.245

1 .330

0.960

0.985

0.975

r.325
I .000

1 .020

L.T25

1.145

1.060

0. 930

1. 155

0.920

1.140

L.245

1.340

0.955

0.990

0.995

1 .390

1.150

r.190

I.220
L.250

t.r25
0. 980

r.250

0 .940

l.245
1.335

I .410

0. 980

1 .020

I .000

1.385

1 .055

1.180

1.180

r.220

1.110

1 .000

r.220

0.945

1.180

r.265

1 .340

0. 955

Table 6.6 Shell lengths of juvenile snails in the "point source"

treatmenÈs L1, L2 and L3. Each replicate ran for the same time

as its equivalent "ad 1ib" treatment (see Table 6.4) '



TreaÈmenË
number

Before After

Twisters Non Twisters Twisters Non Twisters

L4

L5

L6

0.995

1. 010

1 .080

1.175

0.925

o.945

1.010

I .080

1.140

L.250

1.180

0. 970

1.320

1 .300

0.965

0.995

1.015

1 .080

1.180

0.925

o.945

I .015

I .080

T.I45
r.245

1. 180

0.970

1.315

1.310

0.965

I .080

1 .085

1.145

1.210

0.950

1 .000

I .085

1.140

1.200

0.930

0. 950

1 .050

1.120

1.190

r.260

1.190

0. 990

r.325
1.310

0. 965

I .020

1 .045

T.L25

r.205
1.330

1.185

0 .985

I .330

1.355

0 .980

Table 6.6 (continued) Shell lengths of juvenile snails in the "point

sòurce" treatments L4, L5 and L6. Each replicate ran for the same

time as its equivalenÈ "ad lib" treatment (see Table 6.4). \{ilcoxon

matched-pairs signed-ranks Eest for all treatments:

Before, n = 16, T = 50, P > 0.05

After, n=29, T=59, z=3.43, P<0'001



Number of snails dying:

Twisters Non Twisters

Total dead: 4

(Number alive): 26

2 x 2 contingency table for independence be¡ween proportions of

Twisters and Non Tr¿isters dying , X? = 10.80, p < .005

Replicate
number

L1

L2

r3

L4

L5

L6

2

2

3

4

3

2

0

I

1

I

I

0

16

L4

Table 6.7 Numbers of juvenile Twisters and Non Twisters dying in

the "point sourcert treatments.



Repl ic ate
number

Number of snails dYing:

Twis ters Non Twisters

L7

L8

L9

Total:

(Number alive)

2 x 2 contingency table for independence beÈween proportion of

Twisters and Non TwisÈers dying' X? = 4'66, p < 0'05

2

2

2

o

I

0

6

9

I

L4

Table 6.8 Numbers of adult Twi.sters and Non Twisters dying in

the "point source" treaËments.
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this context it is also notable that there hras no significant

difference betr,¡een the number of days elapsing before either

Twisters or Non Tþisters died, when kept together without food

(see Section 5.4.2)

6.2.3.5 Displaceme-nts in laboratory trays

T[e numbers of Twisters and Non Twisters successfully joining an

aggregaËion of snails, and the numbers of Twisters and Non Twisters

displaced, are in Table 6.9.

As a nul1 hypothesis, the proportion of Twisters displaced from

an aggregaÈion should be the same as the proportion joining.

Therefore a 2 x 2 contingency tabl" *2 "o*narison 
for homogeneity was

performed on the data in Table 6.9. By inspection the proportion of

Twisters capable of joining an aggregation is much greater than the

proporÈion displaced, and these differed significarrtfy (Xl = 48.03,

p < .001). Observations of snails joining and being displaced from

aggregations revealed that the displaced snail was often several

snails distant from the one joining Èhe aggregation. Twisters' by

twisting, seemed better able to force their way in between snails

than Non Twisters. once an additional snail had entered an

aggregation, another was usually displaced within the next minuËe.

Atthough it would be interesting Ëo comPare the lengths of snails

displaced with those of snails joining aggregations, the observations

of displacements were made in laboratory trays in which there \"ras a

limited size range of snails and also different frequencies of small

and large snails in different replicates of the "point sourcerl

lreatment. Therefore the data in Table 6.9 have not been further

analysed. It is interesting to note that larger as well as smaller

snails were often displaced from aggregations, and that the size of

the displaced snail did not apPear to depend upon the size of the



Twisters

86

1.18

0. 128

38

1.13

0.149

Non Twisters

I4

L.20

0.143

61

I .07

Total

Snails observed
capable of
displacing
others

Snails
displaced

x

n

x

n

x

s

n

x

s x

100

99

0. 181

2 x 2 contingency table for independence '
2

X1 =48.03 p<.001

x mean length of snails in each category

: standard deviation

sample síze, and number in each category'

I

I

Table 6.9 The behaviour of 100 snails observed capable of displacing

oËhers from around point sources, and behavíour of. 99 snails displaced

(one of the snails displaced was not removed and scored for behaviour

or size).



snail entering the aggregation.

Èhat the snail displaced was often

one enËering the aggregation.

This is not surprising,

several snails removed

92.

cons idering

from Èhe

6 .2 .4 Dis cus s ion .

Results from the laboratory experiment did not lead to rejecEion

of the hypothesis that Twisters rvere better at competing for space to

feed than Non Twisters. Juvenile TwisËers grew significantly faster

than juvenile Non Twisters in the "point source" treatment but not

in the "gg !Þ', or "spread evenly'r lreatments. Also, signif icantly

less Twisters died than Non Twisters in Ëhe "point sourcerr treatment

and although no snails died in either of the other two treatments 
'

this difference in mortality is in accordance with the difference in

growth of Twisters and Non Twisters in the "point source" treatment-

Observations of snails forcing Eheir way into aggregations and

displacing other snails are also consistent with the hypothesis that

Twisters are better at competing for space to feed than Non Tvristers,

in that a significantly greater proportion of Twisters r¡/ere able to

enter aggregations than were displaced from aggregations.

Therefore, Ehese data clearly show that Twisters are better than

Non Twisters at competing for space to feed and that this significantly

affects their growth and mortality when food and space to feed are in

short supply.

These differences may result in Twisters having a selective

advantage over Non Twisters in such a situation, and may thus account

for Èhe observed correlation between the percentage of Twisters and

Lunger iu tratural populations. llowcvcr, thc differences in grovrth

and mortality between TwisÈers and Non Twisters have only been

demonstrated in the laboratorY.

These feeding experiments would have been virtually impossible to

carry out in the. field. However, from the hypothesis tested in the



laboraËory, and results of the laboratory experiments,

predictions can be made about populations of Nassarius

in different situations in the field.
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tes table

pauperatus

6.3 Predictions about populations of Nassarius Dauperatus in the field.

6.3.1 Introduction.

Two predictions from the hypothesis that Twisters were beÈter

than Non Twisters at competing for sPace to feed could be easily

tested by surveying dif ferent poPulations. These predictions \^/ere:

(a) That Non Twisters should be hungrier than Twisters in populations

in which food is in short supply and distributed as point

sources such Èhat competition for sPace to feed occurs '

conversely there should be no difference in hunger betv¡een

Twist.ers and Non Twisters when food is not in short supply, arldl

or noÈ distributed as point sources.

(b) In populations where Non TwisÈers are hungrier than Twisters,

juvenile Truisters should gro\^t at a fasËer rate than juvenile

Non Tr¿isters. Therefore, juvenile Twisters should be larger

than juvenile Non Twisters of the same year class. However,

this may not result in differences in size between adult Twisters

and Non TrvisËers since snails receiving less food than others

formaÈion, at

6 ) . ldhen

are able significantly to delay the onset of lip

rvhich time they cease growing (see Sectíon 3.4.2

there are no differences in hunger between T\¿isters and Non

Twisters, there should be no significant differences in shell

length between juvenile Twisters and Non Twisters of the same

year c1ass.
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6.3.2 Materials and Methods.

6 ,3.2.I Choice of populaÈions .

Two populaEions \¡¡ere required, each containing both Twisters and

Non Twisters and also a collectable proportion of juvenile snails.

In one there had to be evidence of a shortage of food and comPetition

for space to feed, buË not in the other. Also the number of snails

feeding when offered food needed to be an intermediate value betr.¡een

"a11 snails feeding" and "a11 snails noE feeding". I^lith these

considerations in mind, as !.Ie11 as the need for economy, populations

at PorË Clinton and Port Gawler were sampled. Both contained more

fhan L27. of each behavioural phenotype (see Table 3.24) more than

L57" of. each population were juvenile snails (raute ¡.6) and the

percentage of snails feeding \,/as not usually close to either zero or

100 percent (Table 3.2Ð. Snails at Port Gawler htere signif icantly

l'rungrier than those at Port Clinton on 9 ouË of 13 occasions during

lg77 (see Section 3 .4.Ð. Furthermore there was evidence of

competítion for space to feed at Port Gawler but not at Port Clinton

(see Tables 6.1 and 6.2), and the latter population \^/as the closest

to Adelaide in which there \^7as no evidence of competition for space

to feed around natural or artificial point sources of food.

6.3.2.2 Hunger and size of juvenile Twisters and Non TwisËers.

The usual method of estimating hunger, by offering snails

Katelvsia scalarina in the field (see Section 3'3'2) was used at

both locations. As soon as a snail commenced feeding it was removed

from the bait to ensure that there \^Ias always space available for

other snails to feed. After 15 minutes had elapsed, all snails

that had fed and all those that had not, \^/ere collecLed, placed in

separate polyurethane containers, and transported to the laboratory

where the snails in each grouP were marked with differently coloured
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spots of fingernail polish on their shells and placed in covered

trays of aeraÈed seawater at 19oC, without food. The behaviour

of all snails vras classified within the next 3 days (to minimise

growÈh of juveniles in the laboratory) ancl then the shell lengths of

all snails \Â/ere measured.

6.3.3 Results .

Results of offering KatelYsia scalarina to both adult and

juvenile Nassarius pauperatus at Port Gawler and PorË ClinËon are

in Table 6.10. There is no significant difference between the

proportions of either adult or juvenile Trvisters and Non Twisters

feeding at Port Clinton. However, at Port Gawler, a significantly

greaÈer proportion of both adult and juvenile Non Twisters, compared

to Twisters, fed when offered food, indicating Ehat Non Twisters are

significantly hungrier Èhan Twisters at Port Gawler.

The lengths of both juvenile and adult Twisters and Non Twisters

from Port Gawler and Port Clinton are in Tables 6.11 and 6.L2. The

she1l lengths of juvenile N. pauperatus did not aPPear to be

distributed normally (Srnittr Igl5, also my data) so a non parametric

Randomisation ¡est for use with large samples r^¡as used to comPare the

she1l lengths of juveniles. The proportion of adult TwisEers and

Non Twisters r¡/as previously found to be independent of sex aÈ Port

Gawler and Port Clinton, so the shell lengths of samples of Twisters

and Non Twisters containing both males and females were also

compared using a Randomisation test (Siegel, 1956). Considering

that iE \^/as postulated that Twisters would be larger tl-ran Non Twisters

in some samples, one tailed probabilities were used.

There \^rere no signif icant dif ferences in she11 length between

either adult or juvenile Twisters or Non Twisters at Port Clinton

(table 6 . 11) . However, both adult and juvenile Twisters l^Iere



Adults, Gawler

Feeding NoË Feeding

Twisters

Non Twisters

10

13

67

t4

X
2

I (contingency table) 14.35, p < 0.001

Adults, Clinton

Feeding NoÈ Feeding

Twi ste rs 8 2L

49Non Twisters 20

x? (contingency table) = 0.02, p > 0.05

Juveniles, Gawler

Feeding

Twisters 70

44

xf ("ontingency table) = 22.74, p < 0.001

Not Feeding

106

Non Twisters T4

Juveniles, Clinton

Feeding Not Feeding

TwisËers

Non Twisters

7

35

22

63

x? (contingency table) = 1.35, p > 0.05

Table 6.10 The number of adult and juvenile Twisters and Non Twisters,

either feeding or noE feeding when offered Ka-Eelysia scalarina at Port

Gawler and Port Clinton. Populations \,tere sampled on adjacent days,

during February 1978'



Port Gar¿ler

TwisÈers

T.L2

0. 143

295

t (randomisation test) = 4.24 p < 0.001
384

Non Twisters

x

sx

n

1.04

0. 135

9L

Port Clinton

Twisters Non TwisEers

x

s

n

x

I .14

0. 160

29

1.11

0.262

98

tfZS (randomisaËion test) = 0.59 p > 0.05

x

s

: mean,

: standard deviation,

: sample size

x

n

Table 6.11 She1l lengths of juvenile Twisters and Non Twisters of the

same year-class from Port Gawler and Port Clinton. Samples In/ere

collected on adjacent days, during Fe-bruary- i-97B'
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significantly larger than Non Twisters at PorÈ Gawler, as predicted

(rable 6.r2).

6.3.4 Discussion

These results which shor¿ that both juvenile and adult Non

TwisËers are significantly smaller than Twisters at Port Gawler

but not at Port Clinton, are in accordance with the hypothesis that

andfood and space to feed are only in short supply at Port Gawler

that Twisters are better than Non Twisters at competing for these

resources. At Port ClinËon there \^/as no evidence of competition

for space to feed, presumably because although carrion is distributed

as point sources there is sufficient available Lo Prevent sPace to

feed from being in short supply. However, at Port Gawler (v¡here

snails are significantly hungrier than at Port Clinton) there is also

evidence of compeÈition for space to feed. Therefore, Port Gawler

appears to be equivalenÈ to a'rpoint sourcerr and Port Clinton an

"rd 1Þ" situation, although this categorisation is undoubtedly a

simplification, since in reality the amount of competition for space

to feed should vary continuoìsly, between the case where there is

always conpetition for space to feed, and that where there is never

competition for space to feed. Port Gawler and Port Clinton are

only two points on this continuum and their relative positions no

doubt vary seasonally as their relative indices of hunger change

(see Table 3.21) .

Also, the intensity of competition for space to feed is not

necessarily a function of hunger. It is possible to envisage a

hungry populacion in which food is not distributed as point sources,

or a population at such low density that even though food is available

as point sources and snails are extremely hungry, there is not

compet.ition for space to feed. Nevertheless, in most populations



Port Gawler

Tr¿isters Non Twisters

x 1 .33

0 .097

L69

L.29

0.137

42

sx

n

F(4r, tog)

t(zog)

= 2.00 p<0.001

(randomisaÈion test, one tailed) = 2.I9, .01 < P < '05

Port Clinton

Trvi ste rs

L.46

0.143

56

= 1.40, p > 0.05

(randomisation test' one tailed)

Non Twisters

x

sx

n

1.48

0.121

158

I.24, p > 0.05

F (55,157)

t (ztz)

x

s

: mean,

: standard deviation,

: sample size

x

n

Table 6.12 Shell lengths of adult Tr¿isters and Non Twisters from

Port Gawler and Port, Clinton.
during February 1978.

Populations sampled on adjacent days



97

conÈaining relatively hungry snails it is likely that there r¿ill be

competition for sPace to feed since !gryIi""- pauperatus has the abilitY

to locate food on the sandflat in resPonse to chemical cues from a

distance of up to several metres, making the occurrence of

aggregations in which some snails cannot feed possible over a wide

range of population densities. Furthermore, in populations where

snails are not hungry there should not be competition for space to

feed, whatever Èhe disEribution of food'

As a result there may be a correlation betr¿een hunger and the

intensity of competition for space to feed in the populations of N

pauperatus studied. It has previously been postulated that

differences in the abiliEy of TwisËers and Non Twisters to comPete

for space to feed will result in Twisters having a selective advantage

over Non Twisters when food is in short supply and space to feed is

limited (Section 6.2.Ð. If so, this may account for the correlation

observed between the percentage of Twisters and hunger'

The above argument aPPears contradictory to the previous findíng

thar egg production bY N , pauperatus per breeding seasonr \¡/as inversely

related to food availability (Section 4.2). It could be argued that

if Non Twisters are hungrier than Twisters at Port Gawler Ehen they

will produce more eggs than Twisters and Ëhis may overcome any

selective advantage related to growth and mortality that Twisters may

have compared to Non Twisters. However, the difference in she1l

length between adult Twisters and Non Twisters at PorÈ Gawler is small

compared to that between snails from locations where egg production

differs. greatly (compare stansbury with sultana Point and then

coobowie in Table 1, Appendix 3 with the clifference between adult

Twisters and Non Twisters from Port Gawler in Table 6.12). Also,

considering curreût theories about semelparous and iteroparous

reproductive patterns (Appendix 3) it is likely that egg production
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6.4

will not be linearly related to hunger, but instead will suddenly

increase once hunger exceeds a certain value. Therefore, although

I did noÈ compare relative egg producÈion in a low food situaËion

where there was competition for space to feed, it is postulated that

this is similar for Twisters and Non Twisters.

It is unlikely that a shortage of food and sPace to feed is the

only selective pressure acting upon Twisters and Non Twisters. An

hypothesis relating to the relative conspicuousness of Twisters and

Non TwisÈers is described below.

The third hypothesis; that TwisËers are more conspicuous to predators

than Non Twisters.

6.4.I Introduction.

l^Ihilst collecting snails on the sandf lat I postulated that

Twisters, because they tv¡isted, might be more conspicuous to predators

which relied upon visual location of Prey. It was not knovm if

Nassarius pauperatus had any predators, but rather than trying to

establish the identity of these I went ahead with experiments

designed to test whether there r¡ere differences in the proportion of

Twisters and Non Trvisters removed from open enclosures in Ëhe field'

6,4 .2 Materials and Methods .

The design of the predation experiment consisted of the

following Ëv/o treatments :

(a) ttopen" : Open cage, predators not excluded'

(b) "Excludecl" : Open cage, but v¡ith canopy Èo exclude PredaÈors.

Cage frames of dimensions 60 x 60 x 16 cm v/ere constructed (as

described previously in Section 5.3 ) of welded steel rod v¡hich was

then dipped in zínc. cages r¡/ere covered on all sides but for one

60 x 60 cm pane1, (which became the open top when the cage was in
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position) with fibreglass coated zinc mesh of hole size 2 mm x 2 nno.

To prevent snails leaving, or any animals entering the open cages

by crawling up the sides, Èhe top edge of the cage \¡/as surrounded

by a double sided fringe of fibreglass covered mesh which had been

frayed so that wires exÈended 5 cm outwards (see Figure 6.1).

Trials in the laboratory showed that such a fringe was effective at

preventing N pauperatus from leaving a container, even though food

was available outside the container.

To exclude predators from "excluded" treatments a square B0 x 80

cm mesh canopy rnras suspended over, but not Ëouching the top of the

above cages. The canoPy \,¡as aPProximately 3.0 cm above the

fringed edge of the top of the cage, and \n/as secured by its corners

to four jarrah-wood stakes (see Figure 6.1). Therefore, both

treatments r¡/ere identical , excePt that one had a canoPy suspended

over it, which was designed to reduce predation, but should not

affect the probabiliÈy of snails leaving the cage of their own

accord. Cages r¿ere buried 4 cm into the substratum, and fi11ed by

straining substratum through the mesh sides.

Snails were offered ad lib Katelysia scalarina every time the

cages were visited, Ten snails, being 5 pairs of a Twister and

Non Twister matched for shell length to within 0.0I5 cm \^rere added

to each cage. ExperimenËs were run at both Port Gawler and Port

Cliriton, commencing in May 1978 and ran until August 1978. Cages

were visited every month or less and the number of snails Per cage

were counted. Two replicates of each treatment Iùere run at each

locaÈion.

6 .4 .3 Resul ts .

In all the time cages were in

disappeared from any of either the

the field no snails either died or

ttopen" or the ttexcludedt'
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fi6u¡s 6.1 Cage t¡pes used to test the third. h¡rpothesis.
(a) "Excluded'rtreat¡rent: Open top¡reci ca6e of ùimeneions

6O x 6O x 16 cu¡ deep, anchored to tl¡e substrutu{o with four
jarrah-'rood stakes with an BO x BO c¡n ca,nopy of fibreglass
coated zinc mesh suspended over, but not touctring, t'tre open

top. (U) ueteil of the fringe containing sneils wittrin the

cags, frcm above; see text for d.etails.
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replicates. Cages of the "open" replicaEes frequently became

clogged with Ulva species which often had covered the snails to a

maximum thickness of about 3.0 crn. Therefore, even if there had

been predators of Nassarigs PauPeraËus present they may not have

seen, or been able to reach, the snails in the "opetl" treatments.

6 .4 .4 Dí scus s ion .

This experimenÈ did not adequately test the hypothesis thaE

Twisters may be more conspicuous to visual Predators than Non

Twisters and hence have an associated selecÈive disadvantage.

Because there was little additional time available, the hypothesis

rias not tested furÈher, and experiment,s h/ere discontínued.
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7. Discussion.

7.I Behavioural differences beEween populations of Nassarirrs pauperatus,

considering Ëhe selective advantage of being a Twister when food and

space to feed are in short supply.

This study has described differences in Èhe frequency of

individuals having a behavioural phenotyPe defined as being a

I'Twister", between naËural populations of the marlne snail Nassarius

pauperatus in South Australia. Being a TwisÈer was found to be

constant in individuals (see Sectíon 2.3.4) and results from

breeding experiments, although scanty (Sectl'-on 4.I.4 ), did suggest

thaÈ being a Twister r¡/as heritable. Twisters \4/ere found to be

better than Non Twister.s at competing for space to feed when this and

food r¿ere in short supply in the laboratory, and there was evidence

that these selecÈive pressures tllere also operating in the field

(Section 6.3.4). The following discussion, therefore, is based on

the conclusion that the dif ference betl^reen Twisters and Non Twisters

is not selectively neutral.

If the lack of food and of space to feed \,üere the only selective

pressures acËing upon natural populations it would be expected that

eventually most of the snails in these populations would be Twisters.

There are t\^Io alternative explanations for the Present situation.

Firstly, the polymorphism may be transient; the frequency of Twisters

may indeed be proceeding fo fixation and the differences bctween

popularions containing Twisters may be a result of differences in the

intensity of selecÈion for Twisters. Secondly, the polymorphism

may be a balanced one; there may be other selective pressures

acting upon Twisters and Non Twisters such that the observed

frequencies of T\¿isters in the populations studied are stable and

maintained by differe-nt intensities of opposing selective pressures
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(Dobzhansky, l970).

One possible disadvantage of being a Twister \^/as Postulated, but

Ì,ras not tesEed adequately (Section 6.4), and iE is quite possible

that there are several selectíve pressures acting upon Twisters and

Non Twisters. During the three years of this study there \^/ere no

noÈiceable trends in the frequency of Twisters in several populations

sampled (Section 3.5.1), but this period may not have been long enough

to detect a change.

7.2 Recruitment of Nassarius pauperatus in South Australia; An hypothesis

In Section 3.5.1 it was described how the size of adult Nassarius

Þauperatus , hunger and the proportion of juvenile snails remained

similar within all locations sampled more than once during the three

years of this sEudy.* Although not essenEial, this apparent constancy

makes more plausible the explanation developed here for differences

in the frequency of Tv¡isters beiween populaÈions. It merits brief

discussion because it is an unusual observation.

Other studies have found that there are often great fluctrrations

in recruitment of benthic marine invertebrates at the same location

(".g. Loosanoff, 1964, Lg66; Bowman and Lewis, 1917). One example

is a congener of the species studied here, namely Nassarius

(Scheltema, 1964).

obsoletus

It was noticed whilsE collecting N pauperatus that hungrY,

relatively dense populations, having a relatively high proportion of

juvenile snails, r¡¡ere found on very sheltered sandflaËs with many

pools of standing v/ater at low tide within the zone in which N.

* I attempEed to obta
Nassarius pauperatus
Australian I'luseum.
had been collected du
"Gulf st vincent", th
specifically.

in more data for the she11 length of adult
by examining collections held in the South
However, although large numbers of adult sl-rells
ring the early part of this century in the
ese collections \ùere not labelled any more
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pauperatus occurred, and that this zone was relatively wide

Conversely, populations of less hungry N pauperatus, at relative Iy

low density, and with a lower proportion of juveniles, v/ere found on

steeply sloping beaches which often completely lacked intertidal

pools in the zone where N pauperatus vrere found, which was usually

relatively narrow. These qualitative observations are summarised

in Appendix 4.

From the above observations it is postulated that the mosÈ

important factor affecting the recruiËment of Nassarius pauperatus

in South Australia is the morphology of the shore at each location,

rather Ehan less predictable variables such as weather or larval

availability. There are many possible mechanisms r¡l-rich may explain

the importance of shore morphology. For example, larvae may

selectively settle in response to sediments characteristic of certain

locations, or to chemical stimuli from metamorphosed N. pauperatus,

or the mortality of postlarvae may simply be higher upon steeply

sloping shores. Scheltema (1961) found that Nassarius obsoletus,

primarily a deposit feeder having a crystalline style, but also a

scavenger of carrion, metamorphosed in response to particular

substrata. In contrast, Nassarius vibexr. which is only a carrion

feeder, did not. Nassarius pauperatus is an omnivore, does not

ingest noticeable quantities of detriEus, and lacks a crystalline

st.yle. The subsEratum preferences of larvae that vrere comPetent

to rrtetaurorphose Ì^/ere not investigated. l^Ihatever the cause of these

differences in recruitment, the situation is interesting since the

population density of juvenile snails was signifícantly correlated

with hunger (Section 3.5.1), and by inspection of Appendix 4,

locations with a Trigh proportion of juveniles also contained hungry

snails.
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Therefore I postulate that certain features of shore morphology

result in a high density of N. pauperatus larvae either settling or

subsequently surviving per area of sandflat. This results in there

being a high population d"rrrìty and proportion of juvenile snails aE

such locations, causing food for N pauperatus to be in short supply.

Such a siÈuation may appear paradoxical, since it might be

expected that there would be selection for larvae to setÈle at

locations where food for juveniles and adults is less likely to be in

short supply. However, I propose that in such locations (i.e. on

steeply sloping drained shores) either larvae cannot settle, or their

subsequent survival is so low (due possibly Eo physical factors)

that this far outvreighs any selective advantage conferred by having

adequaEe food following metamorphosis. It is obvious that this

siÈuation would repay further investigation, which could coflìInence

with a study of the substratum preference in metamorphically competent

N. pauperatus larvae.

7.3 Conclusion,

Of the other studies of differences in behaviour between

populations of the same species, only those of }fcPhail (1969) and

Seghers (Lg74a) have tested hypotheses about the functional advantages

of different behavioural phenotypes.

This study of variation in behaviour between populations of

Nassarius p¿ruperaLus dif fered from tl-rose of If cPhail and Seghers in

that the behaviour of being a Twister vras well defined and the

frequency of individuals showing this behaviour Þ¡as measured in

several populations. In contrast, both Seghers and McPhail

described differences in behaviour in terms of populations, and made

no attempt to estimate the frequency of individuals having a

particular behaviour in each population (..g. Seghers described



105

schooling behaviour of populations in categories ranging from

"v¡e11 developed" to "absent"). This difference is unimportant

except thar it illustrates how differences in behaviour often

cannot be defined with srrch irecision as can morphological

characters, presumably because patËerns of behaviour are usually

more complex and have great inherent variability.

This study of twisting in Nassarius pauperatus supports the

suggesËion by Seghers (1974b), that differences in behaviour may be

more subtle, and more difficult to work with, than morphological

traits. Twisting was initially observed by chance in laboratory

trays, and it is extremely unlikely the crucial observation that

being a TwisËer appeared to be constant in individuals would have

been made in t.he field, since it required several observations of

the same individual initiating contact with others. The behavioural

phenotypes \^rere also inherently more dif ficult to experiment with.

Individual snails had to be observed contacting others, be marked,

and then their subsequent behaviour observed, unlike differences in

morphology which are often readily apparent.

In terms of assessing whether these differences in the frequency

of a behavioural polymorphism were a result of selection or simply

stochastic factors, thís study has provided evidence that these

differences can be accounted for at least partly by selection in

favour of TwisEers; Ëhe possible selective pressures against Twisters

were not sufficiently investigated. Tinbergen (1965) has stressed

that even though the function of a behaviour is not readily apparenE,

it cannot thus be presumed Èo be selectively neutral, and also

emphasised the need for studies wherein hypotheses are proposed from

observaÈions of behaviour, and then Ëested. This study illustrates

the success of such an approach.
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Apart from providing rather limited informaÈion abouË the

selecËive value of a particular difference in behaviour' t\üo

somewhat unrelaËed hypotheses htere proposed from this study.

These r¡rere, firstly, thaE thê relative fccruitncnt by

some species of benthic maríne invertebrat.es may be predictable,

given shore morphology (Section 7,2 and Appendix 4) and, secondly,

that the flexibiliËy of reproductive pattern is correlated htith

dispersive ability (Appendix 3). These two hypotheses emphasise

how little is yet known about the ecology of benthic marine

invertebrates.
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8. Appendices.

Appendix 1. Keeping Nassarius pauperatus in the laboratory.

During all laboratory experiments and whíle they were being

prepared for experiment.al treatment.s in the fie1d, all Nassarius

pauperatus \,¡ere kept in rectangular polystyrene trays, dimensions

32 x 54 x 12 cm deep, which were filled \^rith aerated seav/ater of various

depÈhs, as specified in each experiment. Trays l^tere covered with a

transparent sheet of plastic sewn on to a rigid iron or \,Iooden frame,

dimensions 38 x 62 cm, Eo reduce evaporation and to prevent snails from

escaping.

SeawaLer was replaced every 14 days, or sooner if required.

The temperature of waÈer in trays only usually varied within t O.5oC of

the set Eemperature, even though the air temperaÈure in the constant

temperature roon oscillate ð. + 20C around the set temperature every 15

minutes.

Illumination was provided either by a bank of six, 40 watt

"Gro-Lux" fluorescent Eubes positioned 1 metre above the tray tops, or

by natural daylight.

Both adult and juvenile N. pauperatus v/ere maintained for over

a ye.ar upon diets of eiËher Katelysia scalarina flesh (minus the algae-

filled gut which tended to make the water cloudy and foul smelling), or

a flagellate alga which N pauperatus $/as known Ëo feed upon (see

Appendix 2). I,trashing K. scalarina in either seawater or tap\.r7ater before

feeding and removing any that remained uneaten after 30 minutes greaEly

reduced the incidence and intensity of fouling of seawater.

of N. pauperatus in the laboraËory aPpeared to resultDeaths

from starvation or from being kept in fouled sea\'r'ater.
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Appendíx 2. A technique for the isolaËion of microscopic algae

suitable for feeding Eo specific invertebrate larvae.
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Appendix 3. *Ìfodification of egg production and packaging in response

to food availability by Nassarius pauperatus.

Similar material is currently in press: McKillup and Butler

(1979) oecologia.
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Introduction

1Several models of life history patterns related to differences

in Èhe environment of a species have been proposed (see Stearns, 1976) .

One prediction from some of these models is that in environments in which

the probability of an adult surviving from one breeding season to the next

is low there will be selection for a single massive reproductive efforE,

even though this results in the deaËh of the reproducing individual

(semelparity). Conversely, when the probability of adult survival is high,

there ¡¿ill be selection for individuals that breed more Ëhan once and

produce a smaller number of offspring per breeding season (iteroparity).

These predictions have been derived from the assumption ttraË the

advantage of producing more offspring at any one time is countered by an

increasing probability of dying before reproducing again during the next

breeding season because of the energetic cost of reproduction (Williams,

1966; Gadgil and BosserË, 1970). Similar theoreEical models also

predict that semelparity will be selected for r^¡hen Èhe probability of

adult. survival is 1ow compared to that of juveniles, and vice versa

1rn ah" literature variables such as the number of offspring produced per
reproductive season, the number of clutches, litters etc. per reproducEive
season and the number of reproductive periods per lifetime have been
called "life history parameters" (Haukioja and Hakala, 1978) "life history
characteristics" (Dearn, L977) or, taken as a ser, the "reproductive
strategy" (Demetrius, I975), "1ife history strategy'r or "1ife history
tactics'r (stearns, 1976) or simply "life history" (Schaffer and E1son,
L975). The terms "tactics" and "strategies" are unlikely to be strictly
correcE for most organisms (Fowler and Fowler, 1964, pp. I273,1317) and
I see no need for their use as a metaphor. "Parameter" has a strict

meaning in mathematical sEatistics (".g. Zar, 1974, p. 17) and its use
for what must almost always be considered as variates is confusing.
"Life history" or "life cycle" traditionally includes more than just the
distribution of reproductive ef fort (e.g. Kennedy , 1975). InIe need a
simple term for that set of variables which describes how reproductive
effort is distributed physically amd temporally. In this paper I shall
call it the "reproductive pattern" or when the meaning is clear, simply
ttpatterntt.
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Thus

adult survival
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These predictions are supporÈed by

cost associaËed with reproducing (Stearns,

r973) .

a real

in harsh environments (..g. where a resource essential to

is in very short supply) Èhe probability of an adult female

surviving to reproduce more

semelparity. Conversely,

than once is slight. This should select for

in less harsh environments (..g. when the same

resource is not in such short supply) the probability of an individual

surviving to reproduce again is high, provided that the effort expended

upon reproducing does not endanger tl're individualts innnediate chances of

survival, hence selecting for iteroparity. Studies of variation in

reproducËive patterns beLween populations in íncreasingly harsh environ-

ments have tended to confirm these predictions (..g. Dearn, 1977; Spencer

and Steinhoff, 1968).

All models of life histories assume that they are heritable and

a"therefore capable of being naturally selected. Most also assume constancy

of the environment and exceptions (see Stearns, 1976) do not include the

case where different successive generations encounter different

environments. Many plant and animal species have developmental stages

which are capable of being dispersed widely and therefore different

successive generations of a species may encounter environments in which

different life histories are advantageous. Evolution in these

circumsÈances should produce individuals with not one particular life

history pattern but a repertoire of different patterns which they are

capable of adopring in response to different environments '

The whelk Nassarius pauperatus (Lamarck) is common on intertidal

sandflats in both SouÈh Australian Gulfs (see Figure3.l). This iteroparous

species has a larval stage which is planktonic for a minimum oÍ. 2I days at

260c. Populations of N. pauperatus occurring less than 10 kilometres

apart were found to differ- significantly in the amount of food available
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to them. I present data showing that different reproductive patterns

are evident in these different populations and also Ehat individuals from

the same population are capable of displaying different reproductive

patterns in different environments.

Materials and Methods.

1. Population densities, size and sex of adults.

Populations of Nassalius pauperatus vrere surveyed from Coffin Bay

to Robe, South Australia (Figure 3.1) and it was observed that differences

in population density, food availability and the size of adult N.

pauperatus !üere common between location (Chapter 3).

Three populations;' at Stansbury, Coobowie ("Bag l,lashrr on SalE

Creek Bay) and between Edithburgh and Sultana Point (see Figure 3.1) were

chosen for this sÈudy because as well as Ehe abovementioned differences

between them, they were also near to each other and easily accessible

making it possible to sample all three on the same day. These three

populations will henceforth be referred to as "Stansbury", "Coobowie"

and "Sultana Point".

Between 100 and 125 adult Nassarius pauperatus \^/ere collected

from each population on the same day and their she1l lengths measured

in cm wittr NSt< vernier calipers Èo the nearest 0.005 cm. Each snail was

sexed by observing the underside of its fooÈ as it moved up the side of

a glass beaker of seawater. Adult male N pauperatus have a penis and

adult females a pedal gland opening (Smittr, 1975), tl-re latter of which

could thus be observed. Sr-rails lacking a pedal gland opening were

assumed to be males and later dissection of individuals with and withouE

pedal gland openings confirmed the reliability of this method of sexing.
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Population densities r¡rere esËimated by taking 25 random 60 x 60

cm quadrat samples at each of the three locations. The quadrat used had

a 5 cm lip which was pushed 3.5 cm down into the substratum. This

prevenÈed any N. pauperatus from entering or leaving the sample area while

iË was being searched. N . pauperatus r^rere never found any deeper than

3.0 cm in the subsÈratum so this \^ras searched to the depth of the quadraÈ.

2. Estimation of relative food availability betr¿een populations.

Nassarius pauperatus is omnivorous, feeding on both plant material

(see Appendices 1 and 2) ar.d animal carrion. However, sampling the

sandflat for the densicy of carrion and various types of algae was not

considered to be a valid estimation of the amount of food avai-lable to

N. pauperatus, since carrion is rapidly scavenged by other species as well

as N. pauperatus and also it was not known which species of algae were

actually eaten, nor their food va1ue.

Instead, an attempt was made to comPare how hungry samples of

N. pauperatus were from each location. A random sample of 100 N.

pauperatus \,üere collected from each of the three populations on the same

day. These $/ere arranged in a ring of 14 cm diameter on a 60 x 60 cm

sheet of fibreglass mesh (hole síze 2 mm x 2 mm), which was laid on top

of the sandflat at each location. A living bivalve (ratelysía scalarina

Lamarck) was forced open and placed in the centre of the ring and the

number of snails feeding during the next 15 minutes recorded. Previous

trials had shown firstly that all the snails that fed during the first

hour commenced within the first 10 minutes, secondly that the number of

snails feeding was correlat.ed with the amount of time they had been

deprived of food in the laboratory and that this was independent of síze,

age or sex of individuals, and finally, that N. Pauperatus do not display
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a Preference for K. scalarina compared to algae they are known to feed on

(see Section 3.5.2). Therefore, the offering of food in the field

appeared to be a reliable comparative estimate of how hungry individuals

in different populations v¡ere, rrrd h.n". of relative food availability.

3. Comparison of egg production between populaÈions.

From late April (Autumn) adult Nassarius pauperatus can be

induced to breed prior to their usual breeding period in late October-

November (Spring) by raising the temperaÈure (Srnith , 1975). Twenty male

and 60 female adult \. pauperatus were collected from each location

(Stansbury, Coobowie and Sultana Point) during May 1977 a¡d again during

October L977 . All samples hlere brought back to Èhe laboratory on the same

day and kept without food in polystyrene trays, dimensions 54 x 32 x L2 cm

containing 4 cm depth of aerated seawater, at 20oC with photoperiod

adjusted daily to current day length. The numbers of egg capsules

produced per day v/ere counted until egg producËion ceased and an estimate

of the average number of eggs produced per capsule in each group was made

by count.ing the number of eggs per capsule in a maximum of 45 capsules, or

all capsules if less than 40.

Comparisons of egg production and average adult size of groups r+iËh

high and low food availability.

Two groups, each consisting of. 25 j uvenile Nassarius pauperatus

were chosen from a larger sample collected from Port Gawler, South

Australia (a suitable source of large numbers of juveniles, near to

Adelaide) during November L977. These juveniles had settled during

November-December 1976 and ranged in size from 0.980 cm Ëo 1.295 cm.

4
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Each snail in one group was matched for shell length to within

.015 cn of its counterparE in the other group. IÈ was not possible to

match the snails for sex since sexual differences rùere not apparent unËil

after individuals matured. MatÀed pairs r¡ere numbered from I to 25,

r¿ith a black "8a11 Pentel Extra Fine R56" pen on their shells and the

number was then covered r¡ith clear fingernail polish to protect it. One

group was then designat.ed "high food" and the other "low food" and these

were marked distinctively with spots of differently coloured fingernail

polish on their shells.

Both groups \^rere kept together in the same tray of aerated

sea\n/ater at 20oC with a "long day" (16L:BD) photoperiod, and otherwise

as described previously. The high food group r^ras separated and offered

ad lib frozen Katelysia scalarina eve ry day and the low food group \^/as

offered ad lib K. scalarina every 14 days. Different frequencies of

such feeding "pulses" have been shown to simulate different levels of food

availability to other molluscs (Ca1ow, L973; Moriarty, 1978). The only

interruptions to this feeding regime occurred when the feeder r^ras away on

fieldwork and this only happened on seven occasions, none of which exceeded

14 days. However, on one of these, five individuals in the high food

group, and one in the 1ow food group died.

Once N. pauperatus become sexually mature they develop a lip on

their shell and cease growing. As soon as the first individual showed

signs of becoming mature the high and low food groups \¡rere transferred to

separate trays to enable egg production to be quantified without error.

Egg producËion commenced in both groups afEer all members showed signs of

forming lips on their shells.

Considering that some groups produced less egg capsules than

there were females (see Table 3), variation in egg production between

populations may be a result of different proporti.ons of females actually
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laying eggs rather than variation in egg production per female.

Consequently snails in both the high and low food treatments were watched,

and the numbers of all those laying eggs \Àtere recorded. The numbers of

egg capsules produced per day were counted by marking Ehe locations of

ner^/ egg capsules with a chinagraph pencil, until egg production ceased.

The average number of eggs per capsule produced per group was estimaÈed

by counting the number of eggs per capsule in 40 randomly selected capsules

from each group, and Èhe lengths and widths of Ehese capsules measured in

microns using an ocular micrometer attached Eo an Olympus monocular

microscope at 100x magnification. The diameÈers of all eggs r¡Iere usually

uniform within each capsule, so the diameter of one egg from each of the

above capsules was also measured, in microns.

Cannibalism of egg capsules was frequenÈly observed in the lov¡

food treatment and this was estimaEed in both treatments by counting the

number of egg capsules that survived intact until the developing larvae

could be clearly distingui-shed within them. Ihis rnethod under-estimated

the degree of cannibalism, but was the only one possible since hatching

of larvae would have confounded estimates made later in larval develoPment.

Once egg producÈion had ceased, the snails in both groups v/ere sexed and

their shel1 lengths measu::ed, by the methods previously described.

Results.

1. Population densities, size and sex of adults.

Results appear in Table

hetelogeneous between locations

To simplify comparison of she1l

locaLions, values were randomly

and Coobowie so that a two q¡ay

1. The sex ratio r{as not significantly

(contingency table: Xl= 3.0+, p > .05).

lengths of males and females betr¿een

removed from the data from Sultana Point

analysis of variance with unequal but



Table 1. Shell lengths of males and females, sex ratios and population

2densiÈies per 3600 cm for Nassarius pauperatus at Stans bury,

Coobowie and Sultana Point.

Population

Stansbury Coobowie SulËana Point

Shell length (cm)

Males

;

x

Sex ratio

Males

Females

Population density
(adults + juveniles)

;

x

n

sx

n

r.62

o.092

24

1.55

o.127

68

0.800

0 .87

25

t.43

0. 091

24

r.28

0. 152

68

86

8 .600

3.33

25

1 .55

0 .098

24

1.48

0.109

68

25

78

1.200

t.r2

25

Females

;

s

n 68

2432

sÈandard deviation, n sample size
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proportional sample sizes could be performed (Sokal and Roh1f, 1969).

This analysis showed that she1l length varied significantly

betr¿een locations (r, 
,r^ = 61.27 , p < .00f ) and between sexes (r I ,r7I

= 18.68, p < .001) but that therå *"" no significant interaction between

location and sex (rr,rr.- = 1.13, p ) .05).

Comparison between the mean shell lengths of males and females

at each location using a Ë test, showed that males \^¡ere significantly

larger (p < .05) Ehen females at all locations. Also a SNK comparison

of mean shell lengths between locaEions, for males and females separately,

showed significant differences between all locations (p < 0.05) in each

case. By inspection it can be seen that for both sexes snails at

Stansbury are largesË and those at Coobowie smallesË. Population density

estimaLes were also found to differ significantly between locations (one-

way analysis of variancet F2,72 = 110.60, p < .001). By inspection it

is clear thaÈ this significant result is due to Ehe population density at

Coobowie being much greater than at either Stansbury or Sultana Point.

2. EstirnaËion of relative food availabilíty between populations.

The numbers of Nassarrus pauperafus feeding or not feeding when

offered Katelysia scalarina appear in Table 2. The proportion of snails

feeding is significantly different between locations (3 x Z contingency
,)

table' x; = 108.31, p < .001) and this is because the proportion of

snails feeding differ significantly between Coobowie and Stansbury

'))(rí = 79.34, p < .001) and between Coobowie and Sultana Point (*i 56.11,

p < .001) but not between Sultana Point and Stansbury ( X2, = 4.12, p > .05).

Therefore, I conclude that N. pauperatus are sagnificantly hungrier: at

Coobowie than at Stansbury or Sultana Point and this agrees well with the

data for shell lengths of adults in Table 1. (tt may be noEed that the

non-significant difference in "hunger" between Sultana Point and Stansbury



Table 2. Number of Nassarius pauperatus feeding out of, 100 when

offered Katelysia scalarina at Stansbury, Coobowie and

Sultana Point.

Population

Coobowie

Feeding

Not feeding

Stansbury

97

62

38

3

Sultana PoinÈ

11

89



118.

accords Í¡ith the significant difference in she11 length between those

locations).

3. Comparison of egg production beËween populations.

ResulLs for Nassarius pauperatus collected in the field from

each population during Ì'Lay 1977 and October I9l7 appear in Table 3. 99"/"

confidence limits for the mean eggs per capsule were calculated in the

usual $ray assuming normality. For Ëhe total number of eggs produced a

standard deviation \^/as estimated by multiplying the standard deviation

of eggs per capsule by the number of capsules. The confidence intervals

show that there are no significant differences between mean eggs Per

capsule or total eggs produced on either occasion between Stansbury and

Sultana Point. However, resulËs from Coobowie differ from the above

locations on both dates. Snails from Coobowie produced significantly

more eggs and significancly less eggs Per capsule than those from

Stansbury or Sultana PoinÈ.

4. Food availability and egg production

Results from the laboratory experiment are shov¡n in Table 4.

A t test comparison showed that the mean number of eggs per capsule rvas

significantly lower in the low food treatment than in the high food one

(a7B = 14.34, p < .001). The mean number of eggs produced per female

was much higher in the low food than in the high food treatment, and the

99% conf.ídence intervals do not overlap.

Most of the females in each treatment were observed mating and

all were seen laying eggs. This result suggests that differences in

egg producËion in the field are not caused by differences in the

proportions of females reproducing.



Table 3. Total egg capsules, mean eggs per capsule and estimated total

number of eggs produced, with 997" confídence intervals, from

60 females and 40 males from Stansbury, Coobowie and Sultana

Point during May and October L977.

(L) t"lay 1977

Total capsules

Eggs per capsule

;

Stansbury

28.03

37 .29

4.54

t4

33.64-40 .94

522

470 .9-57 3 .2

Population

Coobor¿ie

267

13. 00

4.6s

40

11.01-14.99

Sultana Point

4s

29.27

4.83

45

27 .33-3r.2L

40

s 3.94

40

26.34-29 .72

TT2T 3473.67 13L7

1053.6-1188.8 2939.30-4002.33 1229.9-1404.4

I4 108 15

x

n

997" C.r.

Estimated total
eggs produced
(or total eggs
produced )

99"/" C.I. for
total eggs*

(z) ocro¡er 1977

Total capsules

Eggs per capsule

;

x

n

997" C.r.

Estimated total
eggs produced

99"/" C.I. for
total eggs*

s

24.55 36.73

4.64

15

5 .03

40

24 .2L-24 . 89 33.49-39 .97

265r.40 551

2426 .8-287 6 .0 502 .35-599 .59

i t ,n."rr. 
",X standard deviation, n : sample srze

*This estima-te ignores variability associated wi-th the total capsules, of
which I have no estimate.



Table 4. Total capsules, mean eggs per capsule, estimated t.otal eggs,

mean eggs per female and egg and egg caPsule dimensions for

high and low food treatments.

TreatmenÈ

Total capsules

Number of females

Capsules per females

Eggs per capsule:

;

(n)

Eggs per female:

;

s* (est)

997. c.r.

Egg diameter (in Um):

;

/ (n)

Capsule dimensions
(in um)

length

;

width

(n)

High food

130

16

8.13

27 .O8

3.49

40

220.t6

28.37

208.44-231.88

r43.25

4.5t

40

1078.03

44.L7

904.75

28.93

40

Low food

437

19

23

15.33

3. B3

40

352.59

88.09

316.55-388.63

r47 .20

5.04

40

1067.18

87 .76

9L6.67

63. 51

40

sx

sx

s x

x

s x

x : mean, s : standard deviation, n : sample size'x
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A comparison of mean egg diameters for eggs from capsules

selected at random showed that those from the low food treatment \^Iere

significantly larger than those in the high food EreaÈment (a7B = 3.69,

p < .001), but neither the mean lengths nor the mean widths of capsules

from each treatment differed significantly, when compared using a

Randomisarion Test (Siegel 1956) (lengths, È7g = 0.70 p > 0.1) (widths,

t7g = 1.08 p > 0.1). It was esËimated that cannibalism in laboratory

trays destroyed 309 out of 397 capsules in Ehe low food group while no

capsules showed signs of being eaten in the high food group. Cannibalism

or predation of egg capsule contents in the field must invariably be

underestimated by any simple survey, s lnce attacked capsules can only be

distinguished from those which have hatched if some undifferentiated or

slightly differentiated eggs remain in them. However, during October

1977, no egg capsules of this type l^Iere found at either Stansbury or

Sultana Point despite the presence of many capsules containing eggs or

developing larvae. In contrast, at Coobowie no ful1 capsules were

found and over 5O% of. empty ones found appear to have been attacked.

Considering Ëhat this is an underestimate and that no intact egg capsules

were found at Coobowie this suggests that cannibalism or predation of

eggs is high when food is scarce in the field as well as Ëhe laboratory.

The distribution of the shell lengths of juvenile N. pauperatus

is not normal, although the shell lengths of adulË males and females in

the field appear to be normally distributed (Smittr , 1975). In the high

and low food experiments snails were chosen as matched pairs of juveniles

and since the sex of juveniles cannot be distinguished, males were

paired with females of the same initial síze. Also, the pairs of snails

were not chosen at random, instead reflecting the most common sizes in

the sample of juvenile snails. Therefore, samples of males and females

in the high and low food treatments cannot be regarded as random samples

from a normal distribution, so a non parametric comparison was made
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be¡ween the lengths of the matched pairs of snails in each treatment.

Pairs containing a snail which died during the experiment were not used.

Prior to the experimental treatments there were only measurable

differences between the shell lengths of only Èwo pairs of juvenile

snails used in the subsequenÈ analysis and these were both within 0.010

cm and effectively cancelled each other. After the treaEments, adult

snails in the high food group were significantly larger than their

counterparts in the low food group, when compared using a one tailed

l,Iilcoxon matched-pairs signed-ranks test (n = 19, T = 46¡ P < 0.01).

Thus it appears that food availability significantly affects the size

of adult \. pauperatus.

Discus sion.

I conclude that as food availability decreases, Nassarius

pauperatus produce more eggs and more egg caPsules per female, but less

eggs per individual capsule. Increased egg production as food

availability decreases can be explained in terms of the advanEages of

semelparity and iteroparity in different environments (Stearns, I916).

As food availability decreases, so does the probability of an

iteroparous adult surviving for more Ëhan one breeding season.

Therefore the "big bang sErategy'r (Caagit and Bossert, 1970) of

producing as many eggs as possible is more advantageous than that of

producing fewer eggs. I^lith hígher food availability the probability

of adult survival is higher, so that the number of eggs produced should

optimally be the maximum possible without endangering an individualrs

chances of survival (Stearns , 1976). No data on the mortaliÈy of

N. pauperatus in the field exist but it has been observed that non

reproductive juvenile N pauperatus from Coobowie died significantly

sooner when brought into the laboraÈory and kept without food than those
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from Sultana Point or Stansbury and also thaL snails collected from

Coobowie often died whilst being transported to the laboraÈory, and this

did not occur if snails were offered K. scalarina when collected.

Females ín low food situaËions also produced significantly less

eggs per capsule than those in high food situations, even though egg

capsules are not significantly smaller when food is scarce. Observations

confirmed that egg capsules produced by the 1ow food group were less

tightly packed with eggs. This difference may simply be an artefact of

producing many eggs when food is in short supply, but such a resPonse

would have a selective advantage when predation upon eggs is high (see

Gillespie , I974; Wilbur, L977).

Apart from confirming that, the level of food availability is

responsible for the differences in egg production observed between

populations of \. pauperatus, the laboratory experiment also showed that

N pauperatus from the same population can vary their reproductive patterns

in response to different levels of food availability. Because N.

pauperatus has a planktonic larval stage and adjacent habitats differ

significantly in the availability of food, different successive generations

may be exposed to selection for very different reproductive patterns.

Therefore I postulate that there has been selection for individuals with

a repertoire of reproductive patterns, rather than any particular one.

Conversely, in species wl-rich do not have a stage capable of wide dispersal

(..g. gastropods with direct development) each population may experience

selection for a parEicular reproductive pattern for many generations.

Thus individuals of such species may not be capable of displaying different

patterns in different environmenËs,

This prediction relies on the assumption that reproductive

patterns are heritable and that environments ofÈen differ considerably

over the range of a species.
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A more general prediction from this hypothesis is that species

capable of wide dispersion will be better able to cope with environmental

change than non dispersive ones since the dispersive species will be more

likely to have experienced selection for a repertoíre of adaptations.

This, if true, mighÈ help explain the relationship noted by Scheltema

O977) between possession of a pelagic stage and persistence through

geological tirne.
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Appendix 4. Observations of shore morphology, hunger, populaÈion

density and the ratio of juvenile to adult snails.

Whilst collecting snailô, I made brief qualitative notes of

shore morphology, substrate type etc. These are presenred below along

with other characteristics of each popul ation of Nassarius pauperatus ,

taken from other sections of this thesis.



Location

Onkaparinga

Mouth of Srvan
Alley Creek

Port Gawler

Middle Beach

Port Prime

Parham

Port llakefield

Port Clinton

Rogues Point Steeply sloping shore.
only about 2 metres.

Zone with snails
No intertidal poo1s.

Description of shore

Snails in sheltered tidal estuary, not
facing open sea. Shallow pools at
low tide.

Sheltered with intertidal pools. Tidal
flow through channels may "scourt'
surface of sandflat.

Extremely extensive intertidal pools,
zone with snails about I krn wide.

Port Gawler

Port Gawler

As Port Gawler

Zone with snails narro\¡rer than Port,
Gawler, still 0.5 km, still extensive
intertidal pools.

Zone with snails narror¡rer than Port
Wakefield, beach more sloping, far
fewer intertidal pools.

(only two snails found at this location)

Hunger
( from
Table 3.24)

+24.75

+1 .0

+16.0

+11

-17.08

-27 .2t+

Proportion of
juvenile snails
during November
(from Table 3.6)

Mean population
density of
juvenilçs per
3600 crn¿
(raute g.z)

-8

0 0 .82
0.75
0.72

7 .39

6.6L

0.30

none found in
10 samples

none found in
25 samples

As

As

0 .41

0.42

0 .35

0.68

0.26
0.15
0.23

0 .09

Stansbury As Rogues Point -30 0.10
0 .05
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By comparing observations of shore morphology with hunger, the

ratio of juvenile to adult snails and the population density of juvenile

snails, it is apparent that populations having a high density of juvenile

snails, a high proportion of juvenile snails and in which snails are

relatively hungry, are usually found on shores which have extensive

intertidal pools and where the zone containing N. pauperatus is wide.

From Ëhese observations I propose that factors associated with the

presence of "undrained" sandflats and a wide zone in which N' pauperaÈus

can live are someho\¡/ responsible for promoting the settlement and/or

subsequent survival of larval N pauperatus. This results in a large

number of juveniles being recruited each year at such locations. Snails

aÈ locations where recruitment of juveniles is relatively high arersimply

because of the high density.of juveniles, more likely Lo face a shortage

of food and selection for Twisters. This may explain the significant

correlation between the population density of juvenile N . pauperatus

and the percentage of TwisÈers (Secrion 3.5.1) and is stil1 consistenË

with the observation in Section 5.4.1, that hunger need not be correlated

v¡ith the population density of adult, or of adulE plus juvenile N.

pauperaÈus.
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