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Objectives 

The major aim of this project was to document the patterns of abalone 

settlement and recruitment, as wel l as the juvenile biology of abalone, in 

order to examine the factors determining these patterns. The overall 

objective was to examine the relationship between settlement/recruitment 

and the density of adult abalone. 

It was hoped that a study of this kind could lead to a method for predicting 

stock abundance which could possibly be used for setting quota levels. 

A subsidiary aim of this study was to use the data and samples gathered 

during the cause of this study to develop a technique for ageing Australian 

stocks of abalone. 

Introduction 

The scientific literature has generally accepted that abalone populations 

are characterised by low levels of settlement and recruitment (Tegner in 

press), that mortality is relatively low ( Doi et al. 1977; Beinssen and Powell 

1979; Sainsbury 1982; Shepherd et al. 1982; Fournier and Breen 1983) 

and uniform throughout life (Shepherd et al. 1982), and correspondingly 

that the natural productivity of these stocks is low (Tegner in press). In some 

studies it has been noted that one or more year classes are apparently 

missing (Forster et a l. 1982; Sainsbury 1982) and this has led to the 

conclusion that abalone recruitment is relatively sporadic and irregular. It 

has been generally assumed that larval dispersa l  is relatively widespread 

(20-50km; Tegner & Butler 1985). No relationship had been observed 

between the abundance of breeding stock and the abundance of 

recruitment. On the basis of these observations and laboratory studies, 

together with genera lly held assumptions, it has been accepted that 

oceanographic and other environmental factors would be the major 

determinants of sett lement and recruitment density (Fedorenko & Spout 

1982; Tegner in press). 

It was these widely held views which led to the original rationale for this 

project, which was to deve lop an index of sett lement or recruitment 

abundance which could be used to predict broad scale trends in the future 

abundance of the fishable stock. 

In addition, there was also no scientifically proven method of ageing 

abalone prior to this study, and it was generally accepted that the Australian 

species of abalone could not be aged. The FIRTA-funded review of Ward 

(1986) found that this was a major impediment of research into and 

assessment of abalone stocks in Australia. 

Results 

All the results of this study will have been published in the scientific 
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literature before the end of 1988 and copies of all these publications are 

attached to this report. These publications are: 

1. Prince, J. D., Sellers, T.L., Ford, W. B., and Talbot, S. R. (1987). Experimental 

evidence for limited dispersa l of ha liotid larvae (genus 

Haliotis; Mollusca: Gastropoda). J. Exp. Mar. Biol. Ecol. 106: 243-263 
2. Prince, J.D., Sellers, T.L., Ford, W. B., and Talbot, S.R. (1988). A method for 

ageing the abalone Haliotis rubra ( Mollusca: Gastropoda). Aust. J. 
Mar. Freshw. Res. 30: 167-75. 

3. Prince, J. D., Sel lers, T. L. , Ford, W. B., an� Ta lbot, S. R. (1988). 

Confirmation of a relationship between the loca lized abundance of 

breeding stock and recruitment for Haliotis rubra Leach ( Mol lusca : 

Gastropoda). J. Exp. Mar. Biol. Ecol. 122: 91-104. 
4. Prince, J.D., T.L. Sellers, W.B. Ford, & S. R. Talbot, (in press). Recruitment, 

g rowth, m orta lity and population structure in a southern Aust ralian 

population of Haliotis rubra ( Mollusca:Gastropoda). Mar. Biol. 

Some of these results have also been published in more popular for ms and 

copies of these articles are also attached. These articles are: 

DSF study throws new light on abalone. FINTAS, Sept. 1986 9 (3). 

DSF finds a way to age abalone. FINTAS, Sept. 1987 10 (3). 

To date these results have not been published in 'Australian Fisheries' 

although it is intended that this wi l l  occur during 1989. However, details of 

these results have already been disseminated relatively extensively th rough 

the abalone industry, both within Australia and international ly with o ra l  

presentations having been made at the following meetings: 

Annual General Meetings of the Tasmanian Abalone Divers' Association. 

Annual General Meeting of the Tas manian Abalone Divers' Research & 

Develop ment Trust. 

Annual General Meeting of the NSW United Abalone Divers' Association. 

General Meeting of all South Australian Abalone Divers 

Gene ral Meeting of Victorian Central Zone Divers 

Presentation to Dermersal Mollusc Research Group Meetings, S EFC. 
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CSIRO Seminar, Hobart 

Annual General Meetings of the Australian Society of Fish Biology 

Annual General Meeting of the New Zealand Abalone Divers' Co-operative 

Invited Lecture to Faculty Members and Students of CIC ES E, Ensenada, 

Mexico 

Informal seminar to Fisheries Biologists of The Fisheries Department of Baja 

California, Mexico 

Informal seminar to the Fisheries Biologist of Californian Department of 

Fisheries and Game, Long Beach California 

Arrangements are also being made to present much of this material in a 

seminar to the Western Austra lian Department of Fisheries. To date this 

materia l has only been presented to this Department through informal 

discussions. Much of this material will also be presented at the International 

Symposium on Abalone Research to be held in La Paz, Mexico in November, 

1989. 
Because al l the results of this study have been published and are attached 

we do not intend presenting the results in detai l within this report. Instead we 

are presenting a summarized account of the major achievements and findings 

of the study, together with a brief discussion of what we believe to be the 

implications of these findings. The reader is referred to the papers listed 

above for a. detai led presentation of materials and methods, results and 

discussions. The numbers contained in the text below direct the reader to the 

particular paper ( listed above) detailing the different facets of this study. 

Summarized Results and Achievements 

This study was primari ly with blacklip abalone (Haliotis rubra) which is 

commercially the most important Australian species and consequently these 

results pertain strictly only to this species. However, it is already evident that 

many of these results apply to some extent to other abalone species including 

Australia's other major commercial species, greenlip (H. laevigata). 

The major findings of this study are: 

1. The major factor determining the abundance of recruitment and 
apparently settlement is the immediate density of breeding stock. 
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Approximately 70 percent of the observed variability in recruitment 
density could be explained by variations in the breeding stock density 

(1 &3). 

2. This result apparently indicates that larval dispersal is generally very 
restricted, occurring on a scale of meters or tens of meters (1 &3). 

3. Settlement and recruitment to abalone populations is more abundant 
than has been previously recognised, suggesting that most previous 
studies have used seriously deficient sampling techniques (4). 

4. Mortality rates of juvenile abalone are also much higher than 
previously recognised, but decline with age or size. Hence, juvenile 
populations are relatively dynamic with high levels of turnover (4). 

5. Juvenile growth is almost linear and cannot be described using von 
Bertalanf fy parameters. Previous studies which have described the 
growth of juveniles and adults with a single von Bertalanffy curve have 
apparently underestimated the age of maturity by between one and 

three years (2 & 4). 

6. Abalone populations apparently partition the habitat, with juveniles 
using the hidden under boulder habitat, where they remain until 
maturity. Upon reaching maturity abalone emerge into the open habitat 
where they become vulnerable to f ishing pressure (4). 

7. A simple and quick method of ageing abalone has been shown to 
work for southern Australian populations of blacklip abalone (2).  

Preliminary use of this technique suggests that it will work with most 
temperate water haliotid species, including all the other species taken 
commercially in Australian waters (H. laevigata, H. roei and 

H. scalaris). 

Implications of These Results 
The development of an ageing technique has major implications for 

abalone research worldwide, facilitating the study of growth, mortality 

and population structure in these species. Unfortunately , the 
deterioration of the shell in older individuals and in some areas may 

restrict the techniques' application to some extent. However, t he 
technique is already proving extremely useful in studies of g rowth and 

reproduction and it is likely that the development of this technique alone 
may do more t o  advance the study of abalone biology than the results of 
any other recent study. 
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The other finding from this study with major implications is t hat 
recruitment density is directly related to the localized abundance of 
breeding stock, apparently through the mechanism of limited larval 
dispersal. The implication of this is that abalone fisheries are composed 
of an extremely large number of localized unit stocks, which may be 
prone to localized recruitment overfishing. Hence, f ishery management 
policies should be designed to spread f ishing pressure evenly over all 
stocks. Management and monitoring of abalone fisheries should also be 
adapted to this f ine scale if they are to be relevant to the f ishery. 

However, the f act that the abundance of recruitment is apparently 
largely determined by the localized density of breeding stock apparently 
undermines the original intention of this project. The original intention 
was to develop ways of monitoring settlement and recruitment in order 
to predict the general abundance of fishable stock. Clearly t he results of 
this study indicate that measurements of settlement or recruitment 
strength will be of extremely limited use to fishery managers because 

they will pertain to such limited areas. 
This observation in itself suggests the possibility of develop ing 

alternate methods f or assessing and monitoring these species, using 
knowledge of t he relationship between stock and recruitment. The 
observation that stock-recruitment relationships operate on a small 
spatial scale indicates that over a large scale these relationships will 
also be extremely strong. This assumption is based on t he p remise t hat 
the variability of many smaller relationships will tend t o  cancel each 
other out when considered on a larger scale, producing an extremely 
stable relationship between overall levels of stock and recruitment. 
Hence, if t he level of stock which maximizes recruitment could be 

determined and f ishing pressure could be spread evenly over all unit 
stocks, an abalone f ishery could be managed in order to maintain 
optimal levels of recruitment. 

In t urn, the fact that stock and recruitment operates on such a small 
scale indicates that stock-recruitment studies should be relatively easy 
for these species. Different experimental levels of stock could be 
established in a large number of small experimental sites and t he 

relationship between stock and recruitment ascertained relatively 
rapidly. The major impediment to these studies is likely t o  be t he 
difficulty of accurately measuring the abundance of animals which are 
strongly aggregated on such a small spatial scale. 
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Conclusions 
The results of this study have largely precluded f ollowing the original 

intention of the study which was to develop methods which could be 
used to predict the future abundance of abalone stocks on a larg e scale, 
and enable manag ers to set quota levels with some confidence. 

Instead of leading to an immediately usef ul management technique, 
this study has produced results which have significantly improved our 
understanding of abalone stock dy namics. The results suggesting 
extremely restricted larval dispersal indicate that, for abalone, unit 
stocks must be considered to have a scale of hundreds of metres rather 
than kilometres or greater. This has large ramifications for management 
practice and sug gests new avenues f or develop ing techniques of stock 

assessment. 
This study has also produced a large body of general biolog ical 

information which to a large extent challenge or extend many of the 
accepted ideas about abalone biology . The most sig nificant of these 
being: (i) previous studies may have seriously overestimated juvenile 
growth; (ii) all of the breeding stock is exposed to f ishing p ressure 
unless protected by appropriate size limits; and (iii) abalone populations 
are more dy namic than previously thought. 

Finally , the study has produced a proven method f or ag eing abalone. 
This technique should g reatly facilitate f uture studies of the exploited 
stocks of abalone. 
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Abstract: The literature on haliot id s  generally assumes that these organisms have a short pelagi c l arval life 
with dispersal powers limited only by the time available before s ettlement. The results of an experiment 
designed to test this assumption are pres ented. The den sity of mature Haliotis rubra Leach was experi­
mentally decreased along a 90 m s ection of shoreline. The res ulting effect on recruitment patterns was 

c.-:amincd in comparison with previous recruitm ent patterns. The results indicate that haliotid larvae m ay 

be strongly bcnthic with limited patterns of dispers al . 

Key words: Abalone; Haliotis; Mollusca; Larva; Dispers al; Recruitment 

INTRODUCTION 

No studies on the dispersal ability ofhaliotid larvae have been published despite the 

fact that managers of haliotid (abalone) fisheries around the world are concerned with 

the possibility of recruitment failure (Mottett, 1978). The paucity of work in this area 

is due to the difficulty of finding haliotid larvae and juveniles within their natural 

environment (Tomita et al., 1977; Breen & Adkins ,  1980; Prince & Ford, 1985). From 

observations made under laboratory conditions it has generally been assumed that the 

lecithotrophic haliotid larvae are pelagic and disperse widely (Mottett, 1978; Fedorenko 

& Sprout, 1982; Sluczanowski, 1984; Tegner & Butler, 1985). 

Recently developed techniques have made it pos sible to obtain samples of large 

numbers of haliotids within months of their settlement (Prince & Ford, 1985; Shepherd 

& Turner, 1985), allowing patterns of recruitment to be observed directly. Observations 

of recruitment patterns h ave indicated that they are extremely variable on a spatial scale 

of 20-200 m (Prince, unpubl. data). One explanation for this observation could be that 

larval dispersal is more restricted than has been assumed in the literature. Pelagic larvae 

are the most widespread form oflarvae amongst benthic marine invertebrates (Thorson, 

l 950; Mileikovsky, 197 J ) ; free non-pelagic larvae (demersal development larvae) have, 

Correspondence address: J. D. Prince, Tasmanian Department of S ea Fisheries, Research Laboratory, 
Crayfish Point, Taroona, Tasmania, Australia 7006. 
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however, been found in a range of marine organi sms (e.g. sec Mill ar & H ollis , 1963; 

Pi.:arsc, J 969; Gerrodcttc, 1981; Olson, J 985) includin g gastropod s (e.g. see Shuto, 

I 9S3 ). 
The ability to disperse is a major factor affecting the potential of species to recolonize 

areas from which they h::ive been removed. This ability is of particular importance for 

commercially caught spec ies (:rv1ileikovsky, 1971) as it directly effects the resilience of 

a speci_es to exploitation. The objective of the present study was to test whether larval 

dispersal may be relati ve ly limited in natural populations of haliotids . A number of 

studies have tested this premise for a range of marine organisms other than haliotids 

by experimentally removing or introducing reproductive stock and observing subsequent 

senkment or re c ru itm ent patterns (Anderson & North, 1966; D ayton, 1973; S ebens, 
1983; Dciyton e1 al., 1984; Olson, 1985; Vandermeu len & D e\Vreede, 1986). 

No techniques exist for measuring directly abalone settlement. Connell (1985), 

however, presented evidence to suggest that, except at very high densities, invertebrate 

recruitment patterns were likely to reflect settlement patterns accurately . This principle, 

and the possibility of directly measuring haliotid recruitment using the technique of 

Prince & Ford (1985), suggested the possibility of experimentally manipulating breeding 
stock to test the d i spersal ability of haliotid larvae. The current paper describes an 

experiment in which the density of m ature Haliotis rubra Leach , was reduced along a 

90 m section of shoreline and the re sulting effect on juvenile recruitment examined. The 

logistics of conducting such an experimental programme within the natural environment 

are great and because of this repl ication was impo ssible . An attempt has, however, been 

made to use pre\'ious recruitment patterns in the same area as a form of temporal 

replication. The as sumption is that patterns in the age structure of an area are the result 

of breeding stock d ensity prior to experimental manipulation . Therefore they may gi ve 

an historical comparison which can prov ide information as to the likely pattern of 

settlement without experimental man ipulation. 

H. mbra is ideally suited for this sort of experimental design . The movement of 

juvenile H. nibra is known to be extremely restricted. At a nearby site, in a boulder 

habitat similar to that used in this experiment, 6 to 50-mm (maximum length) abalone 

were found to move < I 0 m from the point of release over 12 months, while 50 to 

127-mrn an imals generally moved < 30 m in the same time (White & Whyte, pers. 

comm.). If factors such as growth and mortality are assumed to act relatively uniformly, 

within similar habitats on a spati al scale of hundreds of metres, the density of successive 

size classes can be expected to preserve p atterns of past recruitment . These past 

patterns ha\e been used in this experiment to provide a basis for comparing the 

experimental with the previously un disturbed state. While this does not meet the 

rigorous requirements of an experimental control or replication the logistics of this 

process are feasible. 

The hypothesis being tested by this experiment is that the abundance of abalone 

recruitment is related to the immediate density of adult abalone. The logic is that if 

ahalone larval dispersal is relatively large , then abalone recru itment will not necessarily 

d epen d on the immediate density of breeding stock. If larval movement is, however, 

restricted, then the occurrence of abalone recruitment will be determined by whether or 
not breeding abalone arc present in an area. 

MATERIALS AND METHODS 

AREA STUDIED 

The area studied at Ninepin Point, Tasmania ( 43 ° 17' S : 14 7 ° I O' E) is a uniform 

section of rocky coastline extending 70 m from high water mark to a depth of 6-9 m. 
The bottom is composed of three layers of boulders resting on silt. The boulders are 

of irregular shape and mostly 30-40 cm greater diameter by 10-20 cm lesser diameter. 

The macroalgal community of the area has three strata; the upper strata (> 1 m) 

con sists of Macrocyslis pyrifera (L.) C. Agardh, the middle strata (0.15-1.0 m) is 

dominated by the species Acrocarpia paniculata (Turn.) Aresch., Cystophora moniliformis 

(Esper), \Vom. & Niz., and Sargassum vermculosum (Mertens) C. Agardh, the lowest 

strata (0-0.15 rn) is dominated by encrusting corallines. On the exposed surface of the 

boulders these corallines are overgrown by filamentous algae including C/adophora sp ., 

Ceramium sp. , Polysiphonia sp. and Ca/ithamnion sp., and small O eshy algae of the genera 

Zonaria. In depths > 6 m algae of the genera Peyssonne/ia, Thamnoclonium ancJ Caulerpa 

commonly overgrow the crustose corallines which are abundant at these depths . 

In this area Macrocystis pyrifera is of limited importance, being confmed to a narrow 

(5-10 m in width) , diffuse and irregular band �20 m from the shoreline in depths of 

2-3 rn. As a consequence, despite the presence of M. p_rrifera, in depths < 4 rn the algal 

community is typical of a fucoid association indicative of slight to moderate wave action 

(Sanderson & Thomas, 1987). This is in contrast to depths> 4 m where the character­
istics of the algal community change , and only the lowest strata is found. 

This entire section of shoreline has carried a natural population of Ha/io1is rubra at 

sufficient densiti.:s to support continuing amateur and professional fishing over the past 

15 yr, sug;-c-Sting regular recruitment of abalone . 

BREEDING STOCK REMOVAL 

The existence of recent recruitment and the size of the smallest abalone present before 

the experiment were established with one day sampling (3 August 1985) using the 

anaesthetic technique (detailed below) . Following this the central 90 m section of 

shoreline was marked out for the removal of abalone breeding stock. To aid in the 

allocation of diving effort during the removal process, this area was d ivided into three 

segments, Sites 4, 5 and 6, respectively (Fig. 1 ), each ::::::: 30 m long . These were delineated 

with chain laid on the seabed perpendicular to the shore from low water mark to the 

edge of the sandy substratum. 

On five occasions between 10 August 1985 and 18 September 1985 all abalone found 
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Fig. I. The location and layout of the study site at Ninepin Point, Tasmania: shaded area indicates the area 
from which abalone were removed and the numbers indicate sampling sites; distances (m) are given from 

the centre of the removal area. 

of > 60 mm maximum shell length were removed from each of the three sections by 

divers. Disturbance of the substratum during collection was minimal as abalone were 

only taken from the exposed boulder surfaces and no boulders were moved during the 

searches. It was recognized that a proportion of the > 60-mm abalone would not be 

detected by these searches, but minimal disturbance of the substratum was considered 

more important than maximal reduction of the population. The maximum length of each 

abalone captured was measured to the nearest millimetre. The number removed from 

each of the three 30-m segments and the total diver-hours expended in each area was 

recorded for each of the first four searches. The fifth and final search was of a shorter 

duration (total diver-h == 4.5) and on this occassion the catch and effort was not 

separated by area. 

BREEDING STUDIES 

From the initial removal (10 August 1985) subsamples of 20 abalone from each 

I 0-mm size class were retained for gonad index studies. The methods used for this study 

are based on those of Hayashi ( 1980). After fixation in 10% formalin the visceral mass 

was sectioned beneath the viscer al coil and the cross section placed against clear plastic 

and drawn. The relative areas of gonad and hepatic gland in the cross section were 
calcu lated by weighing the plastic outlines. The gon ad index was calculated as the 

percentage of the area of the cross section made up by the gonad. 

A further sample of 83 abalone, covering the size range indicated by the gonad index 

study to be mature, were collected between 10-16 September 1985 for analysis of 

fecundity. The fecundity at the site studied was also measured after the removal of 

breeding stock to determ ine the time of spawning at the site . 
The method used to estimate fecundity was based on that of S ainsbury (1982). After 

fixation in 10% formalin the gonad was dissected from the hepatic glan d and gently 

teased apart into 50-250 ml of sea water. The water was agitated until all the eggs were 

free and evenly dispersed ; two or three 0.5 to 1 .0-ml samples were then taken . Each 

sample was placed in a counting chamber marked with a grid and the yolked eggs in 

five standard squares were counted. Total fecundity was c alculated by multiplying out 

the various subsampling factors. 

POST REMOVAL SAMPLING 

In February-M arch 1986 the abalone populations at n ine sites were sampled. The 

sites (Fig. 1) covered 390 m of shoreline, and were situated at the centre of the segment 

of shoreline from which the breeding stock was removed (0 m, Site 5) and 30 m (Sites 4, 

and 6), 55 m (Sites 3 and 7), 120 m (S ites 2 and 8) ,  and 195 m (Sites I and 9) either side 

of the centre. This spacing was selected so as to maximize the probability of observing 

any effec t caused by removing the breeding stock . 

The anaesthetic technique detailed by Prince & Ford (1985) was used to sample the 

abalone at these sites. Twenty areas of 1 m2 at each site were selected by throwing a 

quadrat from an anchored vessel. Stratification was achieved between sites by anchoring 

the vessel 10 m offshore while selecting the initial 10 squares at each site, and 35 m 

offshore while s electing the remain ing squares. If the square landed on an area where 

no substr :1t um could be gathered, the boulders being too large or the substratum being 
entirely sand and silt, the square was retrieved and re-thrown. From each selected area 

a diver collected all the substratum possibly suitable for abalone, principally boulders 

and kelp. The few boulders too large to lift to the s urface were searched underwater and 

all abalone collected . 
The substratum material was placed in bins and bathed in a 1 % solution of ethanol 

in sea water for a minimum of 10 min . This material was then brushed with a soft brush 

before being removed from the solution. After all the solid substratum removed from 

a square had been soaked, the contents of the bins were drained through 15-mm and 

0.5-mm sieves. Abalone retained by the coarser sieve were collected and the sample held 

by the smaller sieve was returned to the laboratory for examination . These samples were 

washed through sieves of 9-, 4-, 2- and 1-mm aperture and the abalone preserved. The 

maximum shell length of all abalone collected were measured to the nearest 1 mm. 
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The length frequency data from the samples were analysed using the Macdonald and 
Pitcher mixture an alysis 'Mix' (M acdonald & P itcher, 1979; M acdonald & Green, 

1985). The cut-off poin ts between the different size distributions of abalone described 
by thi s analysis were taken as the points where two consecutive distributions over­
bppcd. These points were calculated using the formula: 

X = [(:X2 + :X1) X 0.5] + [(s� X sD X loge (rr.1/rr.2)/(x2 - x1)] 

where X is the cut-off point (mm) and xi, s;, and rr.i are the estimated means, standard 

errors, and proportions of the i-th distribution, respectively . 

The densities of abalone detected showed a tendency to be positively skewed about 

the mean. A log(Y + 1) transformation was used to normalize the data. The differences 

in densities between areas was tested with a two-tailed Student's I-test using a 

significance le\'el of 0.05. This method was also used to test the significance of 

correlations between adult and juvenile densities . 

RESULTS 

BREEDING STUDY 

Analysis of the gonad index of abalone collected from the research site on 10 August 
1985 showed that for the size classes examined (> 60 mm) the index increases with size 

up to the length of 100 mm; a sharp increase was observed between 90 and 100 mm. 

J\1aximal values were found in abalone of 100-145 mm maximum length . The relation­

ship between fecundity and maximum shell length for animals collected 10-16 Sep­

tember 1 985 was best described by a single variable regression : 

F = (0.028 x ML) - 2.415 

where Fis fecundity measured in millions of eggs and ML is maximium shell length in 

millimetres. This relation ship was found to be highly significant (r = 0.62; n = 83; 
P < 0.001 ). The intersection of this curve with the x-axis is at 87 mm, which is in 

relatively close agreement with the results obtained by examining the gonad index. These 

results indicate that the onset of sexual maturity in this area probably occurs when the 

abalone attain the length of 87 mm and that by the length of 100 mm virtually all the 

abalone are sexually mature. 
A s ample of 45 mature female abalone collected on 27 September 1985, indicated that 

a wide spread s pawning had occurred in the study area prior to this date. Over 50/� of 

the gonads showed s igns of extensive spawning, 26�� had fecundities < 5% that 

predicted by the above relationship. For this sample the relationship between maximum 

length and fecundity was not found to be significant (r = 0.23; n = 45; P > 0.1 ) . This 

timing is cons istent with the observations of Harrison & Grant (1971) made for 

Tasmanian populations of H. rubra and suggests that a general spawning occurred 
within 9 days of the final search for breeding stock. The water temperature at the site 

studied at this time was � 13 °C. 

BREEDING STOCK REMOVAL 

Between 10 August 1985 and 18 September 1985 divers spent 85.8 diver-h searching 

for abalone. A total of 3584 abalone were removed from the 90-m section of shoreline 
encompassing Sites 4-6, of which 3 274 (91 �/0) were > 87 mm (Fig. 2). Over the entire 

area catch rates fell from 104.0 > 87 mm abalone· h - 1 during the initial search to 

9.8 > 87-mm abalone · h - 1 during the final search (Fig. 3). Using the number of abalone 

caught in each area and the size of the areas (1793, 1987 and 1674 rn2 for Areas 4, 5 
and 6, respectively) , the searches can be calculated to have reduced the density of mature 

abalone by 0.54, 0.51 and 0.77 abalone·m-2 in each area respectively. Catch rates 

declined from 98.7, 92.6, and 127.l > 87-mm abalone· 11-1 during initial searches , to 

10.2, 7.4 and 16.2 > 87-mm abalone· h - 1 in Areas 4, 5 and 6, respectively, during the 
fourth search. 
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Fig. 2. Length-frequency histograms for Halioris rubra collected during searches of the removal area: dotted 

line indicates the size of first maturity (87 mm). 

Accepting the catch rates as an index of relative abundance the estimated decrease 

in abundance of mature abalone in each area between the first and fourth visit is 89. 7, 
92.0 and 87 .3 /�, respectively. From these data it can be estimated that the density of 

mature abalone within each area before the searches was � 0.60, 0.55, and 0 .88 
abalone· m - 2, respectively. It can also be estimated that after the searches the remaining 
density of mature abalone in each area was 0.06, 0.04, and 0.11 abalone· m - 2, 
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Fig. 3 .  Catch rates of Ha!iotis rubra , i n  each section of the removal area, during each period of searching: 
data were not  separated by area for the fifth search. 

res pectively.  In m aking these estimation s only the catch rate data from the first four 
search es  h ave b een used,  as these d ata were not separated by ind ividual area during the 

short (4 . 5  d iver-h ) fin al search.  The final catch (44 > 87-mm abalone) has been 

proportioned equ ally between the areas . Any bias caused by this process  i s  likely to be 

n egligibl e due to th e small number of abalone removed by the final search . 

Th e m ovemen t of H. mbra is kn own to be relatively limited and widespread spawning 

com m e n c ed within 9 days of the final search. S o  it c an be safely as sumed that the 

est imated den sit ies  of m ature abalone after the searches approximate the d en s ity th at 

w a s  presen t in each are a  during sp awn ing . 

POST REMOVAL S A M PL J N G  

Fig . 4A shows the den sity of mature ( >  8 7  mm) abalone measured at each s i te  in 
Febru ary- l\1 arch 1 98 6 ,  four m onths after spawning had occurred . Sites 1-3  had a 
generally low level of mature abalone when compared with S ites 7-9.  The effect of 
removing breeding stock from Sites 4 - 6  ( S ites  4-6 pooled) was still clearly evident at 

the time of s ampling , with th e den s ity of mature abalone being significan tly lower 

( 1 = 4 . 1 5 ; P < 0 .00 1 )  than the mean dens ity at the other sites (S ites 1-3 , 7-9  pooled ) . 
The effect of migrat ion b ack into the area since the removal is in dic ated by the shape 

of the d epres s i on in d en sitie s ,  with the h ighe st value ( S ite 6) being adj acent to the high est 

adjoining outs i d e  value (S i te 7)  and the lowest value being at S ite 5 , furth est from the 

s o u r c e  of imm igrat ing ab al on e . 
Fig.  5 shO\vs the length freq uen cy h i stograms for all 0 to 60-mm ab alon e collected 

during an aesthet ic  s ampling in 1-mm size clas ses .  The figure presents the results of 

prelimin ary s ampl ing conducted in August 1 985  and the s ampling con ducted in 
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Fig. 4. The dcns i t \  of Ha/iotis rubra measured at e ach s ampling site in February-M arch 1 9 86,  using the anaes the t i c  techrnque ( s olid line): A, > 8 7-mm abalone, broken line indicates estimated density before searches , cJ , 1 t tcd l i n e  indicates estimated density d u ring spawning; B, o +  mode ; C, Mode B; D ,  Mode C; E ,  M ode n .  F,  M oJ ,  E; bars indicate ± 95 % confidence interval ; shading indicates sites from which mature 
abalone were removed. 

Febru ary an d March 1986 . These latter data are shown grouped for Sites 1-3 ,  4-6, 7-9 and for a l l  s i tes  poo led . 
When t h e  M acdonal d  & Green ( J  985)  MIX program was used to describe the 0 to 

42-mm l ength -frequency d ata the best  fit was achieved with 1 0  log-normal size d i stribu­tion s ,  with means at 3 . 3 ,  8 .4 , 12 . 3 , 1 5 . 1 ,  1 9 . 7 ,  23 .7 ,  27 .7 ,  3 3 .2,  36 .4 ,  and 40 . 0 mm ( 1 2 = 7 . 54 ; d .f. = 1 3 ; P = 0 . 87) .  B ecau se the smallest abalone collected during the prelimin ary samples,  in Augu st 1 98 5 ,  was 5 mm in length the smallest size group obs erved in February and M arch (x = 3 . 3  mm) clearly settl ed after the removal of 
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breeding stock . The estimated c ut-off po in t between th e first and second distribution 

is 6 111111 . 

The next  be st description of the 7 to 42-rnm d ata grouped the 2nd-4th, 5th-7th and 

8 th - 1  Otb of the former distribution s ,  respectively , an d described these data as three 

di stributio n s .  In th i s  latter an aly s is th e estimates converged with the e stimated means 

of each di stribution being 14 .4 , 2 5 . 0, an d 3 6 . 1 mm ( ;;: 2 = 3 7 . 1 ; d.f. = 3 0 ; P = 0 . 1 74) .  

To increase th e numerical abundance of each size clas s this  grouping of the smaller 

di stribut ions  h a s  been u s ed . The cut-off points between the three larger distribution s ( 1 7  

and 3 1  m m )  h av e ,  however, been c alculated using the e stimated param eters of the 
smaller compon en t  d i s tribution s . Th e size group 4 3 - 60 mm is clearly distinct from the 

smal ler  s ize group s  and has been treated as a separate size clas s .  

Th i s  cursory an alys i s  of t h e  length-frequency histogram is  not meant to imply an age 

for a n y  s ize group be sides  the 0 to 6-mm clas s .  This smallest clas s was clearly not 

present in  th e August 1 98 5  samples , but settled after the searches, con sequently it can 

be con c luded th at they represent at least some portion of the 0 + age c las s .  No age c an 

be attached to the other size clas s e s .  If growth rates are, however, assumed to be 

relatively uniform within the area stu died it c an s afely be as sumed that each size clas s 

repre s ents some unknown grouping of age s . If this is accepted, and mortality is al so 

as sumed to be relatively uniform over the research area, each size group c an b e  u s ed 

to indicat e  the recruitment pattern which  occurred over some period of the past .  For 

this analy s i s the 0 to 6-mm size group will be referred to as the 0 + an d  the size groups 

7 to 1 7 , 1 8  to 3 1 , 32 to 42 and 43 to 60-mm will be referred to as Modes B, C, D and 

E, re spectively . 
Fig. 4B shows the measured den sity of the 0 + mode acros s  the s an1pled s ites . The 

m e an d en si ty for S ite s 4-6 ( S ites 4-6 pooled) w a s  significantly lower th an the mean of 

th e other s i tes  ( S ite s 1 - 3 ,  7 - 9  pool ed ; t = 3 . 5 2 ;  P < 0 .00 1 ) . The d en sity for the 0 + size 

group at S i te s 1 - 3  was also generally lower than at Sites 7 - 9 .  Thes e results show that 

a red uced level of recruitment occurred at S ites 4-6 following th e rem oval of mature 

abal one .  Th i s dfect appears to have been extremely localized, with the reduction in 

recru i tm : n t  only being evident within the removal area.  This p attern corre sponds to the 

den sity paLlern of adult abalone at the time of spawning.  

In contrast  to the observed 0 + densities,  the d ensity pattern s observed for each of 

the  other m ode s were gen eral ly s imilar to the pattern of mature abalone,  e stimated to 

have existed prior to the removal proces s .  With the exception of Mode E all  had higher 

val u e s  at S ites  7 - 9  and their den sity declin ed relatively smoothly toward s S ites 1 - 3  

( Fig .  4C- F) .  The den sity o f  Mode E showed n o  obvious tren d s  acro s s  the site s .  For 

e a c h  of these  s ize c lasses  no s ignificant difference was found between the mean densities 

at S i t e s  4-6 ( S i tes  4-6 pool e d )  and the mean density of the s ites o utside ( S ites 1-3, 7-9 

poo led)  the removal area (Mode B ;  t =  1 . 1 8 ;  P > O. l ,  mode C; t = 1 .22 ; P > O . l ,  
M od e  D ;  t = 0 . 2 8 7 ; P > 0 . 1 ,  Mode E ;  t = 1 . 1 3 ;  P > 0 . 1 ) . These data indicate that n o  

h i s torical precedence  exists fo r  the recruitment pattern observed following the removal 

of breeding stock . 



TAB L E  I 
Est im a ted correbtions between the  density of the 0 • s ize  group,  modes B ,  C, D and E, and the  cst im atc:t! 

d e n s i t y  of m ature ( >  87 m m )  abalone before and after  t h e  searches .  

R egression vari ab le  X - d ensi ty  of > 8 7  m m  abalone 

Regress ion  Regress ion Correlation /-statist ic 2-tai led 

\" ariable Y e q u ation coefficient (r) (11 = 9) s ignificance 

B efore removal  

o - y = - 0.0 1 + 0 .55x 0.42 1 .22 0 . 2 5 6  

/\ 1 o d e  B y = - 0 . 1 7 + 0 . 8 7x 0 .70 2 . 59 0 .032 
Mode C )' = 0 . 03 + 0 . 84x 0 . 6 3  2 . 1 5  0 .064 

/\lode D y = - 0 .07 + 0.47x 0.78 3 .29 0. 0 1 1 

Mode E y =  0.34 - 0. 1 6x 0 . 3 0  0 . 8 3  0.430 

Aft e r  removal 

o ·  y =  0 . 0 8  + 0.60x 0.73 2.83 0.022 

M od e  B y =  0 . 2 0  + 0.46x 0 . 5 8  1 . 8 8  0.096 

Mode C y =  0 . 3 6  + O .S lx 0 .6 1 2.04 0 .07 6 

/\lode D y =  0. 16 + 0. 1 7x 0.45 1.33 0 .2 1 9 
M ode E J' = 0 . 3 2  - 0. 1 8x 0.54 1 .70 0 . 1 2 8  

Linear regres sions  of the den sity of these smaller s ize  clas ses at  each s i te  against the 

den s i ty of mature ab alon e at each site, both before the searches and at th e time of 
spawning, have been estim ated (Table I ) .  In this analysis the estimates  of the initial 

den sity of mature abalone at S ites 4-6 before the searches (0 . 60, 0 . 5 5 , and 0 . 8 8  
abalon e · m - 2 ,  respectively) have been used along with the estimated den sities  during 
s p awning (0 .06 ,  0 . 04 and 0 . 1 1  abalon e · m - 2, respectively). The den sity of mature 
abal on e e stimated by the post removal s ampling at Sites 1-3  and 7-9  have been used 
as th e den sity at these s ites both before the searches and at the time of spawning. 

With the exception of M ode E, all the modes  showed a po s itive correlation with the 
den s i ty of mature abalone both before and after the removal proce s s .  T h e  den sity of 
M od e E was not s ignificantly correlated v.·ith t h e  den sity of mature abalone before the 
searc h e s  (r = 0 .30 ; n = 9 ;  P > 0 . 1 )  nor at the time of spawning (r = 0 . 54 ;  n = 9 ;  
P > 0 . 1 ) . The relation ships between th e density o f  m ature abalone before the searches  
and the dens it i es of Modes  B (r = 0 .  70 ; / 1  = 9 ;  P < 0 .05 )  an d  D (r = 0 .  7 8 ; n = 9 ;  
P < 0 . 05 )  at each si te  are sign ificant, while the correlation with Mode C i s  high but not 
s ign i fi c a n t  at th i s  l eve l (r = 0 . 63 ; /1 = 9 ;  P = 0 .064 ) . The density of 0 + at each site was 
n ot sign ificantly correl ated with the den sity of mature abalone before the s e arches 

(r  = 0 .42 ; II = 9 ;  p > 0 . 1 ) . 

I n  direct con tras t to the above, the den s ity of mature abalone at each site during 

s pawn i ng was signific antly correlated only with the density of the 0 + (r = 0. 73 ; n = 9 ;  
P < 0 . 05 ) .  The s e  re sults ind ic ate that the den s ity pattern observed fo r  the 0 + w a s  most 

c losely related to  th e d en si t ies  of m ature abalone that exi sted at the tim e of spawning, 
while th e d en s i ty p attern s of Modes B ,  C an d D were most  clo sely rel ated to den s it ies  
of m ature abalone th at exi sted before the  removal proces s .  

D I S C U S S I O N  

The re su lt s of thi s experim en t c l early demonstrate that for H. rubra the density of 

recruitment is re l ated to the immediate d ensity of spawning abalone. The density of 
recru itm ent ( the  O + m ode) was sign i fi c antly lower in side the area from which spawning 
stock were rem oved , th an outside the area,  a pattern which was not evident in the size 
groups  of abalone spawn ed before thi s experiment was conducted . In addition, the 
den s i ty of recruitm ent both ins ide and outside the area was significantly correlated with 
th e den s i ty of breeding stock at each site .  Abalone populations have been observed to 
be s t a b l e  over ti m e  (H ines & Pearse, 1 982) .  Thus ,  the den sity pattern of the spawning 
s tock before th e  s earches  was probably s imilar to those that existed when modes B, C, 
D and E were recruited . The density pattern of three of these size clas ses  were more 
s t ron gly correl ated with thi s previous  pattern of breeding stock than with the pattern 
created by the searches .  Thi s is consi stent with the finding that for H. rubra recruitment 

is d i rectly rel ated to the immediate density of spawning abalone .  The fact that the 
den s i ty of the fourth and oldest size clas s was not correlated with either density pattern 

of spawning stock may indicate that some change has occurred in this abalone 
popu l ation over t ime, or the effect of movement over time .  

P attern s of recruitment may arise  from two causes ,  differential settlement or differen­
tial m ort al i ty after s ettlement (Keough & Downes ,  1 982) . Connell ( 1 985 )  postulated that 

at h igh sett l ement d ens iti e s ,  density dependent mortality may affect recruitment. In the 
present  s tudy den s ity d epen dent m ortali ty would have had a smoothing effect, pro­
d ucing a pattern of recruitment more uniform than the settlement pattern . Thi s would 
have reduced the l ikelihood of observing a rel ationship between spawning stock and 

recruit m e n t  but it can be rej ected as being the cause of this relationship.  
I t  i s  po s s i b le to hypothesize that some other form of differential mortality acting on 

the rec ru i ted j uveniles i s  the c au s al agent of the observed pattern . To do this i t  i s ,  
h o w e v e r ,  nece s s ary t o  take into account the significant  rel ationship between spawning 
s tock  d en s i ty  and recruitment density .  Any hypothesized form of differenti al mortality 
m u s t  he  inversdy rel ated to the density of adult abalone .  In the literature there is no 

i n d ic atio ; ;  0f any biological factor associated with adult abalone which promotes the 
surv ival Olj uveni le  ab alone after settlement . Con sequently, it would appear unlikely that 

d i fferen t i a l  m ortal i ty can explain the observed recruitment pattern and th at such 
pat tern s renected th e abundance of settlement at each sit e .  

A c c ept i n g  t h at th e recruitment den s ities observed reflect actual s ettlement patterns 
four expl an a tory m odel s c an be postulated to explain th e s e  pattern s :  ( 1 )  s ettl ement of 
a b a l o n e l ar v a e  i s  ran dom ; (2) settlement i s  attracted by physical, chemical or bio­
c h e m i c ci l c u e s  in dependent of the adult stock ; (3) settlement i s  attracted by physical ,  
c h em i c a l  or  b ioc h emica l cues  a s s ociated with the adult  abalon e ;  ( 4) d i spersal of l arvae 
is extremely res tri cted ( U n d erwood,  1 97 9) .  

The first  a n d  seco n d  m odel are e a s i ly dismi s s ed as being in compatible with the 
s ign i fi c an t  correl ation th at was o b s erved b etween recruitment den s ity and the density 



of adu l t s . Th e third m odel  c annot be entirely di scou nted . Abalone l arvae are kn own to 

se l l lc  on surfaces  of cor all in e algae ( S h epherd & Turn er , 1 985 ) .  It is po ssib le th at grazers 

s u c h  as abalon e pl ay an important role in keeping th ese  surfaces free from ep iph ytes 

and  a\· ai l ab l e  for s ettling l arvae. Larvae have also been sh own to settl e on the s l ime trai l s  

o f  c on specific s (S eki & K an-no ,  1 98 1  a ) .  Both th e s e  factors could possibly  attract l arv ae 

to settl e around adult abalone and such a phenomenon has  been observed in th e 

l aboratory for a number of oth er gastropods (see Underwood ,  1 979) .  lt should also be 

noted th at U n d erwood stres ses  that this does not n ecessarily happen in the n atural 

e n viron m ent .  

I n  the present study adult  abalon e were only removed from th e expo sed surface of 

bou l der s  during the search es and small abalone were not collected .  The crusto se 

c oral l in e algae on the expo s ed surface of the boulders were overgrown with epiphytes 

before the s earches were conducted which is in contrast to the crusto s e  corallin e  algae 

on th e under surface s  of the boulders in the area.  These  l atter corallines  showed 

evi d ence of grazing before an d after the s earches and it  was on th ese surface s  that th e 

smal l  0 "  abalone ( < 5 mm) were u sually found, suggesting that these  were the s ettling 

s i tes . As l arge amounts of m acro algae oth er than crusto se  corallines  were avail able 

above the bould ers  and th ese  are the preferred food of H. ntbra in this area (Prince, 

un pu b l . d ata) it  is im prob abl e that the adult abalone found during th e s earches  were 

graz ing th e coral line surfaces below the rocks or leaving many slime trai ls  in th is 

micro-h abitat .  The h igh proportion of the adult abalone p opulation in the removal area, 

co l iec t ed by searching the exposed surface of the bould ers  ( > 85 % ) also suggests th at 

ad u lt ab a lone spen d l i tt le tim e in the un der-boulder h abitat . In contrast, small abalone 

( < 60 m m )  were rare l y ob s erved on the expo sed surfaces of the boulders (despite> 20 h 

n ight d iv ing)  suggesting th at if eon spec ific ab alone h ave a role in conditioning settlem ent 

s i tes  i t  is prob ably t h e  j u veni l es which are the more important . It should also be 

remembered that spawning began with in 9 d ays of th e l ast search, so that the time 

avai l able  for any increased ep iphytic growth on s ettl ing surfaces w as rel atively restricte d .  

F o r  thes e  reas o n s  i t  i s  unlikely that the removal of adult ab alon e s ignific antly affected 

the ep iphytic growth or the number of slime trail s on potential s ettlement sit e s .  

Con sequently it is improbable th at the  observed recruitment pattern s resulted from 

s ettlement being attracted by cues associated with adult abalone. Thi s conc lu sion i s  

supported b y  S h epherd & Turner ( 1 98 5 )  who,  on the basis o f  their field study , 

discounted the likelih ood of abalone larvae being attracted to or by con specific adults . 

The fin al m od e l which c an exp l ain the settlem ent pattern inferred by this study i s  that 

abalone l arval d i spersal at the site studied was extremely restricted . Th is exp l an ation 

sugge sts  that s ignificant  numbers of l arvae did not travel into the removal area from the 

sp awn ing stock kn own to have been outside the area, a distance at S ites 4 and 6 of on ly 

15 m .  The l iterature for h al iotid s  assumes th at ab alone l arvae are pelagic (Mottett, 1 97 8 ; 
Fed oren k o & S prou t , 1 982 ; Tegner & B utler, 1 9 8 5),  swimming to the s urface after 

hatching .  :t\1 atthews & Vo lframs ( 1 97 8 )  studied a simil ar body of water near the area 
studied and showed that in depth s < 10 m water m ovement is prim arily win d driven . 

From the  relat i on ship d erived by th at study, between wind strength, d epth and water 

movement,  and from meteorol ogic al data (Aust . D ept.  S ci . ,  unpubl . d ata) i t  is possible 
to e st im ate t h e  m agnitude of water movemen ts in the area during the tim e when the 
abalone were sp a\vn ing as ;;:; 0 .005-0 . 0 3 8  m · s - 1 •  The movement c an effectively b e  
considered unid irection al fo r  periods of 48-96 h (M atthews & Volframs,  1 97 8 ) .  Thi s 

would h ave r e s ulted in a gross m ovem ent of between 4 3 0  and 3300 m for every 24-h 

period abalo n e  l arvae spent in the water column, depending on the depth at which they 
occurred . Th e gro s s  distance moved by a c ell of water indicates a m agnitude of mixing 
an d d i spers a l , for pel agic larvae, that i s.  in comp atible  with the localized reduction in 
sett lement obs erved in thi s experiment .  Cle arly, th e assumption of a pelagic larval life 
for H. mhra i s  not supported by the s ettlement pattern inferred by thi s study. Con­
s id ering t h e  m agn itud e of the water movement the inverse of this assumption is 
sugge sted by th ese results .  That i s ,  h aliotid larvae avoid dispersal .  

Th e as su m p tion that abalon e l arvae are pelagic in th e n atural environment rather th an 
d e m crsal  is based solely on l aboratory observations of h aliotid l arvae. Under l aboratory 
C"on dit ion s the trocophore is positively phototactic an d swims slowly towards the 
surface (ln o , 1 95 2 ; Leighton, 1 974 ; Yano & Ogawa, 1 977 ; Tan aka, 1 978) .  Late stage 
veligers exh ib it "tumbling beh aviour", in which l arge numbers assemble in vertical 
colum n s  and at irregular interval s  spontaneously tumble to the bottom of the tank and 
d i sperse (Leighton, 1 972 ; Grant, 1 98 1 ;  Grant & S umner, in prep . ). M ariculturists take 
ad vantage of the s e  beh aviour patterns by u sing surface collection techniques when 
t ransferri ng larvae between tanks (Ebert & Houk , 1 984).  Under laboratory condition s 
s ettlem ent of l arvae generally occurs between 3 - 1 1 d ays post fertilization depen d ing on 
tem perature (I n o , 1 952 ; Leighton , 1 974 ; Ebert & Houk, 1 984).  These  observations h ave 
al l  been m ad e during mariculture research programmes and no controll ed experiments 
h ave been publ ish ed which test their accuracy or relevance to n atural con dition s . 
I n s t e a d ,  the  relevance of the s e  observations to the n atural environment has been 
a s s u m e d ,  an d th ey h ave been taken to in dic ate th at n aturally occurring abalone larvae 
are pel agic ,  having a d i spers al phase before becoming competent to s ettle (preeompetent 
p h a s e )  equ iv a 1 ent to the time taken to s ettle in th e l aboratory (Mottett, 1 97 8 ; Fedorenko 
& S p rc , 1 ! ,  1 98 2 · Sluczanowski, 1 984 ; Tegner & Butler, 1 985) .  

Th ere 1 � ,  h owever, n o  c ertainty that such an  as sumption can be m ade (Underwood,  
1 979 ) .  Th e preferred settlem ent condition s for abalone are still poorly understood an d 
can o n ly be cru d e l y approximated in the laboratory (T. Dix, per s .  comm . ; J .  Grant, per s .  
comm . ) . I t  i s  k n own th at when faced with l e s s  th an optim al s ettlement condition s 
i n vertebrate l arvae postpon e s ettlement (Thorson , 1 950) .  It has al s o  been shown that 
t h e  d i scri m i n ation of the l arvae choosing s ettlement substrata d ecreases as larval life 
i s  pro l o n ged ( K n ight-Jon e s ,  1 95 3 ) .  B ec ause  of thi s ,  the time from fertiliz ation to 
se t t l ement  o b served in  th e l aboratory m ay be a gross over-e stimate of the average length 
of l arval  l i fe i n  the n atural environment, where optimal s ettlement condition s  occur. 
Th e s e  e s t i m ates of th e length of abalon e l arval life should be regarded as estim ates of 
t h e m ax i m u m  l en gth of larval life rath er than the minimum . 



Th e min i m um p o s s i b l e  l arv al l ife length is actual l y the tim e required by th e larvae to 

bec ome phy siologic al l y  c apable of settling (S trathmann er al. , 1 98 1 )  an d this i s  t h e  

c orrect d efinit ion of the prec;?mpetent phas e (J ackson & S trathm ann , 1 98 1  ) .  For 

abalone th i s  i s  wh en the  third. tuhul e forms on the cephalic tentacles ,  and the ctenidium 

an d first epipod i al tentscle app,car within the l arval sh ell (Gran t , 1 98 1 ; S eki & K an-no , 

1 9 8 l b ) .  For H. rubra the length of th e precompetent ph ase i s  � 1 0 6  h at 1 6  ° C  (G rant 

& Sumner, in  prep . ) although s ettlement in th e laboratory does not norm al ly occur until 

:::::: 1 42 h po st fertiliz ation . Even this does not give a true indic ation of what may be the 

m in imum p o s s i b le time avail able for di sper s al . To estimate this it is nece s s ary to 

c o n s i d er the proportion of th e precompetent ph ase during which the larvae are 

phys io l ogic ally forced to swim freely . Abalone eggs are con siderably h eavier than water 

( lno,  1 9 5 2 ; Grant,  1 9 8 1 ) and if disper sal occurs it is unlikely to occur before the 

trocophore h atch . In add ition , abalone larvae are able to stop swimm ing an d expl ore 

sett lem ent surfac es by creepin g from the time the two snout protruberances  are formed 

( S ek i  & K an - n o ,  1 98 1 b ) . For H. rubra the time between h atching and being c ap able of 

movement  by creeping rather than swimming is only � 43 h at 16 ° C  (Grant & Sumner, 

in prep . ; J .  G rant, per s .  comm. ) . 

Th e second d ifficu lty in as suming that the l aboratory behaviour of l arvae i s the s am e 

as n atural beh avi our , is th at the simple , smooth, sterile l aboratory tanks in which the 

larvae  arc h eld  are totally divorced from the biologic ally and physic ally complex bottom 

on \\·h ich abalone n aturally occur. Al so the densit ies  at which the l arvae are h eld  are 

prob sb l y several ord ers of magn itud e higher than those  found n aturally (T. Dix, per s .  

com m . ; J .  Grant,  pers . comm . ; L. Tong , per s . comm . ) . In t h e s e  con dition s i t  cannot 
b e  a s s u m ed th at larval behaviour i s  n ormal . Even if  this  a s sumption were made, the 
importance of stereotyp ed beh aviour might b e  les s ened by num erou s con dition s in th e 

fie ld ( l'vl oore,  1 97 5 ;  Young & Chia, 1 98 2 ) .  It i s  probable that if the behaviour of cultured 

l arvae corr e spond to the behaviour of larvae in the n atural environment, th en i t  may 

correspond to the  beh aviour of l arvae that h ave h atched in smooth, simple condition s .  

I t  h a s  been d em on strate d  that invertebrate larvae c an b e  c apab l e o f  a number of 

b e h a \' i o u r  p at t ern s stimulated by different s ettlement pro spects (e .g . ,  H arrigan , 1 972 ; 

Y o u n g  & Chia, 1 982) .  A pos sible hypothesis i s  that larvae in th e l aboratory are 

a t t e m pt i n g  t o d i sper s e  widely b ec au s e  they do not receive th e  cues which ind icate the 

proximi ty  of n atural s ettl ing sites ,  while larvae th at detect the s e  cues m ay avo id or 

m i n i m i z e  d i spersal .  
Res t ri c ted d i spers al of l arvae is  favoured amongst benthic m arine invertebrate s  when 

the resources  th ey require are un iformly available (Menge, 1 97 5 )  and rel ative ly free of 

tempora l  var iat ion (P almer & S trathm ann , 1 98 1  ) . In  th i s situation larvae th at d i s p erse  
h ave a l ower probabi l i ty  of find ing sui table h abitats th an non-d i spersing larvae an d face 

greater ri s k s  while  they  se arch ( S eben s ,  1 9 8 3 ) .  After s ettl ement th ere i s  l i t t le  com­

p e n s st i o n  for th is  c o st as both types of ani m al are  equally certain th at their c h o sen 
h abiut \\ i l l  con tin ue to  prov ide the  resourc e s  they need (P alm er & Strathm ann,  1 9 8 1  ) .  

N o  evi d e n c e  exi s t s  i n  t h e  l i terature to sugge st th at adult  ab alone reduce  the su i tab i l ity 

of h a bi t at for larvae or j u venile s ,  i n d i c ating that th e resources  required by abalone l arv ae 
arc as l i ke lv  to be avai l ab le  loc al ly as further afie ld . In addition ,  the kelp communities 
in  w h i c h  aba l o n e  arc found a r c  temporal ly  stable  ( D ayton e1 al. , 1_ 984 ; Tegner, in prep . ) . 

Th u s  t h e  res ourc e s  required by a b al o n e  are both un iformi ly available and temporal ly 

s t a b l e .  A s  a con sequence it should be expected that abalone will h ave evo lved 

morph o l og ica l  a n d  beh av ioural adaptation s which will restrict  larval di spers al .  

For m orph ologi c al reason s t h e  primitive Arch aeogastropod a cannot easily produce 

c o m p l e x  egg c ap su l es nor undertake intern al fertil ization (Yonge, 1 94 7). For thi s reason 
direct d evelopment  ben th i c egg c ap sule s (in which larvae p a s s  through all d evelopment 
stage s )  and vi vi p arity, the two mo s t common m ean s of restricting l arval d i spers ion 
( Th orson , 1 95 0 ; M ileikov sky, 1 97 1 ), are n ot comm only found in Archaeogastropoda 
( U n d erwood , 1 97 9) .  Und erwood ( 1 979)  hypothes ized that small gastropods denied 
t h e s e m et h o d s an d pel agi c l arvae by th e ir extremely sm all body size, wou l d be forced 
t o d evel o p  by n on -dispers al lecith otrophy . S imi larly it c an be hypothesized that 
�1 rc h a coga strop o d s  such as  h aliotid s , ec o logically favoured by non-dispers al but mor­
p h o l og ical ly con strained from evolving direct development or viviparity, are likely to 
d evelop th i s form of demers al developm ent l arvae. 

Circu m stant ial evi d ence ex i sts sugge sting that abalone have behavioural adaptations  
\\'h ich aid i n  restricting larval dispersal .  For example, the only ob servation contain ed 
i n  the l i terature , of wide-scal e  sp awn ing in h alioti d s  in the n atural en vironment, occurred 
i n  c a l m  c on d it ion s an d after s everal d ay s  of  very c alm we ather (Breen & Adkin s , 1 980) .  
From anecd otal in form ation provid ed by commercial divers in Tasman ia H. rubra al so 
appe a r s  t o  sp awn during calm weather. The s e  observation s s uggest th at abalone 
pop u l at ion s poss ibly select conditions of low water m ovemen t for spawning, ad aptive 
beh a viou r wh i ch would minimize d i sper s ion of gametes ,  egg s ,  and larvae. H. rubra 
m ai n t ain s i 1 s  gon ad s in a rip e  state for long perio d s  (H arrison & Grant, 1 97 1 ; Mc S hane 
et al. , 1 98 6 )  as do m an y  h alioti d s  ( s ee M ottett , 1 97 8 )  and this m ay enable spawn ing to 
c o i n c i d e  w i t h  sh ort irregul ar perio d s  of low water movement . A similar phenomenon 
h a s been ob served in the l imp et Ce/lana radians in which spawning coincides with 
l o c a l i z e d  con d i ( on s of water m ovement (Cree s e  & B all antine, 1 98 3 ), although for this 
l i m pet t h t'  rcy u ired condition i s  high water movement .  A number ofhaliotid species have 
hccn fou r. '" : u h ave v ariable  spawn ing times  (Newm an , 1 96 7 ; Poore,  1 97 3 ; Shepherd 
& L a w s ,  l 974 ; S heph erd et al. , 1 98 5 ). More specifical ly s ev eral workers h av e  observed 
a b a l o n e  popu l ation s short di stan c e s  apart spawning at d ifferent times (Webber & Giese,  
1 % 9 :  H a y a s h i ,  1 98 0 ) ;  thi s  has al so been obs erved for Haliotis rubra (Mc Sh an e  er a!. , 
l 98(> ) .  Th c:.e  ob servat ion s suggest  that locally specific cues  such as water movem ent,  
m ay be  i m p o rt an t in st imul ating spawning in h aliotid s , which would expl ain why the rCi l c  of m ore un iversal cues su ch as water temperature, an d d ay length i s  so ambigu o u s  (e .g .  s e c Webber & G iese , 1 96 9 ; S hepherd & Laws ,  1 974 ; S h eph erd e1 a/. , 1 98 5 ; /\ k S h an c er al. , 1 98 6) .  Thi s  hypothe s is  i s  con si sten t with the results  of th e  current study \\ " h c rl' s r a\1 ·n ing  occurred between 1 8  an d 2 9  S eptember 1 98 6 .  During thi s tim e there \1 a s  a 3 - d a y  peri o d  (2 1 -23  S eptemb er) when win d s  were generally offshore and lighter 



..... (2 . 3  m · s - 1 )  th an th e average win d  speed of September (7 . 6  m · s - 1 ) , a h igh ly s ign ific an t 

differen c e  (r = 9 . 1 7 ;  d .f. = 1 98 ;  P < 0 .00 1 ; A u st. Dept .  S c i . ,  un p ubl . d ata) .  Jt i s  p o s sible  

th at the spawning of th e  abalone in th e area studied coin cided with this  c alm weath er.  

Th e eggs  prod uc ed by halioti d s  are c o n s i derably h e avier than water and if rel eased 

over a bould er s u b stratum , can be expected to sink an d roll down into the substratum 

before h atch ing . Lodging the eggs within the substratum would prevent the eggs being 

rol led ac ro s s s andy sub strata away from reef habitat, and en sur e  that l arvae b egin their 

l i fe in a h ab i tat su i table  for settlemen t .  Th e beh aviour ob s erved by B reen & Adki n s  

( 1 9 80)  and su pported by t h e  observation s o f  Quayle ( 1 97 1  ) , where sp awning ab alone 

c l imbed up onto k elp an d promin ent po ints of the sub stratum before rele asing ova, is 

also reported by commercial d ivers for H. 111bra. As abalone are often found on the edge 

of a rocky sub stratum and s and,  where drifting kelp accumul ates  ( S hepherd, 1 973 ), this 

beh aviour in c alm w ater condition s may m aximize the probability that eggs land on,  and 

lodge in a h ard sub stratum, rather than falling onto a s andy sub stratum .  

Yan o  & Ogawa ( 1 97 7 )  studied the behaviour o f  the larvae of H. gigantea under 

con trolled l aboratory condition s and found that the trochophore are po s itively photo­

tactic and n egatively geotatic . Thi s stu dy found that 75 h after hatch ing 80 % of the 

l arvae \\'ere sti l l in th e top 10 cm of th e water col umn . Tegn er & B utler ( 1 98 5 )  u s ed these 

results to imply th at in the n atural environment h aliotid trocophores are gen erally 

pos i tively ph ototac t ic an d swim to th e  surface of the water where they rem ain for up 

to 7 5 h .  This ,  h owever, c onflict s with th e results of Tanaka ( 1 97 8 ), who whil e confirming 

th at 3 - an d 5-d ay-old l arv ae (post fert iliz ation ) of the s ame species are po sitive ly 

p hototactic, found them to be m o st abund an t in the bottom l ayer of still water l aboratory 
t ank s .  I n  the l aboratory the trocophore s of H. rubra swim freely for � 1 0  h at 1 6  ° C ;  
they stop s w im m ing and s ink if they encoun ter h ard surfaces or turbulence (J . Grant , 
pers .  comm . ; C. S u m n er, pers . comm . ) . I f  thi s behaviour also occurs in the n atural 

environment it i s  extrem ely uncertain as to wheth er the trocophore n orm al ly swim to 

the surfac e  of  the \\' at er .  An alternative hypoth e s i s  is that being po s itively ph ototact ic 

h el p s the  l arvae to orientate within the sub stratum . This could enab l e  the l arvae to move · 
from deep within th e sub stratum where the egg m ay h ave lodged towar d s  the l ighter 

upper  boulder  layers where suitable settlement sites (cru stos e  corallines) are most  · 

ab u n d an t .  

In addition t o  being consistent with the results o f  this experim ent, the hypothesi s th at 

hal iot id l arvae are adapted to avoid d i spers al , al so offers an explan ation for th e 

observation s of Breen & A dkin s ( 1 980)  who found no abalone l arvae, d espite towing 

a plankton net over a known sp awn ing site 2 and 3 day s  after the sp awning . I t  also . 

exp l a i n s the  fin d ings of Tom ita er al. ( 1 9 7 7 )  who, by u s ing a p lankton pump,  found small  

numbers of l arvae in s ix  of 19 s ample s . In on ly two of the s e  s am pl e s  were the l arvae 

m ore num erou s in the  surface l ayer than the bottom layer an d both th e s e s amp les  were 

taken from d epth s < 3 m. Th i s hypothe s i s  i s  al s o  consi stent with th e observation . 
reported in S luczanowski  ( 1 984) that in an is olated sub stock a pos itive re lation sh i p h ad · 

been found between the  biom a s s  of fecund ab alon e an d the recru itm ent of I +  animal s .  

R e s tr icted d i sper s al pattern s for h al iot id l arvae are also  consi stent with th e high levels 

of in bre ed ing observed in h aliotid popu lat ion s (Fuj ino , 1 97 8 ; Fujio et al. , 1 983) .  
Th e p o s s ib i l i ty  that h al i otid larvae general ly avoid d i spers al , rath er than being pelagic 

an d th u s vagi le ,  a s  at present as sumed , h as importan t imp lic ation s for the man agement 

of abalon e fi s h eri e s  an d deserves further consideration . Low d i spers al rates would 

expl ain why m an y  abal on e fi sheries  h ave been so eas ily over-fi shed (Mottett, 1 978) .  If 

l arval d i spersal  is gen erally restricted, it is obviou s that the potential for recolonizing 

areas  which h ave been d en ud ed of breed ing stock by over-fishing, is extremely limited . 

Th e removal of smal l  pockets of breeding stock would cause  the overall productivity 

of a fi s h ery to  d imin ish ,  concentrating the fishin.g power of th at in d u stry on the 

rem a i n ing stoc k s ,  and m aking their col lap se more likely . 
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A Method for Ageing the Abalone 

Haliotis rubra (Mollusca : G astropoda) 

J. D. Prince A". T .  L .  Sellers". W B. Ford 6 and S. R .  Talbo1 " 
A Zoology Depan men t ,  U n i versi ty of Ta sm an ia , G . P . 0 .  Box 2 5 2 C ,  Hobart ,  Tas . 7001 . 
Present addres� :  P . O .  Box 1 08 ,  North  Freman t k ,  W . A .  6 1 5 9 .  

u Tasmanian Depanmcnt  of S e a  Fisheries,  Re:iearch Laborat ory,  Crayfish P o i n t ,  Taroo n a ,  Tas . 7006. 

Abs1rac1 

A ltchn i q u e  fo r ageing flaliotis rubra is described.  The spire o f  the shdl is ground to create a polished 

disc o f  nacre in which rings are visi b le .  The n um ber of r ings present i n  each shell is  re la ted to the size 
of t h e shel l .  The age a t  which each r ing i s deposited has. been determined us i ng an age-length key 

derived from length-frequency h is 1 ograms and tag rernrn d a t a .  For the pop ulat ion studied,  three minor 

rings are di.:positcd i n  t he first 16 m on th s  o f  l ife and a major ring a t  an age of approximately 20 

months .  S u b:;equt1Jt  rings are deposi ted at  approxim<tiely annual in1crvals .  

I n troduction 
The abil i ty  t o  age a s p ecies i s  an i m po rt an t. tool i n  assess i ng t h e  state o f  an exploited 

stock (Ricker  1 977) .  Desp i t e val u a b l e  fi s h er ies  for hal iotids  i n  many countries (Mottett 1 9 7 8 ) ,  

n o  val ida 1 ed and r e l i a b l e  1 ec h n i q u e  f o r  ageing t hese commercial ly  i m po rtant  species h a s  been 

p u b l ish ed (Ward 1 986) .  Sevo 1 al sr u d i cs have no1ed t h at i n  some pop u lat i ons external growth 

checks may be present o n  abalone s h e l l s ,  and i n  some studies these have been used t o  i n fer 

age ( Forsler 1 96 7 ;  Poore 1 97 2 ;  Koj ima et al. 1 97 7 ;  Sai t o  1 98 1 ) . H o wever,  the presence 
o f  exlernal  growth checks i s  not  universal (J'vl uii oz- Lopez 1 97 6 ;  M o n e l l  1 97 8 )  even within 

species (Poore 1 971) ,  o r  n ecessa ri ly  a n n ual as often assumed (Shepherd a n d  Hearn 1 983).  

Cross sec r i o n s  o r  aba lo n e shel l s  have shown t h a t  int erru pt ion s also exist i n  the internal 

s t r u c 1 u r c  o f  1he  she l l and may be associa1ed with external checks (Sinclair 1 963 ; Poore 1 972; 

M u noz-Lopez 1 976).  M u n o z - L opez ( 1 976) obser ved 1hese i n 1 erruptions in the  M exican abalone 

Halio t is corruga1a and H. fulgens and s u gges1ed a method of secti o n i n g  t h e  shel l  w h ich 

a l l o wed the interrupt ions  t o  be viewed more easi ly as concentric circles . He noted that the 
nu m ber of r in gs observed in  a she l l  i n c reased with size a n d ,  afler examining the struct ure 

or th e shel l ,  concluded that the rings w e re annual ; h o wever , this ass u m pti on was not verified 

with in dependern age i ng d ata . 
The importance of val idat ing any ageing tech n i que wi th  independeni  length-frequency 

o r  m ar k -recap 1 u re dala h as been stressed by Beamish and �lcFarlane ( 1 983 ) .  This paper 

describes t h e  appl i ca 1 ion of  Munoz-Lopez's ageing techn ique to a Tasmanian population of 
Halioris rubra (H. ruber Leach , emended Lud brook 1 984) . 

M aterials and Methods 
Sampling 

FieldwC1rk was conducted a1  Blubber  Ht:ad in Pon Esperance, Tasma n ia (43c. J 9'S . , 1 47c04 ' E . ) .  

B e t w e t n  February 1 984 a n d  O r t o b e r  1 985 , the a ba lone p o p u l a t i o n  i n  th is  a r e a  was sampled at 4�mon1hly 

in 1erva l s .  The anaeslhelic sampling t echn iq ue described by Prince and Ford ( 1 985) was m.ed to collecl 

abalone at  lhe s i t t: .  ThL' i n i 1 i a l  sam pl i ng (February ! 9K4) of 16 m:! a1  t h i s  site showed that the abalon e  

were mo�t a b u n dant  at dep t h s <4 m ,  a n d  1 ha 1  1 h c  s i z e  com pos i t ion o f  t h e  a b a l o n e  popu la t ion was 
006 7 - 1 940/88/0201 67$03 .00 



l 6S J .  D .  P r i n..:� el al .  

C>.lremdy \ "J.riabk O\·er smal l  d i s ta nce� {20-40 m).  lki..:aus(" of 1his,  i n  June l 9ii4 �am pl i n g w:.h confi ned 
to < ..\. m depth  : r nJ  t he lo ta l  area �am pkJ w a �  increased to 20 m i . In O.:wber 1 984 1 /Jc <.1n:a sa mpkd 

was ag:.in inc r e;p,,,:J , t h i s  t i m e  10 -1-4 m2 ,  a n d  ::.arnpk sites wt:re standardiicd .  To achieve l h i s ,  m a r k e r !.  

\\ t: r c  �la..:cd 0 1 1
1

1 h t  �hJ1e- l i n ..:  31 fo u r  pl'. i n t s  appro
�
'" i m a t c l y  5 0  rn a par t ; in  front  of l'a•.:h m a r k e r ,  an a r e a  

IOtal l ing l I n r  w ;:1 s  s a m p l e d  hy t h rowi n g a l m ·  quadrat  f r o m  : rn an ch ored b oa 1 . 

A nalysis uj Lcnt,rh-frequency Dora 
The ·�fr..:' pr ogr am (/ Vl a c d onald and G reen 1 98 5 )  was u sed t o  descr ibe  the Jenglh-frcq u e n c y  d a t a .  

The progra m fits  a strics o f  n o r m a l  d i s t r i b u 1 iom t o  a leng1 h-frequency h is1 ogram , est ima t i ng t h e  m e:1n 

and s1 an d ;ird d e,·ia t i o n  of i..:a c h  distr ibu1 ion,  and e s t i m a t ing the proponion of lhe histogram com a i n cd 

with in  ead1 curve . 
For th i s  ;ina lys i s ,  t h e- d a t a  fr om the fo ur  standard sites were pooled . The Febru a ry 1 98 5  sample  

has n o 1  been a n :.i l y scd becaust:  of i 1 s  sma l l s ile .  The low ab u ndance o f  lar ger abalone i n  t h e  samples  

pre,·ent ed Lhe '!\.lix'  model from com·erging on any u n ique de�crip1ion of the larger  sizl' c l a sses .  

T o  enable lh e estimates o f  t h l'  m ode l i o  con,·erge, it w a s  necessary 1 0  t ru nca te t h e  d a t a  s e t s  and use 

only the  morc ah und'1nt  sm al l er size cbs�es .  The J u ne 1 984 h i s t og ram h a s  been tru ncated at 40 m m ,  
b ecau se on l y 2 0  quad r::u s \\ ere sampkd, resul t i n g  i n  a s m a l l  sample s i ze: .  T h e  other sam p l es h a v e  been 

t runcated a1 80 mm. U si ng t runcated data  sets ,  1 h e  ·t-.·l ix '  m odd converged on a un ique set of  estimates 

for a l l  1 h t.:  histograms except i n g  t h a t  o f  rhe October 1 9�4 sample.  For t h e  OcLOhcr 1 984 sam p le no 

u n iq u e  s o l u t i o n  cou l d he fou 1 1 d ,  s. o  t r ia l and error was u sed lo ob1ain t h e  best fi r ror Lhe  dat a .  
T h e  es t imaied pa r am eter s f o r  each J i s 1 r i b u t i o n  were used t o  prov id e age- l eng1 h da1a for t h e  analysis  

o f  £f0Wlh parameters . 

T �ble 1. £s1ima1es,  and the i r  slandard errors, of th e means (mm),  proportions (fraction of samplt' 

�ize) and standard errors (mm• of lilt' size distributions con1aintd in lhe 0-80 m m  lenglh-frequency 

his lugrams for H. rubra 
The est imate�  were m<idc u s i n g  t h e  '!\·t i .-... ' m odel {�·l acdonald a n d  Green 1 98 5 )  

Sa mp le M ea n P roport i o n  S t a nd a rd n N o .  x 2  p 
o.tnaly�ed d ev i a t i on squ ares v a l u e  d . f .  

E s t i m a t e  s . e .  E!<.t i m a t e  s . e .  E s 1 im a 1 e  s . e .  sampled 

J un l'  ! 'JS-I- 12 · 46 O ·  3 4  0 · 77 O · OJ 3 · 6 1  0 · 26 1 64 20 1 5 ·  52 1 3  O ·  276 
0-40 mm 29 · i i  0 · 63 0 · 23 0 · 03 3 · 40 O ·  5 1  

0..::1 .  1 % -1- 2 ·  3 0  3 · 64 0 · 03 0 · 0 1 0 · 47 5 · 7 8  

0 - 8 0  mm l 8 · 5 0  O·  JO 0 ·  5 3  0 · 04 3 · 10 0 · 28 
377 26 · 29 23 Q '  288A 41 · 30 3 · 02 0 · 36 0 ·  1 3 1 0 · 86 4 · 48 

44 

60 · 63 2 · 63 0 · 09 0 09 5 ·  1 5  2 ·  5 1  

F<b . 1 9S5 4 ·  S I  O · OS O · 62 0 02 I ·  55 0 06 

0- 80 mm 26 · 60 0 · 9 2  O · 25 0 · 02 6 · 46 0 · 1 3 
688 44 3 8 · 99 27 0 · 064 

4 5 . l l  2 ·  1 5  0 · 01 0 · 04 ) · 3 1  2 ·  5 8  

63 . 20 4 · 1 3  0 · 06 0 · 02 8 · 03 2 · 48 

J u ne 1 % 5  1 0 · ) 1  0 · 2 1  0 · 41 0 · 02 3 ·  1 4  0 ·  1 6  
0-SO m m  32 · 69 l · 1 6  O ·  34 0 · 05 6 · 02 0 · 8 1 

546 44 69 · 3 1  2 8  < 0 · 00 1  
SU · I S  2 .  i 6  O · l l 0 · 06 6 · 2.0 3 ·  1 3  
7 0 ·  1 9  l · 96 () - (Ii\ U - 03 5 · 7 8  l · 40 

O l' t .  1 985  3 · 84 O · 58 0 - 24 0 · 03 3 · 4 1  0 · 63 

0-SO m m  1 6 · 04 O ·  3 9  0 · 42 0 · 03 3 . 34 O ·  36 
39j 3 1 · 1 9 0 · 90 0 · 21 O · OJ 6 · 90 0 · %  44 3 3 · 1 4 28 0 · 2 3 1  

63 . 7 0  2 · 10 0 01 0 · 02 1 · 45 l · 96 

A E .;, i i m a 1 c� of p � n a m 1: 1 e r  \·a \ u e �  d i d  1101 converg t' .  
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Gro w1h Studies 
Betweeu J a n u a r y  1 983 a n d  February 1 98 5 ,  705 H. ruhra i n d i v i d ua l s  wtre tagged and released at the  sample s i t e .  Two l � !; g i n g  l echn iquc:.:s  w e r e  u sed : smal l  l a m i n a l ed Lags g l u ed 10 1 h e  shdls  \\ i t h  fas1 seui ng 
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Fig. 1 .  Length-frequency histograms for H. rubra samples collected bet ween 

Feb ruary 1 98 4  and October 1 98 5 ,  grouped in 2-mm size categories and 

sh owi ng 1 h e  siu dis1r ibu1 ions described using t he 'Mix'  model  {�tacdonald 

an d Green 1 98 5 ) ;  capi ta l letters iden r i fy modes descri bed by thl! analysis 

(see 1ext for details o f  the ana lysis) .  
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i;. l u l' ,  anJ disc  tag� r ivt tcd w a r e s p i r a \ o r y  port.: o f  1 h e  J.balone.  1 11 ! O t a ] ,  6 4 6  w e r e  L agged w i t h  1he  

former krhnique and 59 w i t h  t h e  l <H t e r .  Animab rcprl'�L' 1 l l ing t h e  size ra n g t: 34 t o  1 2 6  m rn were released . 

Rc,,;apum.' of r t:kased i.i.bd lon..:  1 00 h  pbce d u ri n g  A u g u s t  a n d  Sep t e m b e r  1 98 6 .  

Tht methods o f  Lihens  t 1 96 5 )  w e r e  used 1 0  ana!ySL' a nd describe t h e growth rmrameters  o f  t h e  

a b a l o n e  popula t i o n .  Tk Fahens m e t h o d  fi t s  a v o n  BLrta lanffy growth  c u r v e- t o tag r e 1 u rn  d a t a ;  by way 

of  ..:ompar i :) o n ,  est ima tes of  A" and L� were also o b 1 a i n c d  u s i ng the n on - l i n ear kas1-squarcs algorithm 

L!v! M I  mod i fied by O r  A. J. Mllkr from Osborne { 1 976) .  

Gro \\'th Rings 
Abalone from Blubber H ead were sampled d u ring August  and Octo ber 1 986 an d the i n tern a l structure 

o f  their sh e l l s examined . The t ech n i qu e o f  f\hifl oz-Lopcz { 1 976) was used t o  exam i n e  the  internal 

sirunure or t h e  a ba l o ne shel l :. .  Th e spire o f  each sh e l l was groun d flat  unril  a small h o le had been 

creat ed through 1hc spire. This process exposed a flat oval disc of nacre, u p to 1 0- 1 5  m m  i n  diameter,  

a n d  w i 1 h  a n  off-centre hole,  where the spi re had been . This d i s c  o f  n ac re was pol ish ed usi ng emery 
paper . 

The pol i sh ed disc on each s he l l was examined w i t h  a d i ssect i ng microscope a n d  d irec1 l ighting . 

Th e nacre v. as observed w con t a in a serie� of (.:Oncentric 1 r a n slucen1 bands sepa ra ted hy narrowe r , more 

opaqu e ,  rings.  The n um ber o f  the.:.r r i ngs was cou med for each shell  and t h e  maxi m u m  shell lengt h  

measured.  S h e l l s  with s p ; n.;s damaged by bor i ng organisms,  o r  w i t h  d i scolou red b a n d s  o f  na cre i n dicating 

borer auad el sewh ere i n  the shcH,  were d i sca 1 dcd from t his analysi s .  

Resulls 
A nalysis of L ength·frequency Histograms 

The s ize  d i s r r i b u t i o n s  d escr i bed for the length-frequency h is t ograms (Fi g .  I) by the 'Mix'  

m o d el fo r each sample are d et ai l ed i n  Table 1 .  F i ve major size c lasses were descri bed with 
the Mix  model . The smal lest  size class observed d u ring the s t ud y be_san recru i t i n g  to the 

p opu la t i on i n  October 1 984 a n d  w i l l  b e  referred t o  as the A m o d e .  Bet ween October 1 984 

a nd February 1 98 5 ,  th i s size class i n c reased i n  a b u n d ance, in d i cat i ng that recruitment to 

the pop ul at i on continued d u ri ng this period . The n e .xt · l argest size class of a n i mals  observed 

( the B m od e) was first  observed i n  J u ne 1 984 at a mean size of 1 2 · 5 m m .  This size class 

h ad in creased i n  size 10 3 7  · 8 m m  by October 1 98 5 .  The 1 hird size class (mode C) grew from 

29 · 7  m m  i n  J u n e  1 984 t o  a m ean size o f  63 · 7  mm i n  October 1 9 8 5 .  The largest size c l ass 

(m ode D) de scr i bed by t h e J\1 ix m ode l lrn d  a mean len gl h o f  60 · 6 m m  i n  October 1 98 4 .  

This  size c l a s s  was observed u n t i l  J u n e  1 98 5  when i l  h a d  obtained a mean size o f  70 · 2  m m .  

\V i d espread spaw n i n g  o f  H. rubra has been observed al a n e a r b y  s i t e c o  b e g i n  d u ri n g  the  

last week o f  September (Pr ince  et al.  1 98 7 ) .  Th i s t i m ing is  consi stent with t h e  observation 

t h at rec ru i tm en t occurs b e t ween October  and February . On t h is b a s i s ,  October l has been 
assum ed t o  be t h e  'date of b i n h '  for this popu lati o n . Using this dale, modes A, B, C and 

D can be est imated to have been approximately 4, 16, 28 and 40 momhs o l d ,  respectively ,  

i n  February 1 98 5 .  

Groinh 

I n  all ,  5 5  tagged abalo n e \Vere recovered during the recapture  searches with t h e  t ime at  

l i b e n y  ran g i n g from 490 to 1 1 26 d ays . N i n e  o f t h e  abalone reca p t u re d  had been tagged with 
r i\'t:-t  t ags .  The r n�ged a b a l o n e  were pri m a ri l y  from the larger s i ze classes.  A p p roximate l y 

5 0 %  of t hose recovered h a d  been re lea sed at a size > 60 mm and over 8 5 %  of t h e  a n im a ls 

recJpr u red were > 90 mm when recovered.  This was because of t h e  d i fficul ty  of captur i ng , 
h J n d l i n g  and tagging sm a l ler a b a l o n e .  

A n a l y s i s  o f  t h e  Jag  re l u rn  d a i a  gave an es1 imate  for  K of 0 · 024 ( s . e .  3 ·  1 0  x 1 0 - 3) 

a n d  tin L 00 of 1 39 · 7  mm ( s . e .  7 · 24) ,  when t i m e  was measured in m o n t h s .  These es1 imates 

were ob1aincJ wtth both t he methods used. Shep h erd and H earn (l  983)  obse rved that  t he 

Fabens ( 1 96 5 )  leas t -:-.quare�  a lgor i t h m produces w i d e r  confidence i n r ervals than t h e  n on - l inear 

a l go r i 1 h m ;  however, t h e  est imates  a n d  their s t and a rd errors obtained i n  this study using the 

rn o m e 1 hods were consi s t c n r  to the sixth and t h i r d  decimal place,  respectively .  

Ageing o f  H. rubra 
1 7 1  

A h i gh l y s i g n i fi c a n t  l i near correlat ion (P < 0 · 00 1 ; r = 0 · 99 1 ;  n = 1 6) ex ist s  between 
1he m ean s o f  t h e s i ze claS>es ( < 80 m m ) ,  descr i bed by the ' M ix' model ,  and age. This 

relat ionship can be'> t be descri bed by the eq ua t i o n A =  I · .:t l  + 0 · 5 8 L, where A i s  the age 
i n  m o n t h s  and L is the l en g t h in m i l l i m et re� . This equation i mp l ies t h at 10 (the theoret ica l 

t ime \Vhen size is eq ua l to zero) for t h i s  populat ion is approx i m a te l y  l · 4  m o n t h s .  However ,  
i f  a t0 o f 1 · 4 m o n t h s  i s  u s e d  w i t h  t h e  parameters estim ated f o r  the von Bertalan ffy curve, 

the cu rve great l y over-estimates the  early growth d escribed by the  age-length data.  

The growth o f  aba l on e i n  this  pop u lat ion is best d escr i bed by using both eq uations 

i n dependent l y ,  d escri bi ng the grow1h o f  < 80- m m  abalone i n  the area wi1h a s traight l ine 

and t h e  growth o f  larger abalone with a van Ben al an ffy curve.  If  80 mm is  accepted as the 

l i m i t  or both curves the straight-lint eq uat i o n  can be used t o  estim a1e  an age o f  47 · 8 months 

for an 80-mm a n i m a l .  S u b s t i tut ing these values into the von Bertalan ffy equation , a 10 
of 12 · 1 months can be estim ated for use with the van Benalan ffy section o f  the curve. 
I t  sh oul d be n o 1 ed th at this 10 has  n o  biological basis ,  but posit ions t h e  von Benalan ffy 
section of the gr0\\1th c u rve in relation to r h e  l i near grO\vth phase.  Us i ng both t h ese equations 

a growt h c u r v �  and age- length key has been est imated (Fi g .  2). 
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1-"ig. 2 .  Growth curve estimated for 
H. rubra at the B l ub ber Head study 

sik. The curve uses age-leng1h data 

derived from length-frequency histograms 
t o  describe  the < 80 mm section of the 

cu r ve and von Bertalanffy parame1ers 

derived from tag return data t o  describe 
the cu rve > 80 m m .  

T h e  accuracy o f  c o m b i n i n g  t h e  t w o  c u rves w a s  ch ecked using t h e  tagged abalone released 

a t  sizes < 80 mm and recap t u red at > 80 m m .  Their age at t i m e  of rele'1se wa3 estimated 
with the s t rai gh t - l i n e equation and, together with their  t i me at  l ibt:rty, u�ed to calcu late t heir 

age when recapt u red . Using the est i m a ted age o f recapture, a n  expected �ize was calculated 

with t h e  von Bertalan ffy equation for comparis o n  with their  actual size o f  recap t u re . 

The h ypot h es i s 1 h a t  act u a l  s izes were d i fferent from expec1ed sizes was tested with a paired 
I-lest and rcj ecJed (P > 0 · 1 0 ;  t = 0 · 34 5 ;  d . f. = 3 7 ) .  

Gro w1h Rings 

Two types o f  ri ng structures were evident within the shel ls  examined.  The three outer� 

most rings were considerably fin e r  than the i n n er r ings .  These m i n o r  rings were a uniform 
0 · 02-0 · 05 m m  th ick for t h e  en t i re c i r c u m ference o f  the shel l  s ec1 i o n  and were the first 

rings to be deposited , their deposition bein g  complete before the abalone reached 30 mm 

(fig .  3). In !he l arger shel l s  ( > 90 mm) where a d isc  o f  1 0- 1 5  mm diame1er  h ad 10 be 

created t o  penetrate the s h e l l ,  one or  more o f these m i n or rings were somet i m es lost i n  the 

gr i nd i n g process (Fi g .  4) .  For this  reason major a n d  minor ri ngs were c o u n t ed separa te ly . 

The major r ings  were d i s t i n g u ished fro m  the m i n o r  r i ngs by t h ei r  grealer width (general ly  

0 · 05-0 · 15  m m ) ,  and by the fact  that  the width o f  i n d i vidual  r ings var i ed around t heir 

circu m ferern:c, with sect i o n s  being up t o  0 · 3 m m  t h ick . 

The n u m ber of ri ngs present in t h e shells  i n creased 1 ela1 ively  smoothly w i t h  size (Fig .  3) .  

P roponio na 1 e ly more o f  t h e  larger she l l s  were d i scarded because  1hey showed evidence o f  

h avi ng been a ffected by b o r i n g  organisms a n d ,  because o f  t h i s ,  t h e  s a m p l e  sizes decl ined.  
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Using lhc age- k n g 1 h  k ey ,  it can be e s t i mated that the t lHL't:: m i n o r  r i n g� we re d e poi;;i t ed 

d u ri n g  1 h e  fi r st 1 6  m o n t h s  of l i fe (7 · 4 ,  1 1  · 4  a n d 1 5 · 7  m o 0 1 h s  respeci ivel y ) .  The first 
rnajur r ing  wa.1. d epo s i 1 ed d u r i n g  t h e  second year of l i fe (20 · 6 m ont hs ) a n d  a major  r i n g  

w a '  depo,i t e d  d u r i n g_  each sub,eq uen1  y e a r  ( 3 2

·

7 ,  4 3 · 4 , 5 9 · 2 ,  69 · 3 ,  7 9 · 8 , 8 9 · 3  m o 0 1 h s  
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Fi�. 3. Relat ionship b e t w ern n u mb er 

of r ings  and kngt h .  Error bars i n dicate 

95% c o n fi d i:nce intervals ;  n u mrrals 

out s ide  partnt he<ie:. i n d i 1..:a 1e  est ima1ed 

ag<: (months)  when rings are formed ; 

n umerals i nside paremheses in d i ca \ e  

sample s i z e  (11 ) .  
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1-"ig. �. Magni fied sect i on (c. 20 x )  of the polished nacre C1isk,  crea1ed by grinding l h e  spire o f  

a b J l o n e  s h e l l s ,  sh ow i ng t w o  minor  ri ngs {arrowed ) outs ide si .x major r ings .  

ri:spect i v e l y ) .  This  pa t t ern i n d icates  t h a1 t h e  major r i ngs are pro bab l y depo s i t ed d u r ing 
J u ne - A u g u s 1  of each year in I + ab a l on e and o l d e r .  This l i m i n g  appa ren i l y coincides  w i t h  

t h e p e r i o d  o f  c o l d e s t  w a t e r  r a t h e r  t h a n  w i t h t h e  Sept ember-November s p a w n i n g  p eri od . 
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Discussion 
The straight- l ine growth observed fo r t h e  sm al le r  size c l asses o f  abalone i n  this  s L u d y  has 

been o bse rved o r  hypot h e s i zed fo r hal iot ids i n  a n u m ber o f  other studies (Forster 1 967 ; 

Newman 1 968 ;  Poore 1 97 2 ;  K oi k e  1 97 8 ;  H ayash i 1 980; Sai10 1 9 8 1 ) .  Several 01her studies 

h a v e observed the early growth o f  h a l i o t i d� t o  be non-linear, a l t h o ugh t h e depart ur e from 

l i n e a r  i n  these stu d i e!- has  o fle n been slight a n d  in  some s tud ies appears to  be more assu m ed 

th an observed \Sh eph erd a n d  H earn 1 9 8 3 ;  S hep h e rd er al. 1 98 5 ;  Clav ier and Richard 1 986). 
A n u m ber o f  au thors  h av e  a lso expe r ien ced d i ffi c u l t y  matching t h e growth o f  j u v enile and 
adult abalone u s i n g  a v o n  Bert a l a n fiy curve \Poore 1 97 2 ;  Sainsbury 1 982) . Poore ( 1 972) 

used a von Bertalan ffy cu rve in the sam e way as it h as been med in  this s t u d y  to describe 

on l y the u p p e r  portion of the growth curve .  Y a m agu ch i ( l 97 5 J  discussed the lim i tati on s 

i m posed by u s i n g  van Bertalan ffy curves  to d escr i be i n vertebrate growth more general ly ,  but 

part icular ly  when extrapolating cu rves , based on ta gged adults,  to descri be j u venile growth. 

Ya m aguch i found that i f  j uven il e grO\Vlh was n o t  s t u d ied independent ly  there was a serio us 

risk o f  o v eres t i m at ing j u venile growt h ;  a con cl u s i o n  th a t  is en t irely consistent  wich the 

fi n d i ngs of t h i s  s t u d y .  

The growt h r a l e s  found b y  t h i s srudy , part i cu l ar l y  f o r  the you nger a g e  c l asses , are lower 

than those documemed b y  H arrison and Grant ( 1 97 1 )  or Shepherd and Hearn ( 1 983) who 
sIUdied H. ru bra in Tasm a n i a  and Sou1h A u stralia respect i vely . This could be exp lained by 

1he k n o w n  i n t ra-specific  v ar i ab i l i t y o f  haliotid growth r a1 es (Leigh t on and Boolootian 1 963 ;  
Fors te r  1 967 ; H arrison and G r a n t  1 97 1 ;  Sh eph erd and Laws 1 974 ; Sainsbury 1 982) a n d  the 

em ph as i s t h ese sr n d ies p l aced upon tagg i ng data. I n  most o f  the earlier studi es , 10 was 

a '.'. s u rn ed t o  have a value of approxim a t ely zero . If t h i s  assumption had been made in t h e  

curre 1 1 1  s tudy  an d used w i r h  t h e  m a r k-recapture d a t a , the age o f  an abalone a t an y given 

l e n g t h  could have  bee n u n derest imated by u p  t o  17 m o n t h s .  
J i  i s  ev iden t  t h a t  t h e  m a j o r  growth r i ngs observed i n  t h i s  s t ud y a r e  depo s i t e d  dur ing t h e  

w i n t er m o n t h s  and probably represent w i n t e r  gro \vt h ch ec k s rat her t ha n .spawn ing checks. 
Such an i n t erpre i at i o n i s  consist ent  wi th  the fe:i c t  tha1 br eed in g in t h i s popula t ion  does 

not  g e n e r a ! l y  commence unti l  a size of approxima1 e l y  90 m m  h a s  been a t t a i n ed (Prince , 

u n p u bl i shed d a t a ) ,  i n d i ca t i n g  t h a t  gr ow t h check i n g  is occur r i ng in b01h bree d i n g  a n d  non­
hrced i n g  a b a l o n e . T h i s  i m erpreta1 ion of t h e  r ings  i s  s imi lar  t o  t h a t  o f  M ufloz·Lopez ( 1 97 6) 

w h o ,  w i 1 h o u t  i n depe n d e n t  verif icat i o n ,  i n ferr ed t h a t  the r i n gs fou n d  in Mexican abalon e 
were formed in win ter .  

The d e p o s i t i o n  o f  t h e  minor r i n g s  at 7 · 4 ,  1 1  · 4 an d 15  · 7 months  o f a g e  can not b e  
exp la ined  by w in t e r  tem perat u res o r  spawni n g .  L a r v a l  h a l i m i d s  set t le  o n  the  surface� of  

cora l l i n e a lgae o n  which they feed during t h e fi rst phase  o f  their  j uven l !e  l ife (S hep h erd and 

Turner I 9 8 5 ) ;  t h e  o l der j u ven i l es and a d u l t s  l ive  i n  crev i ces a n d  eat  m a c r o a l g a e  (Shepherd 

1 97 3 ) .  I t  can be ex pec t ed that juvenile abalone move t h rough a n um ber of m i croh a b i tars 

d u r i n g  1 h e ir  f irst  1 2- 1 8  m o n t h s  of l i fe be fore a d o p t i n g  more adul t - l ike  hab i t a t s a n d  feeding 

pat terns;  possibly t h e m i n o r  r ings  r e flect  a chec k i n g  o f  growth d u r i n g  t h ese chan ges . 
However , t h e prec i se exp lanat i on for th e gro wth - c h eck i ng that  u n d o u b t e d l y  causes these 
strucwre:-. t o  be formed wil l  not  be fo r thcom i ng unril the bi o l ogy and ecology o f  j u venile 

abalone arc more clearly unders tood . 
Sam ples of H. rubra sh e l ls from Port P h i l l i p Bay i n V ictoria ,  from nea r  Syd ney in New 

S o u t h  \V a l e s ,  a n d  e lsewh e re i n  Tas m a n i a  were examined at t h e  en d Or  t h i s  study.  U s i n g  the  
growth parameters  f o r  t h e  populat i o n s  f r o m  wh i ch t h e  samples  w e r e  t a k e n  ( R .  Day an d 

A .  Leork e , u n p u b l i s h e d  d a t a ;  G .  H a m e r ,  u n p u b l i s h e d  d a t a ;  Pr ince ,  u n p u b l i s h e d  data)  i 1  

appears  t h a t  t h e  i n t er preta t ion o f  t h ese st ruc1 ures,  d er i ved f r o m  t h i s  st udy , i s  val i d for the 
V i c t o r i a n  and Tasmanian sa mp l es . I t  m a y  n o t  b e  a pp l icab l e to th e  sample from New Sou t h 

Wales ;  h ere , t h e  s h e l l s  ex a m i ned appeared to have a larger number of m i n o r  rings and n o  

major rings .  Moreover,  t h es e  rings d i d  not  appear to h a v e  been laid down d ur ing each 

wi n t er . I t  is po ss i b le that grow t h c h e c k i n g  does no t occur i n  New South \Vales d ur ing 
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w in t e r  beca u s e  o r  warmer w a t e r  te m pe rat u res . Clearly  t h i .'i  method o f  ageing sh ou l d be 

used cau t i o u s l y  wi th stoc J... s o r  .-,pecies  o f  abalone for which i t  has nor  bt:en valida te d .  

H o \\ e v e r ,  as t h e  m a j o r  commer cial  s t o c k s  o f  ab a l o ne tend to be i n  coo l er temperat e wat ers 
w i t h p ro n ou nced w i n t er c o o l i n g  ( M o t L el 1 97 8 )  and these ring s tructures  h ave a lso been 

d e 1 e l.'. t e d  i n  se\·eral M ex i ca n spec ie� o f  h a l i o t i d  (rvl uii oz-Lopez 1 9 7 6 ) ,  th e general tech n i q u e , 

as dist inct  from t h e int erpretat i o n ,  is l ikely  to be app l i cable to most  c o m mercial  h aliotid 

speci e s .  

D u r i n g  t h i s  s t u d y ,  abalone s h e l l s  affected by boring orga n i s m s  w e r e  d i scarded from 

t he  a n a l y s i s .  A p r o p o r t i o n a t e l y  greati:r n u m ber o f  t h e  l arge r  shells were affected by these 

organisms and this  L'.O u ld p m e n t ia l l y  l im i 1 t h e  us.efulness o f  the  t e c h n i q u e .  ln this cornext,  

t h .:  fo l l 1...1 Y.· i n g  ob�ervat ions regarding the e ffect o f  borers on the  shel ls  are re levan t . Shells  
auad.:.ed by borers  did n 0 1  a lw ays sho\v evi d e n ce of that  attack t h roughout the shell ; i t  
appeared t hat in  many cases  t h e  an i m a l had been a b l e  t o  respon d t o  the  borer at tack  with  

a l i m i t ed d ep os i t i on o f  nacre t h a t  did n o t  affect shel l  depos it i on i n  the  spire .  The rings in  

these s h e l l s  co u ld be counted i n  t he normal  manner.  W h ere the  boring o rgan ism h a d  affected 

the  area cl o s er to t h e  sp ire ,  t h e  effect of the attack was eviden ced by o n e  or more th ick 

d i s c o l o u r e d  Jayers o f  nacre  within the spire .  I f  these d isco lou red r i n g s  were not coumed,  the  

n u m b e r  o f  r i n g s  seemed t o  be consi ste n t with  o t h er shel ls  of s imi lar  s ize .  In  a third class 

o f  a ffected s h e l l s ,  the top o f  the spire had been completely eroded away removing an  

u n k n o w n  n um ber o f  layers  and these s h ells were  com ple t ely useles s .  From these observations 

i t  i s  apparent t h at t h e  usefulness  o r  t h e  technique may be extended by using t h e  first  t w o  

categories  o f  sh e l ls a ffected by bor i ng organ i sms . 
T h i s  s t u d y  d ocum e nt� a techn i q u e  for ageing a Tasmanian populat ion of H. rubra . It is 

l i k ely that  t h i s tech n i q u e could be appl ied to a wide  range of commercial  h a l i o t i d  speci es . 

A wi dely  app l i cab le  ageing tech n i q ue such as t h i s  has  the  potential  to faci l i t a t e  biological  

s t u dies o f  thes e specie s , ben efi t ing t h e  management o f  exist ing hal iot id fis h eries (Ward 1 986).  
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Confirm ation of a relation ship between the localized 

abund an c e  of breeding stock and recruitment for Haliotis 
rubra Leach (Mollusca : Gastropoda) 
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Abstract:  T h e  hypothesis  t h a t  for Haliotis rubra Leach t h e  localized abundance of mature abalone d eter­
mines the abundance of recruitment was tested with experimental reductions of breeding stock at four sites.  
A t  each site there was an experim ental area 60 m in length, from which adult abalone were removed, and 
two control areas 60 m either s i d e  of the experimental area. The abundance of recruitment was found to 
vary significantly between the four sites and between control areas within three of the sites. Observations 
which are cons istent with recru itment being highly l ocalized.  The overall density of  recruitment to the 
experimental are a s  was significantly lower than i n  the control areas i n dicating that the a bundance of 
breeding animals determines  the abundance of  recruitment. When these data were combined with d ata from 
the studies of Prince et al. (in pres s )  for the s am e  sites,  a relationship between breed ing stock and 
recruitment is c learly evident, confirming that the density of breeding stock was the m ajor determinant of 
recruitment abundance. These results show that for this  species.  on a spatial scale measured in 1 Os of m eters, 
the abundance of recruitment i s  directly rel ated to  the abundance of m ature abalone. 

Key words:  Abalon e ;  Haliotis rubra ; Larnl dispersa l ;  Mollusca ; Recruitment 

INTRODUCTION 

H aliotids  h ave free-swimming Jecithotrophic l arvae which, i n  line with traditional 

m arine biological perspectives (Knowlton & Keller, 1 986) ,  h ave been as sumed to 

di sperse relatively widely (Fedorenko & Sprout, 1 982) .  A recent paper by Prince et al. 
( 1 987)  described the results of an experiment which suggested that the recruitment 

p atterns of the h aliotid Haliotis rubra Leach were related to the immediate d en sity of 

m ature con specifics .  On this basis they hypothesized th at the dispersal of larvae for this 

species is gen erally limited to a scale 0-50 m. Their experiment was extremely simple ;  

a 90-m s ection o f  coastal reef was cleared o f  mature abalone and the resulting pattern 

of recruitment along the coast examined . The rationale for their experiment was that, 

if l arval dispersal is limited, th e removal of m ature abalone from any area will reduce 

the abundance of recruitment .  This article describes a more extensive experiment 

conducted to test the results of that earlier study. 

Correspondence addre s s :  T. L. Sel lers .  Tasmanian Department of Sea Fisheries , Research Laboratory, 
Crayfi s h  Point, Taroon a ,  Tasmania 7006, Austr alia. 
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M ETHODS 

Th e methods u sed in  t h i s  slu dy arc based on those described i n  some detai l  by Prince 

et al. ( 1 987 )  and the read er i s  d i rected lo th at work for a detai led description of the 

techniques and h abitat used in  this study . In this  study four sites at the southern end 

of D ' Entrecas tcau x Ch annel in Tasman i a, south ern Australia (43 ° l 9 ' S : J47 ' 04 ' E), 

were used . Nin epin Point, East H o p e  l s . ,  North H ope l s . ,  an d B lubber H ead (Fig. J ) . 

The abalon e-bearing h abitat at each site was s imil ar, with boulders extending from 

above the high wat er mark down to "" J O m below the l ow water m ark where i t  ran into 

s an dy substratum . 

At each site a 1 80-m stretch of abalone-bearing coastal reef was selected . The central 

60-m section al each site was m arked out as an experim ental area from which adult 

abalone were removed.  The shoreline at either end of the J 80-m s ection of coastline 

s erved as control areas and th e breeding stock i n  those  areas was not  d i sturbed (Fig. l ) . 
I m m edi ately prior to the removal of breed ing stock from each experimental area, the 

origin al density of adul t abal one within the experim ental areas was m easured . These 

measurements were performed by d ivers searching the substratum for abalone in 

20 x J -m 2  quadrats . The sampled areas were selected by th rowing a quadrat from an 
am 11ored boat . A d ult  H. mbra live in  noncryptic habitats and can be found rel atively 

efficiently by searching divers (Prince et al. , in press)  so that carefu l searching of small  

areas can be expected to measure adult den sity with a high d egree of accuracy (Prince 

& Ford, 1 98 5). 

B ecause the abalone at the study sites breed during S eptember- October of each year 

(Ha rr ison & Grant. 1 97 1 ; Pr ince er  al. , 1 98 7 ;  Prince et al. , in press)  breed ing stock 

removals were conducted during J u ly-Augu st 1 986.  During this procedure a t eam of 

four divers s earched each experimenta l area on four occasion s .  During th e searches all 

abalone > 60 m m  (maximum shell length) that could be taken without d isturbing the 

substratum, were collec ted . Subsam ples of these animals were used,  together with th e 

techniques outlined in Prince ec al. ( 1987), to d etermine the size of fir st m aturity at each 

s ite . 
After the search es were completed the d en sity of adult abalone rem aining in each 

experimental area was measured.  Thi s  was achieved by s ampl ing a further 20 quadrat s 
of 1 m2 in each area. On this occasion the substratum in JO of the qu adrats was s ampled 
by d iver searching and the remaining JO quadrats were sampled with the anaesthetic 

techn i que of Prince & Ford ( 1 985) .  Thi s  latter technique samples abalone > 70 mm with 
the same efficiency as vi sual searching, however , it s amples the s m al l er s ize classes more 

efficiently (Prince & Ford , 1 985) .  This techn iqu e  was used to adequat ely s am ple the 

immature size classes so th at the size of the sm allest size class present could be 

determined . I t  was not used throughout the study becau se it consumes more diving time 
th an vi sual searching . 

B etween Febru ary an d April J 987 after spawning and recruitment had occurred the 
abalone populat ions  at each site were s ampled a third time . During this poslrecruitment 

STOCK -RECRU ITMENT RELATI O N S H I P  J N  HA L/OTIS RVBRA 93 

sampling the experimental area and the two control areas were sampled, at each of the 

four sites . A total of 20 x J -m2 qu adrats were s ampled in each area using the anaesthetic  

technique of Prince & Ford ( 1 9 8 5 ). 
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Fig. l. A map of the of D'Entrecasteaux Channel in Tasmania, �out hem Au!'tralia showing the location of 
the study sites (A, B) and the design of the experiment (C). 
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The m ovement of a d u l t  H. nibra at the B lubber H ead site, which i s  a sim i l ar h abitat 

to  the other s ites.  h a s  been observed to be very l imited, 1 0-20 m · yr - 1 ,  an d wit hout 

a l o n g , h ore d irect ion a l i t y  (White  & Whyte , pers. comm . ) .  M ort al i ty  rates h ave also been 

obs erved to  be rela t ively low in the adult populat ion (Pr ince et al. , i n  press) .  For these 

reason s it  can be a s sumed that the densi ty of ad u lt abal o n e  measured at the control 

area s  d u ring the postrecruitment s ampling, approximated the dens i ty present at these 

sites during the breeding period . B ecause of this and th e prohibitive logi stic s of conduct­
ing th i s experiment, the actual den sity of breeding stock in the control areas was only 

mea sured as a p art of the postrecruitmen t sampling.  J t  i s  as sumed that in these 

undi sturbed control areas this density wil l  approximate the den sity th at was present 
during the time of sp awning . 

B ecause the measured den sities  of abalone were extremely low and in many quadrats 

there were n o  abalone, selected pairs of quadrats within each set of samples h ave been 

random ly pooled . Cochran 's test for the heterogen eity of vari ances was used for al l  

an alyses (Win er, 1 97 1 ). 

A simple ANOVA was u s ed to compare the densities  of breeding stock within 

experimental areas before and after the removal of breeding stock. N e sted AN OVA s 

were used to test between and within site variability of breeding stock an d  recruitment 

den s ity . Where v ari ables were u s ed more than once, violating the assumption of 

independent variables, the B onferri method was u sed to adjust the level of s ignificance 

being tested (Day & Quinn, in prep.) .  Planned comparisons were u s ed to test d ifferences 

within individual sites (Winer, 1 97 1 ) .  

ANOVAs were used  to t e s t  t h e  significance of difTerent relation ships between the 

den sity of breeding stock and recruitment. 

RESULTS AND D I SCU S S I O N  

B REEDING STU D I E S  

The relation ship between fecund ity and m aximum length at each si te was adequately 

described by lin ear regres s ion s (Tabl e  I). From these equations it can be estimated that 

the l ength at first maturity is "' 87,  8 1 ,  77, and 90 mm at N in epin Point, North Hope 

TABLE I 

The relationship between fecundity (F. millions of ova) and m aximum length (L, m m )  at each site, together 
with the estimated size of first maturity (F = 0 )  at each site. 

Site Relationship F = O r' df p 
Ninepin Pt. F = 0.026L-2.2 1 9  8 7  0 .357  80  < 0.00 1 
North Hope ls .  F = 0.046L- 3 . 7 5 3  8 1  0 . 3 4 2  5 3  < 0.001 
East Hope Is .  F = 0.0 1 2l-0.930 7 7  0.423 55 < 0.00 1 
Bl ubber Hd. F = 0.026L-2.339 90 0 .3 1 0  5 3  < 0.00!  
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I s . ,  E a s t  Hope I s . ,  a n d  B lubber H ead, re spectively . These s i z e s  were consi stent with 

the size of the smallest an imal s at each site found to have yolked ova in their gon ads 

and with gon ad index d ata collected at each s ite .  Th ese sizes h ave been used as cut-ofT 

points for estimating th e den sity of breeding stock at each site. 

BREED I N G  STOCK REMOVAL 

The measured densities of breeding stock showed a tendency to be po s itively skewed 

about the mean and when the hypothesi s that the variances of the breeding stock density 

m easurements were unequal was tested .it was accepted (c = 0.282, k = 1 2, r = 9. 

P < 0.0 1 ). Con sequ ent ly these data were tran sformed u sing a Iog,.(x + 1 )  trans­

formation . The h ypoth esis of unequal variances was rejected for the tran sformed d ata 

(c = 0. 149, k = 1 2, r = 9, P >  0 .05) .  

At each site th e den sity of breeding stock tended to be higher at one control than the 

other , wh il e  th e  den sity in the experimental areas before the removal process,  generally 
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Fig. 2 .  Results of the experimental reduction o f  breeding s tock at Ninepin Point. North Hope l s . ,  E a s t  Hope 
Is . .  B lubber H ead and for pooled data from all four sites (all sites);  error bars denote 9 5 % confidence 

intervals .  



% J. D. PR I NCE ET A L .  

TABU:. I I  

A N O \'  A tahlc for two-factor A N O V A  comparing th e den sity of breed ing stock i n  t h e  experimental areas  
a t  the  four sites,  before and aft er the removal of breeding stock. 

Source 

Pre vs .  postremoval ( A )  
Site ( R )  
A B  
Error 

dr 

72 

Sum of squ ares 

1 .766 
0 .5  I R  
0.342 
6.723 

Mean square F tcst P value 

1 . 766 1 8 .9 1 < 0.00 1 
0 . 1 73 1 .8 5  > 0. 1 0  
0 . 1 1 4  l .2 2 1  > 0. 1 0  
0.093 

lay between those of the two controls (Fig. 2). After the removal of breeding stock the 

densities in the experimental areas al each site were lower than either corresponding 

con trol. ANOVA showed that the removal of mature abalone significantly reduced their 

density in the experimental areas and that between sites variability and interaction s ,  

between the removal proces s  and s i tes  were not significant (Table II) .  P lanned com­

parisons showed that within individual sites the removal of breeding stock significantly 

decreased the density of adult abalone in the experimental area at East Hope ls. an d 

Blubber Head but th at th e reduction of breeding stock was not significant at North 

Hope I s .  or Ninepin Point (Table III) .  

Over al l the sites there was no  significant difference between the den sity of breeding 

stock measured in the control areas and that measured in the experimental areas prior 

to the removal of breeding stock (Table IV). However the den sity of breeding stock in 

the experimental areas  after the removals was s ignificantly lower than in the controls .  

The d ifference in density between t h e  higher density controls a t  each site and the lower 

den sity controls was also significant. The differences between sites were not significant. 

Planned compari son s showed that prior to the removal of breed ing stock the only 

significant differences in den sity within sites were between ; the higher density control 

TABLE I l l  

P l a n n e d  comparis ons  test ing the differences in breeding stock densities between areas within individual  
si tes .  N u m bers indicate  est imated F test  values (df = 1 , 1 44). • denotes P < 0.05 ; ** denotes P < 0.0 1 ;  

,... . denotes P < 0.005.  

Tes t s  Ninepin Pt. North H ope East H ope Blubber Hd.  

Experimental  areas 
before vs.  after rem oval 0 .585  0. 776 6 .4)0* 7 .5 30** 

H igh conlrol vs. low control 0.7 1 0  6.643 ..  2 .972 4 . 1 84' 
Exrerimental  area berore 

removal \" S .  high cont rol 1 .092 4.778'  0.002 0. 1 23 
Ex perim ent al a rea before 

removal vs. !Clw control 0.04 1 0. 1 5 3 2.820 2 .873 
Experimental  area after 

removal vs .  high control 4 .920* 9 .4 1 0*0 6.660 .. 9.5 76*0 
Ex perimen tal are a  after 

rem0val vs. low cont rol 1 .892 0.239 0.734 I . I O I  
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TABLE IV 

A NOVA table for an A NOVA comparing the density of breeding stock within and between each of the four 
s ites .  

d f  Me:i.n square F test p 

A: Sites j 0. 1 03 0.93 > 0. ! 0  

B :  Comparisons 
Experimen tal areas prior 

to the removal of breeding stock J 4 .0E-5 6. 1 5E-4 > 0. 1 0  

vs. control areas 
Experimental  areas after 

the removal of breeding stock I 2.0>6 3 J .3 < 0 005 

vs. con trol ar eas 
High density controls 

vs. I 1 .4 2 1  2 1 .8 < 0 005 
low density controls 

A B interaction 9 0.065 0 .59 > 0. 1 0  

Error 1 44 0 . 1  J O  

o f  North H ope I s .  and the experimental and lower density control areas. and between 

the higher and lower den sity control areas  at B lubber H ead (Table III) .  Following the 

removal of breeding stock significant differences in density existed between the experi­

mental area and higher density control of every site. 

These tests showed that the control and experimental areas generally had similar 

levels of breeding stock prior to the removal of adult abalone, but th at the experimental 

treatment significantly reduced the overall density of breeding stock in the experimental 

areas .  The removal of breeding stock reduced the den sity of mature abalone in each 

experimental area to below that of the corresponding controls ,  however. within particu­

lar sites thi s  reduction was only significant when compared with the higher den sity 

control of each site. 

POPULATION STRUCTURE 

S ampling of the juvenile population immediately after the removal of breeding stock 

(August-September 1 986)  and prior to commencement of the breeding period showed 

th at the smallest size group of abalone  present at the four sites were generally 8-20 mm 

in  length with a modal length of "' 1 1- 1 5  mm (Fig. 3) .  

S A M PLING O F  RECR UITMENT 

S ampling at the four sites in February-March 1 98 7  showed that a new size group 

of abalone h ad been recruited to the population in each location . The newly recruited 

size cla s s  were 2- 1 8  mm and had a modal length ranging from 4-12  mm between the 

sites (Fig. 3). The length s of the n ewly recruited class did not overlap to any great extent 

with the l arger size class at any location and it was possible to use 1 9-20 mm as a cut-off 
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point between the n ewly recruited animal s and the older abalon e, at all sites.  These 
cut-ofT points m ay h ave cau sed a few an im al s to be wrongly cla s s ified as n ew or old 
recru i t s  but because th e cut-ofT poin ts were applied uniform ly within sites i t  is un li kely 
th at any bias  h a s  res u l ted . 

>­(_) z w ::> 0 w 0:: LI... 

NORTH HOPE I S .  P n - m r u! t rnr n t s e rn pl i nq 2 n• I 
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" BLUBBER HEAD I .. 
P " · m r nHm'"\ S o m pl i oo ' - " "  

0 .  ' . � "" "" - """" "' 

L E NGTH ( m m )  
Fig. 3 .  Length frequency histograms showing 0-40-mm abalone sampled prior to recruitment (August­

September 1 9 8 6 )  and after recruitment (February-March 1 987) at the four s ites .  

As with the d en sity of breeding stock the m easured d en sities of recruitment showed 
a ten dency to be positively skewed about the mean and when the hypothesis  that the 
variances of the recruitmen t density measurements  were unequ al was tested it was 
accepted (c = 0 .5 1 7 , k = 1 2, r = 9, P < 0 . 0 1 ) .  Consequently these d ata were also tran s­
formed using a log,(x + I )  tran sformation. U sing the transformed d ata th e hypothesis  
of heterogeneous vari an ces was rejected (c = 0 . 1 94, k = 1 2, r = 9, P > 0.05) .  

At each s i te the den sity of new recruit s was lower within the experimen tal area  th an 
in either of th e con trol areas (Fig . 2) and ANOV A sh owed that thi s di!Terence was 

sign ifican t (Table V). With the except ion of the B lubber H ead s ite, with in each s ite the 
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control area with the highest level of breeding stock al so had the highest  l evel or 
recrui tment .  ANOV A showed that unlike the den sity or breeding stock the d en sity of 
recruitment varied significan tly between sites .  This  contrast is probably bec ause recruit­
ment d en s it i es  were higher than breed ing stock den sities while t h e  error structure of both 
types of measurements were s imi lar (Tables JV-V). S ignifican t di!Terences al so exi sted 
between th e controls  with the h igh est d e n s ity or recruitment at each site an d th o s e  with 

TA.Il LE v 
AN OVA table for an ANO VA comparing the density of recruitment v.1thin and between the four s i tes .  

d f  M e an square F test p 

A: Sites 3 3.866 35. l < 0.00 1 

D :  Comparisons 
Control areas 

vs. I 4 . 6 7 1  22.7 < 0.001  
experimental areas 

High density controls 
vs .  I 2.884 1 4 .0 < 0.00 1 
low densi ty controls 

AB interaction 6 0.206 1 .87 > 0. 1 0  
Error 1 0 8  0 . 1 1 0 

the lower d en s ities (Table V). Planned compari sons showed that within th e individual 
sites s ign ific ant variations in recruitment occurred at Ninepin Pt.,  East Hope ls.  and 
B lubber H ead {Tabl e VJ). At these sites the control area \\"ith the highest level of 
recruitment had significantly high er levels or recruitment than both the experimental and 
lower den sity contro l s .  

These results  s h o w  that  recruitment w a s  highly localized, with s ign ificantly di!Terent 

levels of recru itment occurring in some areas only 60 m apart. The fact th at recruitment 
in the exp erimental areas was significantly lower than recruitment in th e control areas 

d emon strates that the abun dan�e of recruitment was influenced by the abundance of 
breeding stock. A conclusion which supports the findings of Prince er al. ( 1 987) .  This 
relationship c an be c learly demonstrated (Fig . 4) if these data are combined with those 

TABLE V I  

P l a n n e d  compari sons of recruitment d e n s i t y  between the a r e a s  w i t h i n  e a c h  s i t e .  Numbers show estimated 
F test values (df  = 1 , 1 08) .  • d enotes P < 0.0 5 ;  •• denotes P < 0.0 1 ;  0• denotes P < 0.005. 

Tests Ninepin Pt. North Hope East Hope B lubber H d .  

H i g h  control vs.  low control 1.12•• 2.49 1 8.21••• 2 1 .s 2··· 
Experimental area 

\'S. high control 8.68*• 2.88 28.08**"' 29 .60 ... 
Experimental area 

vs. low control 0. 1 6  0.02 1 .05 0.64 
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fr o m  Pr i nce er al. ( 1 9 8 7 ), for t h e  N in epin Pt .  s i t e ,  a n d  those from a related s t u d y  o f  

B l u bber H ead (Pri n c e  et al. , in  press) .  These supplementary d ata were ga thered u sing 

the same tech n i q u e s  a s  t h i s  s tudy and provi d e  9 extra regre s s ion poin t s  for Ninepin Pt. 
from the 1 98 5 - 8 6  recruitment peri o d ,  and 10 extra po i n t s  for B l ubber Head from the 
period 1 9 8 3 - 8 4  t o  1 9 8 5 - 8 6 .  

>­.... 24 , ,  <./) 20 z ..-. 1 8  LU N 1 6  o E 1 4  I- ........ 1 2  
rE g I �  r: - 6 

O N inep i n  Pt .  
• North  Hope 1 3 .  
a [& , I  Hope  h .  
+ Blubber  He!ld 

� � 4 5 � 6 1.W .. o.�:!"._ .. o . .. t ··--�.?-----·-·--··--:t.-··-- -··--··--···-·- ···-····-··· 

UJ 
"' .5 1 .5 2 .5 

BREED I N G  S T O C K  DENS I T Y  
( aba l one/m 2 )  

Fig. 4 .  The density of recruitmenl plotted agai n s t  the density o f  breeding stock fo r  the fo ur  study sites .  The 

d isplayed data for Ninepin Pt.  i s  collected from the present study and Prince et al. ( 1 987) ,  while the displayed 

data  for B l u bber Head is  gathered from the present study and Prince et al. (in press) .  

Ninepin Pt. D a t a :  Prince e1 al .  ( 1 9 8 7 ) - 9 x 1 985/86: this  study - 3 x 1 9 86/87 .  

T A B L E  Ylb 
L i n e a r  regres s ion statistics for the relationship between breeding s t o c k  (x) and recruitment density (y) a t  

Ninepin P t .  

Parameter Val u e  S E  S tand ard Ya lue t value p 
Intercept 0.036 
S l ope 0.668 0 . 1 34 0.845 4.992 5.0000E-4 

df r r2 Adj. r2 SE 
I I  0.845 0.7 1 4  0.685 0. 1 5  

ANOVA table  

S ource d f  Sum squares Mean square F tcst 

Regression I 0 .564 0. 564 24.922 
R es id ual  JO 0.226 0 .023 P = 5.0000E-4 
Total I I  0.79 

I 
I 
I I 
I I i 

STOCK - R EC R U I T M ENT RELATI O N S H I P  IN HA L/OTIS R UBRA I O I  

With the exception o f  East Hope I s .  the relat ion ship between breeding stock and 

recruitment  was sign i fi cant for each of th e four individual sites (Table VJ l a-d) .  Jn th e 

case of East H ope I s .  it is evident th at the small number of regress ion points mitigated 

against  a significant relation ship being observed . Th ese relationships suggest that 

"" 60- 70% of the variation observed in recrnitment d en sity c an be expl ained on the 

basi s  of the variability of breeding stock den sity . When the d ata for all four sites were 
North Hope ls. Data :  This study - 3 x 1 9 86/87. 

TABLE Vllb 

Linear regression s t atistics for the relationship between breeding stock (x) and recruitment density (y) a t 
North H ope 1 s .  

Parameter Value S E  Standard value t value p 
I ntercept - J .420E-3 
Slope 0.473 0 .03 1 0.998 1 5 .454 0.04 1 I 

d f  r r2 Adj. r2 SE 
0.998 0.996 0.992 8.0 I SE-3 

ANOVA table 

Source df S u m  s q u ares Mean square F test 

Regression I 0.0 1 5  0 .0 1 5  2 3 8 .8 3 1  
Res idual I 6.428 J E- 5  6.428 1 E- 5  P = 0.04 1 I 
Tola! 2 0.0 1 5  

East Hope Is.  Data: This study - 3 x 1 9 86/87. 

TABLE VIie 
Linear regression statistics for the relation ship between breeding stock (x) an d recruitment den s ity (yJ at 

East Hope Is .  

Parameter Value SE Standard value t value p 
In tercept -0.089 
Slope 3 . 6 5 3  0. 585 0.987 6.245 0. 1 0 1 1 

d f  r r2 Adj .  r' SE 

2 0.987 0 .975 0.95 0. 1 1 7  

ANO\'A table 

S ource df S u m  squares Mean square F test  

R egression I 0 . 5 3 8  0 . 5 3 8  3 8 .994 
Residual  I 0.0 1 4  0.0 1 4  p = 0. 1 0 1 1 
Tot:Jl 2 0.552 
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B l ubber H ead .  Data:  P r i n c e  e1 al. { i n  press)  - 2 x 1 9 8 3/84, 4 x 1 984/85. 4 x 1 n 5/8 6 ;  this  s tudy -
3 x I 986/87.  

TABLE V J l d  
linear regression statistics for the relation ship between breeding stock (x) an d recruitment den sity ( y )  a t  

Blubber Head.  

Parameter Val ue S E  S tandard va lue t v<llue p 
Jnt crcept - 1 .4 2  
S lope 5.22 1 .) 3 3  0 . 7 6 3  3 .9 1 7  0.0024 

df ' ,.:i A dj.i' SE  
1 2  0.763 0.582 0.544 4.026 

ANOVA table 
Source df S um s quares M ean square F tcst 

Regress ion I 24 8 . 6 1 5  248.6 1 5  1 5 . 3 4 1  
Res idu al I I  1 78.268 1 6.206 p = 0.0024 
Total 1 2  426.883 

A l l  s ites  combined.  

TA B LE V I i e  

L i n e a r  regression statistics for th e relationship between breeding stock ( x )  and recruitment density ( y )  when 
the data for all sites are combined.  

Parame ter Value SE S tandard val ue t value p 
Intercept - 1 . 1 34 
Slope 4.82 0.648 0.8 1 7.436 l .OOOOE-4 

df r ,.:i Adj. i' SE  
30 0 . 8 1  0 .656 0.644 2 .68 1 

ANOVA table 

Source df Sum squares Mean s quare F tcst 

Regression I 3 97.54 I 397.54 1 55.295 
Re�idual 29 208.495 7. 1 89 P = l .OOOOE-4 
Total 30 606.036 

pooled a highly sign ific ant relationship between breeding stock and recruitment den sity 

was st il l evident (Table Vile), despi te the intersite vari ability which may have been 
introduced by pooling the d ata . 

To the knowledge of the authors these data are the first estimates of a relationship 

between breed ing stock and recruitment in h aliotids to be publi shed . Linear regressions 
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h ave been fitted to this  relation ship simply to demon strate that a relation ship exists an d 

should not be taken to imply that we bel ieve this accurately represents the true n ature 

of the relatio n ship . With the limitations of our data. in term s of measurement preci sion 

and restricted range of adult densit ies,  we believe there is little to be gained by trying 

to fit  more complex models to th is relation ship . 
Prince ec al. ( l 987)  argu ed in some d etail that this localized rel ationship could only 

be explained by two hypotheses ; eith er by the effect of adult con specific s in promoting 

gregarious s ettl ement ,  or restricted l arval di spersal . The latter hypothes i s was con­
s id ered the most  pl ausibl e explanation . 

The review of the l iterature on hal i otids by Prince et al. (J 987) suggests that the 

assumption of widespread l arval dispersal in these species i s  based m ainly on the l arv al 

capacity for free swimming ;  an assumpt ion which dominates the study of larval biology 

in m arin e invertebrates . Knowlton & Keller ( 1 986) demon strated that the recruitm ent 

of a tropical alpheid shrimp was highly locali zed despite the fact that the larvae are 

free-swimming for al least 7 days, and suggested that the as sumption of dispersed 

recruitment for m arine invertebrates with free swimming larvae, should not be made too 

readi ly .  
Knowlton & Keller ( 1 986)  were able to d istin guish between the effect of the physic al 

and reproductive presence of the adults by u s ing sterilized adult shrimp . B efore the role 

of these differing factors can be d etermined absolutely for h aliotids it  will be n eces s ary 

to d evelop a s im i l ar capability with these species . To the knowledge of the authors no 

technique for steril izing adult abalone exists,  but in this respect the study of Tong et al. 
( 1 987)  has considerable poten tia l .  Tong el al. ( 1 98 7 )  produced competent h aliotid 

veligcrs in a h atchery and introduced them directly into the n atural environment. This 

suggests  the po s s ibi l ity of us ing eggs fertilized in the h atchery to m anipulate the breedin g  

potenti al of a b a l o n e  independen tly of the density of mature abalone.  Such t echniques 

m a y  make possible an experrment capable of determining whether the relationship 
between breeding sl ock and recruitment i s  due to gregarious recruitment around con­

spec ific adults N to localized larva l  d i spers al . 
Which ever u n d erlying cause results in the relation ship between breed ing stock and 

recruitment, the fact that the relationship exists i s  of relevance to the man agers of 

h aliotid fi sheries .  These results clearly show that abalon e popul ations will be extremely 

prone to the concen tration of fi shing pressure within specific areas. as  this could cause 

localized recruitment overfishing. These results al so show that the spatial s c al e  on which 

this could occur could be as s m all as I 0- 1 00 m .  To counter this po ss ibi l ity, m an agement 

strategie s  should be developed to d isperse fi sh ing effort evenly over a fishery . In  this 
respect the imposition of conservative m in imum size limits would apparently offer the 
most prom i se ; forcing people to leave some breeding stock in all location s .  These results 
also indicate the feasibi l i ty  of using the rel ation ship between stock and recruitment to 

develop an d  implement fishery man agement strategies which monitor and m aintain 
sufficient breeding stock to en sure the Jong term viability of abalone fisheries.  
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In common wiih other marine molluscan species, the biolo-
gy oljuvenile abalone (senus aalt,trr. in the Dilural envi
ronment has been little studied (Yamaguchi 1977, Jensen
1981). Abnlone l.tNae settle p'referentialLy onio the surfaces
of encrustins coralline algae (Shepherd and Turner 19-85),
where they feed on the algal curicle ad.bacierial biora (Gar-
llnd €t al. 1985). Juvenile abalone are cryptically coloufcd
and, after moving off rhe coralLine sudaces, continue living
bcncath the boulder subsiratum. Abalone becomc Lcss cryp-
tic as they increase in size (Shepherd 1973). The preference
of small abalone for dyptic habitats makes them exlrcmely
di t f icr l r  ro.rmple.  r  characrer i , r ic  'hdred by mor ' l  gecie '
ol marine inverlebml€s (Sarv€I 1979), and ai least partly
responsiblefor thelack of researchinb rhis facetof haliotid
biolog)-

Th€ aim ofthe current study was to use recently devel-
oped sampling techniques (Prince and Ford 1985) to sludy
1he populatiotr structure of a southerD Australian popula
tion ol Hdliati! rL.bn Leach.

Materirls and nethods

Sampling

The study area at Blubber Head in Port Esperance, Tasma-
nia (43'19'S; 147'01'E) is a un;form section ofrocky coast-
line extending approximately 70 m from high water mark to
a depth of I I m. The bottom is principally composed of
three layers of boulders resling on silt, allhough in some
areas thc underlying substratum is solid rock. Thc boulders
are of iregnlar shape and are mostly 30 to 40 cm in length
and 10 1o 20 c1n in depth and brcadth.

The macroalgal community of the area is typical of a
lucoid association indicative of slight to moderate wave ac-
iion (Sand€rsor and Thomas 1987). Some compression of
the loral zones is evident at the site which is probably
caused by tannin-stained freshwater influence from the
nearby Esperance River reducins lisht lerels (Sanderson
personal colnmunication). The shallow resion (0 to 5 m) is
dominated by Dutvillaea potatorum (Labill.) Aresch. and
Xipho?hota sp., pdrticularly dowD lo 1 m. Below 1 m, tlle
alsal assenblage is more het€rosen€ous and principally in-
cludes Pb1los"dra ap.. Acr.,.arpia pdniculata (Ttlm.)
Aresch., and qnophoru nanilifotmis (Esper) Won. and
Niz. The alga Sarsassun bructeolasun (Medent C.
Aeaftlh., Ilssania ( orrugdta Lncas, Peritholid<p., aL Md.'
tutlstis plrifeta(L.) C. Asardh are also present. bur they are
less abundant. The algal assemblage below 5 m is depau-
peraie with <20% algal cover. The main mrcroalgal species
in this region 

^re 
A. pani.ulata, and species of tcklorra,

Ph! .,spot.t, Thannatlanium, Pq,ssonnelia, Zondrii an en-
crusting coralline algae.

Inilial surveys o[ the sile (February 1984 and June 1984)
revealcd that Haliotb tubrc each were mosi abundant at

* Phase addre$ all requesls lor reprins 10 T.L. Selle.s at the
Tasm.nian Deparment ol Fisleries

Recruitmento growth, mortality and population structure in a southern
Australian population of Haliotis rrrra (Mollusca: Gastropoda) *

J.D. Princer.', T.L. Sellers3, w.B. Ford3 atrd S.R. Trlbot3

' P.O, tsoi r08, h*o.th l'rcnlntlc, \{cstqn Austrdia 6159, Auslnlin
t Zoology Dcparrmcnt. UnircBity of TrsmDia, G.P,O. Box 252C. llobart, Tasnuia 7001 , Australia
' Trslnim Depr.tmcnt of Sea l'ishqics, Rescrch Lrboralort, Crayfish Point, Trroona, Taeedr 7053, A!6tralia

A population of dalloli rurld Leach at Blubber Head iD
south-eastern Tasma a, Australia (43"19'5; 147"04'E) -was
sanpled between February 198,1 and October 1985. Rela-
. i \e l )  l i r fe nun'be^ ol  l0 ro 45d-old
obseNed enterinsthc population between Octoberand Feb-
ruary ofeach year. The amual instantaneous rate ol natural
mortality. Z, was 0.70 durins thc sccond ye of life. The
rale of naturai mortality declin€d with ase. The onsct of
serual matudty began at 4 to 5 )r of age or an approxlmate
maximum length of90 mm. and most abalone in the popula-
tion werc mature at 6 io 7 yr of age or al lengtns >110 mm.
The orset of sexual maturity coincided with a decline in
growth rates and tlle emergence of abalone from the sub-
boulder habitat. These obsenations are discusscd in the
Lglr  o l  p e\  ous ob.endr.ons of  populdr.on nrucrure n
haliotid populations.



dcpths <4 m and that the ste composition ofthe abalone
population was exh emely variable ov€I small distances (20 to
40 m). Aitff thes€ inilirl survcys. the abalone were sampled
al4-monthly intervals, commencing in October 1984. Sam-
pii.g took place at lour poirts approxim.ttely 50 m apart
along fte shoreLine; thesc points were marked to ensure
consistency. A 1m'? quadrar was $rown from a boat an-
chored directly in froDl of cach marker in order to select
ll quadrats for sampling at each poin| lf the quadmt
landed on an area where the boulders were too large to
collcct, or the substratum was enrirely sand and silt, or if the
square landed in more than 4m depth, the square wns rc-
trieved and re tnrown. From each sele.ted area. a diver
collccted all the subskatum material possibly suiiable for
abalone, principally boulders and kelp. ?he few boulders
too largc to lift to the surface were searched underwater and
all abalone collecred.

The substratun material was placed in bins ard balhed
in a 1% solution ofelhanol in sca water for a ninimum of
10 min. This material was rhen brushed with a soft brush
before being removed from the solution. After all thc
boulders removod fron a square had been soaked, the con-
reDts of the bins were drained through 15 mm and 0.5 nrm
sieves. Aba]one retaincd by the coarser sieve were collected.
and ihe sampleheldby the smaller sieve was ieiurned to the
laboraiory for exanination. These samples weLe washed
lhrough sieves of9,4, 2 and 1 mm aperture and rhe abalone
were prese ed. Marinum shell lergth of iill abalonc col-
lected was measured to the nearest milimetre.

ADalysis of length-frequency data

The Mixprosram (Macdonald and creen 1985) was used io
dccompose the length-frequency data. Thc prosram fits a
series ol nolma.L curves to a m ltimodal length-frequency
distribution. estimating the mean and standard deviarion oI
each component disrribution and theproportion ofthe sam-
ple represenied by each conponent curve.

For this analysis, the data lrom t]rc fouf sanpled points
$€re pooled. Thc February 1984 sample was nor analysed
becxusc of its srnall size. The low abundancc of larser
abalone in the samples prevented the Mir model from con-
verSrnS on any unique desffiption oI th€ larSer sze classes-
To enable the estimales of the model to converge, it uas
necessary lo iruncate the data sets and use only th€ more
abundant smauer sizeclasses. The samples wFre truncated at
80 mm except ibr the Junc 1 984 histogram, which was trun-
caled al 40mm because only 20 quadmts were sampled-
Usins the truncaied daia sets, the Mix model conversed on
a unique sel of estimates for all data sets excepting the
Ociober 1984 sample. For rhis sanlple no uniquc solution
couldbefound, so lrial and error was llsed to obtainthe besi
iit for the data.

Growth

crowth in abalone <80 nm was exanjned by following ihe
progression of the modes described with ihe Mix model
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wilhin lhc tnncated lengih-frequcDcy data. The growrh of
larser individuals w:is examined using growth,incremenr
data collected from a tagging prosram. This facet of tlrc
study has been detailed by Prince et al. (1988).

Mortality

The lensth-frequency histograms were re-analysed with the
M;x model. In rhis second analysis thc mean lengths and
standard deviations estimated usins the Mix model and rhc
truncated dala sets were leld fixed. The growrh patrems
descibed by the growth study w€rc used to estimare the
nean size of the > 80 mn agc classes present in the popula-
tion and a fixcd standard deviation for these disrributions
was estimated on the the basis of the preliminary anaiysis.
These parameie$ were then held fixed while the Mjx model
was allowcd to converge on new estimates of tle proporiion
ofabalone in each size class. The results oflhis analysis were
used to estimate t|e density of the ycar classes. The inirial
saDple collected in February 1984 has been excluded, as
depths >4 n $erc sampled on that occxsion.

Estimates of th€ instantareous rate of total mortaLity (Z )
wcre made by regressins the natural logarithm of density
agamst agc (Bevedon and Holl 1957).

Breeding

Samples of approximately 20 abrlone from each 10 lnm size
class >60 mln wcre collected for breeding studies in July
1986. After fixation in 10% Iormalin, the visceral mass was
sectioned beneath thc vis€ml coil and rhe ooss section
placed asainst clear plastic and drawn. The relative areas of
gonad and digestive gland in the cross section rvere calcu-
lated by w€igling the plastic outlines. A gonad index was
. a cLlJ,cd J.  r l  e proporr .on of  rhe drer of  rhc cros ,ectron
made up by the gonad multiplied by ten. The gonads werc
also examined to ascertain whether yolked eggs were pres'
cnt. After the cross seclions had bccn drawn. the gonads of
the fenale abalone were dissected from tlle digeslive gland
andgeruy teased apartinto50 to 250 mlofwater. Thewater
Nas agitated until all the eggs wcre free and evenly dispersed;
two or ihree 0.5 to 1.0 nl samples were tllen laken and
examined for the presence ofyolked eggs.

fbesi^ oiaor.one thar had eme'ged trom rhe,ub+"ulder
habitat and were living on top of the boulder substralun in
non-cryplic habitats (emergent abalone.), and fteir relation-
ship to the rest of the population, were exanined in July
1986. A 60 mlong section of shoreline was marked our by
rescarch divers and the density of abalone in the area was
measured by randomly selecting and sampling a toial of
20 x 1 m'z quadrats. Research divers then spent a total of46
diving-hourc collecting all the abalone that could be found
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nr fie ;0 n sect;on of shofeline wit}lout disturbinS the sub-
stratum. All abalorc collected were measured to the nearcst
miilin1etre. After removirg ihe emergent abalone, a turher
20 x 1 m' was sampled in ordcr to measure the remainins
density of abalone. Sampling was conductcd usins the
snaesthetic technique described in "Sanpling" subseclion.

Results

The smallesl individuals of,?r/trrN/,r/a sampled were 1 to
2 mn in maximum lengtn, at which size they were in the
process of lbnning, or had just compleled forming, rheir
lirst respiralory pore. The results of laborarory studies of
larval and early juvenile growth in Il. l]Drr suggest that this

'17

size is reached ar approxinarely 30 ro 45 d post-fertitization
(.1. F. Grani pcrsonal comnunjcation).

targe numbers of new recruits were found to have en-
tercd the population in Ocrober 1984 and 1985 (Fig. 1.). In
October 1984 the newly recruited class was detected ar densi-
ties of 0.3 abalone m']; by February 1985 rhis age classhad
inoeased in abundance ro 9.7 rbalone m ,, indicating rhat
recruitneDt to the population had conrinued during rhis
period. A total of 130 abalone in the 3 to 41rl1n size class
were lound in February 1985 along wilh only 18 abalone in
rhe 1 to 2 mm size class, indicating that the major period of
recruitment occu ed before F€bruary. Howevef the facl
that eighl ab{lone <4mm were ilso found in June 1985
indicales thal someminor spawning and recruitnent is pos-
sible at other limcs of the year.

The rute of recruitment ov€I the two years of the study
was relaliveiy constant, wil}I the density of new rccruits
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measured in JuDc 1984 approximating that measur€d in
June 1985.

Growth

The srowth of abalone in this population (Fis. 2) is best
described by using two separate equations (Prince etal.
1988). Growth of <80 mm abalone follows tlle linear equa"

L-20.83 A 2.46,

where I is age in years and a is length in mm. The growtl'r
of >80nm abalone is described by tll€ von Bertalanffy
parameters: -K:0.288, l,",:119.7 mm and ro:1.01 yrj
where .( is the rate at which the size of an individxal
approaches rhe asynptotic size for the species, t.. and ro is
the age at which the size of an individual would be zero if
growtn blowed the curve throughout lif€.

Natural morlality

Using the age le.gth key described by the analysis of
growth. the length-frequency hislograms were re-analysed.
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The age-]eryth key was used to estimate the mean lengti of
the size classes > 80 mm and a standard deviation of 6 mn
was assumed for tlrcse larser distributions. this b€ing the
approxinate standard deviation estimated for the smaller

Wit]l these values, Mix was used to estimate the propor-
tion of each sample represented by each of rhe youngest
€ighl ase classes. These y€ai-classes have been nominaled as
tbllows: Mode A began reuuiting in October 1984, while it
is $sumed that Mode B began recruit;ns in Octobcr 1983
and Mode C in ihe previous year. The largest size class
fitled by Mix iD the October 1984 sample was Mode G
(Fie. 1). which it is assumed began recruiting in 1978. Tlrc
eror associated with the estimated proportions indicared
thal tlle quality of these estimates declined lbr the size class-
es >80mm. This prev€nted thc analysis fron being ex-
tended beyond the youngest eight year-classes.

The estimated propo ions were used to estimate rhc
density of each ycar-class in eacb sample. If the estimated
densities of each mode 0os.-transforned) are regressed
against age, the instanianeous rate ol lotal mortality can be
esrimated (Fis. 3). Tlrc estimated density of Mode A in Oc-
tober 1984 was omitted from this analysis, as rhis year-class
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was clearly not fully recruited at that time. When th€ indi
vidxal year-classes were analys€d s€parateiy only tlrc reges-
sion lor Mode B was siedficaJlt (r:0-94, Student's r-
t€st:4.71, dI:4, r,:0-018), suggestine an instanraneous
mortality rate of0.698. The lack of sigdficant relalionships
can be attributed to rhe snall Dumb€r of points being re-
gressed and the €rror associated with the inirial density es-

Despite tl1€ linilations ofthis analysis, it is evident that
the density pattem observed does not show the simple log-
linear declme fta1 would be expecled it a constart mortality
rate was rcsponsible for tlre decLining density of successive
modes. Crude estimat€s of the instantarcous mortality rates
can be derived for each mode by subtracting the initial and
final density measured for each mode and dividing by rhe
time between measuements. When tbese estimates are
plolted asainst the m€an ag€ ofeach mode (Fig. 4), a signif-
icant felationship is revealed between mortaliiy rate and age
(r=0.80, r:2.95, df:6,p-0.032). This level of significance
is increas€d if the mean size of each node is used instead of
the age (r :0.83, r :3.37, df :6, , , :0.020).

Breeding

The smallest abalonc observed to have free eggs wittun its
gonads had a naximurn length ol 91mm and the gonad
indices of rhe aba.Lone increased markedly at a size > 8 5 mm
(Fis. 5). These two observarions suggest thar some individu-
als in the population mature at appronmately 90 mn. The
facl that the gonad index reaches maximal values at
>110mm indicates that by lhis size most abalone in the
popuranon arc mature.

I

} |AX| t lut l  tE GTH (nm)

Fig.5. Italiora rrDla. Relationship betsccn sizc and gonad index
(proportion orrisceral ma$ do${€ciion made up by eonad r l0)
olabalone collcctcd duringJuly 19E6j bars indicatc 95% confidcncc
iniervah (afpro{imatcly 20 individuals lcr 10 nm lcleih class)
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The modal length ol abalone collecred by divers Irom the
non-cryptic habitat was 110 10 115m and 80% of th€
sample werc grcater than 90mm (Fig.6B). These dara,
when considered with ihe reproductive da1a, suggest that
primarily mature abalone emerge from rhe crlptic habitat.
The mea,ured den, i ry of  dbdlone 
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Discussion

The lengrhliequency histograms of Haliotis tubri ftom
Fcbruary 1984, February 1985, October 1985, and subse-
quent sanplins in l98t (?rince et al. in press) sugsest thai
1he protacted period of re.ruitmem during October Feb-
nufy of each year is a relatively stable featurc of this popu-



lation. As the redxihent obscrved by this study was of 30
ro 45 d-old individuals. a spawning season ofAugust Janua-
ry is suggested. This is consislent wirh thc res lts ol other
studies ol tHs sp€ies conducted in the general area (Hamson
rnd Grand 1971, Princ€ er al. 1987).

The nature ofgrowth in this popuialion has been disoussed
in some detail by Prince et al. (1988), who noted that the
straightline growth observed lbr lhe smaller size classes oI
abaloDc in this population has been observed or hypothe'
sized for haliotids in a number of other studies (Forster
1967, Newman 1968, Poorc 1972. Koikc 1978. Hayashi
1980. Saito 1981). For this reason some previous siudies.
Like the present one, have onLy used von BerldanlTy p.rrame-
lel.S to describe the growth of the largef abalone in tle
population (Poore 1972, Sainsbxry 1982). This isinconlrasl
to sevcrd other studieswhic| have assumed that a single set
ofvon Beftlanffy pararneters can be used to model abalone
growth throughout lifc (c.g. Harson and Grnnt 1971.
Shephcrd and Hear.l983. Shepherdet aI.1985. Clavier and
Richard 1986).

The srowth rates in our study, particularly for the youn-
ger age classes, are lowef than rhose documented by Hard-
son and Crant (1971) or Shephe.d and Hearn (1981) sho
studied lldlidltr /,rra nr Tasmania and Soulh Auslralia.
respeciively. Yanasuchi (1975) found that the von Berta-
lJnlT) pJrrmerer.  rha.  model led adulr  gro$rb In mdnne
invertebrales were lik€]y to seriously overcstimatc juvcnilc

srowth. Princeet al. (198E.)have suggested that this togerher
with the l<nown irlr{-specific variabiliry ofhaliotid growth
mtcs (Lcis|ton and Boolootjan 1963, Forsier 1967. Halri-
son and Grant 1971, Shepherd arld taws 1974. Sainsbury
1982) expL.rins rhc diffcrcnccs observed between t|is and

Mortality

Th€ instantaneous rate of mortality eslinated by this srudy
for 1+ abalone (i.c.. in their second year ollife) is app.oxi-
mately 0.70 per annum (50% sulvival per allnum) but de-
clines with age or sirc. During this study, the popnlation
above a legal minimum size timit of 127 mm \!as vulnerable
to fishing pressure. A the size cl.rsses under study were
below this lesal minimum size limit. rendering them invul-
nerable to legal tishnrg. In addition, tlr majority of the age
classes under study Ncrc also living in the sub-boulder popu-
lation and thus unLikely to be prone to illegal fishing pres-
sufe. For these rcasons il is exceedingly unlikely that any
forn offishing moftalily had afected the observed mortal-
ity rates. Consequenlly, ilcan be assumed thnl thr mortality
ratcs obscNed in this study are natural rates of mortaliry.

Because mortaliiy declines with ago. a concave down-
ward or Type III survivoNhip schedule (Deevey 1947) is
apparently applicable for 11dliotr rlrra. This contrasis mth
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the study oi Shephcrd et al. (1982), who ibund thar mortal,
rty acle.l at a constani rale over timc and proposed a log-
1i.ear or Type II survival cu e for :rbalone. however. Ine
study ofshcp|erd et al. concentrated on the older age class-
es. which on the basis of ouf results can be expccted to
experience relativeiy 1ow and stable rates of modality.

Thcre is considerable circumstantial evidence in ihe liter-
ature to sxggesl that a concave downward suNival curve
applies gcnerally to abalone populations. Tegnef and Builer
(1985) cite several Japanese studies documenfiig bctwer]n 21
llnd 37% sundval per annum lor juvenile abalone released
into tlle environment during reseeding trials; rhese ntes in-
crease ifthe size of release is incrcascd. In tneir own study.
Tegner and Butler recorded a survival rate ofberween 8 ard
65% lbr released juvenile hatchery abalone and approxi-
matcly 12% lbr nalural abalone. These studies are alnost
exclusively b{sed on hatchery-produced abdonc released
inio thc natu.al ervironnenl and. because of rhis, are nor
stfictly conparable with studi€s of wild popxlalions. How
ever, thc consistency oftheirresulls wiih tbose ofthe curreni
study is ol consideirblc interest. A low su ival rale for
juvenile wild populations is also suggested by Hines and
Pc se (l 98 2). \\'ho postuhtcd that hisi mortality rales mxst
elc l  l l ler  ub,en nA r  rurnorer rdre ofa:o4 pJr alnJT i r  J
slable abalone populaiion which was heavily predaied by

In contrasl lo ihc poorly detailed suvival of juvcnile
ab3lone, sunival rates ol mature haliotids have been well
documented (Doi er{I. 1977. Beinssen and Powell 1979,
Sainsbury 1982. Shepherd er al. 1982, Fournicf and Breen
1983) as beins hish (65 to 90% survival per annum). Accept
ance thal the mo ality raie of abalone declines with age or
sizc reconciles the high suNival rates observed in aduh
haliotld populations with the relatively lowjuvenile survival
mtes obsered in this study. This forn of survivorship has
been documenied in orhcr studies ofnolluscan si,ecies (e.g.
by Creese 1981. Vincent et al- 1981, Seagcr 1982, Befs and
Alat.tlo 1985), and perhaps should be expected 1br abatone
i l  predar.or i '  JurLderea l .kel)  lo con,. i rure rhe maj"r  caJ,e
of narural mortality. This is becausc smaller abalone wiih
weaker shells and weaker powers of auachment 1lr lhc sub
. l rdrur]  r r (  t rohrhl \  more proDe ru pr. !Lrr io i .

The technique used 1o sanple abalone in this sludy in-
creases and standardizes searching efficiency compared io
the lechniques of visual searching used in most other studies,
although it is still unlikely to be sanpling ihe younsest age
classes with absolute eficiency (P nce and Ford 1985).
However. Powell el al. (1984) fouDd that even wirh a tech,
nique thrlis 100% efficient. rhe temporal rcsolution ofthe
smplins regme can cause recruitment density ro beinder-
estimated by xl lcast a factor of ien. since the lile span of
nany new recruits is so short thai they live and die betNeen
samples and thus are not detected as beingpart olthe popu
ladon. Consequently, the estimaled rate ofnatufal mortality
for 0+ to 1 + abalone (i.e., in their lirst two years ol life) is
undoubtedly an und€reslimate. and it is likcly that an accu-
ratc measu|ement would further accertuate the fact ihat
mortality rircs decline with age.
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Reproduction and emergence

Halioli.\ lubta ar Blubbet Head begnrs naluring al approxi-
mately 90 mm of at about 4 ro 5 yf of age. Shepherd and
Laws (1974) studied this species in Sorth Australia ard
observed maturity at 3 to ,l yr of 4e. Hrrrison and Gant
(1971) forurd that the size of first maturity in a Tasnanian
populatjon of .?. /drfu could be as low as 70 mln and thal
all individuaLs \rcrc maturc by 95 mm. From their srowth
data this would indicate 2 to 4 yr as the age offirsl mirltLrily.
However, rs discussed by Prince et al. (1988). it is possible
that tbe estimated ages of malurity in these earlier sludies
are based on overestinaled growlh rntcs nnd ths may ex'
plain the slis|tly older age offirst matudty doflrmented by
the presenr study. The fact thirt the gonad index for the
population docs not rctuh naximal values until > 110 mm
suggests thar many individuals do not mature until 6 io 7 yr
ofage.

The age at first maturity coincides with the end of the
linear growth phase. This is as expected, as abalone havc
been observed to hansfer energy from somatic growth into
egg production at this srage of their life (Peck e1al. 1987).
This age and size also coincided with the movement of
abalonc from a cryptic to a non-cryptic habitat.

Slepberd (1973) and witherspoon (1976.) noted thai
Haliati! rubto and orher species ofabalone became lesscryp-
iic with increasing siz€, alrhough they did not attempt to
correlate this with any biological ch{nse. Sliepherd hypoth'
esized that juvenile abalone rema;n cryptic to avoid preda-
iors, leaving lhe cryptic habitat when they rcach a size thal
is ]€ss prone to predation. Our data offer tle irtefesting
suggestion thar ihe onset of maturity is also associated wilh
this change in micro-habit:lt. The data presented hcre is not
sufficient for us ro argue conclusively thai rhis is &e sole, or
even one, ofsevcral possible factors affecting the emergehce
ol I.t. rubru frcm cryptic habitats. However, aggregation
(Shepherd 1986) and novement of abaione to local elerN'
lions (Breen and Adkins 1980) during the breeding season
have b€en documented for other species of abalone. If
,ry. /rbra exhibils tllesc bchaviour patierns rhey could pro
vide the mechanism linking emereence with the onset of
sexual maturity in this species.

Popula ion. l ruclure

Thc size structure ofthe abalone population evident in the
length-lrequency histognms remain€d relatively srablc over
the tine span of ihis study The smallest lensth intervalq.(0
to 50 mm) were the nosr numerically abundanr, the mitldle
lengtl inrervals (50 to 90 mm) leasi abundani, and rhe lars'
esl sizc inteNals (>90mm) moderately abundant. This
structure is apFrenlly maintained by the effects of growth
and mortaliry. The juvenile year-classes (<90mq <4+)
grow rapidly and remain relatively distinct in lhe length-
tiequency histograms so that thc effcct of high mortality
rales can be clearly observed in th€ declining numerical
abundance of abalone in the 0 to 90 mm length intervah.

EI

Growth rnd mo{ality laies decline in ihc mature yea.r-classes
(>90 mmi >4+) so that the modes of older ycar-classes
coalesce. This causes the apparently {nomalorrs situation
wherc abalone in lengih iniervals >90 mm are numericaLly
more sbundaDt dran those in the 50 to 90 lrm length inter-

ln several other sludies, thc low numerical abxndancc ol
themid-sizcd lcnglh inter'\,als compared to thar of the largest
size intcnals, has been observed aDd used to inler recruit-
ment tailure (Forstcret al. 1982, Sainsbury 1982). Ho$'ever,
from the present study it would appear possible that rhose
results may h.rve bccn based on an artifact of lcngth
freqxency histograms $hich would not have been apparent
had it been possible lo accuralely age the abalone. It seems
possible that undctccted size- or age-dependent nortality
within those populations, rather than rccruitment failure.
may have been tlle causc of the population slruclure ob-
served by those studies.

Most studies oi abalone have not observed significanr
numbers oI juvcniles and have concluded that abalone
populations are dominaled by arcunulations of matxre
abalone. This has led ro the assumption that abaLone poprL
latioff are relatively static and non-productive (Tegner in
press). This does not satisfactorily describe the abalonc
populalio! we observed. We observed thrt juveniles were
abundant, and thal thejuvcnile phase was charactedzed by
a dynamic population structure \rit} high levels of recruit-
ment. growth and mortality. The adult phase ofrhe popula-
tlon conformcd to the observations made in other shdies.
being stable and relatively slalic; this part ofthe population
is more easiLy collcctcd than the ffyptic juvenile populrrion.

Our conclusion is that the population structur€ of Hallr-
l':r rlrfa thal we have observed at this and othersites (Princc
et al. 1987) may not b€ unique, but thal some previous stud-
ies may have tailed to detect juvenile abalone in tj1e]| truc
abundance. Sinilar circumstances may also explnin some of
the apparently adulr-dominaled populations observed lbr
otner $stropod spccies (Yamaguchi 1977).
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DSF stu dy th rows n ew 
l ight o n  aba l o n e  

A D S F  e x p e r i m e n t  i n d i cates t h at a b a l o n e  h av e  
l i tt l e  a b i l i ty t o  reset t l e  areas f r o m  w h i c h  a l l  
breed i n g  sto c k  h a s  been removed . 

If t h e  res u lts  a re c o n f i r m e d  t h e y  p o i nt to a 
n e e d  to l eave e v e ry a rea of reef w i t h  i ts  o w n  
re s i d e n t  p o p u l a t i o n  o f  b reed i n g  a b a l o n e .  o r  r i s k  
a n  i n d u st ry c o l l a ps e .  

T h e  F I RTA-f u n d ed s t u d y ,  d e s i g n e d  t o  f i n d  
o u t  h ow f a r  a b a l o n e  l a rvae c a n  m ove after 
hatch i n g .  w a s  m ad e  at N i n e p i n  p o i n t  i n  
D ' Entrecastea u x  c h a n n e l .  

A ba l o n e  p r o d u ce m i l l i o n s  of  e g g s  e a c h  
b reed i n g  season w h i c h  h a t c h  i n to l a rvae 
c a pab l e of sw i m m i n g  f o r  u p t o  5-6 d ays .  
S c i e n t i sts a r o u n d  t h e  w o r l d  h ave b e l i eved t h a t  
a b a l o n e  l a rvae m ay move u p  t o  1 O O k m  d u r i n g 
t h i s  s h o rt p e r i o d  of t he i r  l i ves a n d  resett le 
o u t l y i n g  reefs w h i c h  m a y  have been o v e rf i s h e d .  
H oweve r a st u d y  prev i o u s l y  c o m p leted a t  
B l u b be r  H ead i n  P o rt Esperan ce s u g g ested t o  

* BREWERIES 
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DS F s c i e nt i sts t h at t h e  accepted i nt e r n at i o n a l  
be l i efs m a y  i n  fact be i n c o r rect .  

To test t h i s  t h e o ry ,  betwee n A u g u s t  and 
Septe m b e r  1 985,  DSF staff ,  J e re m y  P ri n ce ,  
T racy S e l l e rs ,  Wes ley F o rd a n d  S i m o n  T a l bot 
set a b o ut remov i n g  as  m a n y  a b a l o n e  as 
poss i b l e  f rom a sec t i o n  of  s h o re l i ne at N i n e p i n  
po i nt . 

O v e r  a tota l of 85 d i ver h o u rs t h e y  c o l l ected 
about 3 , 500 a b a l o n e  from a 90m sect i o n  of 
s h o re l i n e .  T h ey even spent s ix n i g hts in t h e  
water between m i d n i g h t  a n d  d a w n  i n  t h e  h o p e  
t h at m o re a b a l o n e  w o u l d  be a c t i ve at t h a t  t i m e  
of  t h e  n i g h t .  D u r i n g  t h i s  p rocess t h ey c a l c u l ate  
t h at t h e y  c o l l ected m o re than 90 p e r c e n t  o f  t h e  
m at u re a b a l o n e .  

T h e  i d e a  be h i n d  t h e  e x p e r i m e n t  was that ,  i f  
a b a l o n e  l a rvae d o  n o t  n o r m a l l y  s w i m  l o n g  
d i stances t h e n  rem ov i n g  m at u re a b a l o n e  from 
a n  a rea s h o u l d  d e c rease t h e  a m o u n t  o f  a b a l o n e  
s ettl i n g  o n  the botto m .  H o w e v e r  i f  t h e  l a rvae 
n o rm a l l y swim l o n g  d i st a n ce s ,  t h e  n u m be r  of 
l a rvae sett l i n g  i n  a n  area s h o u l d  not  be affected 
by the removal of m at u re a ba l o n e .  B etween 
March and Ap r i l  t h i s  year,  fo l l ow i n g t h e  
b reed i n g  of  a b a l o n e  i n  t h e  N i n e p i n  p o i n t  area,  
the n u m be r  of newly sett l e d  a b a l o n e  in and 
outs i d e  t h e  a rea from w h i c h  a d u lts had been 
re moved was measu red . I t was fo u n d  t h a t  very 
few a b a l o n e  h a d  sett l e d  i n  t h e  a rea f r o m  w h i c h  
t h e  matu re a b a l o n e  h a d  b e e n  t a k e n .  

W h i l e  t h e  D S F  i n t e n d s  to  re peat t h i s  
exper iment  t o  c o n f i rm t h i s  f i n d i n g ,  t h e  p resent 
resu lts lead DSF s c i e n t i sts t o  be l i eve t h at 
a b a l o n e  l a rvae g e n e ra l l y  m a y  n o t  move m o re 
t h a n  1 0m-20m fro m  t h e i r  p a r e n t s .  

T h i s  f i n d i n g  h a s  v e ry i m po rt a n t  i m p l i ca t i o n s  
f o r  t h e  a b a l o n e  f i s hery ,  w h i c h  i s  c u rrent ly  
Tasm a n i a 's m ost va l u a b le f i s h e ry .  

T h e  resu l t  s u g g ests t h a t  a b a l o n e  have very 
l i t t l e a b i l i ty to resett l e  a reas f r o m  w h i c h  a l l  

b reed i n g  stock h a s  b e e n  removed . I f  t h i s  i s  t r u e  
t h e n  each a rea of r e e f  n e e d s  to  be l eft w i t h  its 
own b reed i n g  p o p u l at i o n .  In  fact the conse­
q u e n ce of removi n g  a l l  t h e  broodstock f ro m  a 
patc h ,  less t h a n  1 00m from o t h e r  a b a l o n e ,  m ay 
be that the a b a l o n e  p rod u c t i o n  from t h at patch 
i s  l ost to T as m a n i a  f o r  decades .  

T h es e  res u l ts- m a y  e x p l a i n  w h y  s o  many 
overseas a b a l o n e  f i s h e ri e s  h ave co l l a p s e d .  
O b vi o u s l y  i f  l a rva l  d i s p e rs a l  i s  rest r icted ,  s m a l l  
patc h e s  w i t h i n  t :1e f i s h e ry  can e a s i l y  b e  
destroyed b y  overf i s h i n g .  

T h e  c o l l a pse of  s u ccess i ve patches wo u l d  
d e c rease t h e  overa l l  p ro d u ct i v i ty of  t h e  f i s h e ry 
a n d  c o n c e n t rate t h e  effo rts of t h e  i n d u stry o n  
fewer a n d  fewer areas,  m a k i n g  each o n e  m o r e  
p r o n e  t o  c o l l a pse .  I n  f i s h e r i e s  w h e re t h e  s i z e  
l i m i ts a re too s m a l l  o r  n ot s t r i c t l y  enforce d ,  o r  
w h e re t o o  m a n y  d i ve rs a re a l l owed to catch too 
m u c h ,  t h e  c o l lapse of smal l  a reas c o u l d  q u i c k l y  
s n ow b a l l  - d e st roy i n g  t h e  prod u ct i v i ty of t h e  
e n t i re f i s h e ry .  - Jeremy Prince, DSF marine 
biologist .O 

Dr June 01/ey's 
merit award 

J U N E  O L L E Y ,  head of t h e  seafood 
tec h n o l ogy sect i o n  of t h e  CSI R O  F i s h e r i e s  
R e s e a r c h  D i v i s i o n ,  h a s  won t h e  a n n u a l  
award o f  m e r i t  f r o m  t h e  A u s t ra l i a n  I n st i t u t e  
of Food S c i e n ce a n d  Tec h n o l o g y .  

D r  O l ley j o i n e d  t h e  C S I R O  reg i o n a l  
l ab o rato ry i n  H o b a rt i n  1 967.  

T h e  award of mer it ,  the i n st i tu te 's top 
c itat i o n ,  is in reco g n i t i o n  of a l i fet i me of 
serv ice to  t h e  food i nd u s t ry.  

D ESM O N D  CO M M U N I CAT I O NS 
H O BART 

293 L iverpool Street - Phone 34 8258 
* a ll marine electronics * very competitive prices 

* sales & service 
AFTER H OURS:  Jack Barker 43 7252 Doug Desmond 62 41 80 
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Bes i d e s  t h e  d i rect  h e l p  h e  h a s  rece i ved , Les 
D i c k  has bee n h e a rte n e d  by t h e  e n t h u s i a s m  of 
the n o rt h e r n  c o m m u n i t y ,  p a rt i c u l a r l y  t h e  o l d  
a n d  t h e  ve ry yo u n g .  

T h e  c l asses o f  s c h oo l c h i l d re n  i n s pect i n g  t h e  
o l d  k et c h  h ave,  h e  says,  b e e n  e n t h ra l l e d .  

T h e  D e fe n d e r  w i l l ,  i t  see m s ,  h ave a n  a r m y  o f  
a d m i rers w h e n  s h e  fee l s  t h e  t h r u s t  of t h e  w i n d  
o n ce ag a i n .  

Fo r Les D i c k  t h e  f i ve y e a r  p ro j e c t  i s  p roof t h at 
w i t h  t h e  r i g ht s u p p o rt n o t h i n g  i s  i m poss i b l e .  

" A l l yo u n e e d " , h e  says " i s  a s t ro n g  a r m  a n d  a 
b i g  h e a rt "  .D 

DSF finds a 
way to 

age abalone 
A TH O R N  i n  t h e  s i d e  o f  f i s h e r ies  b i o l o g i sts 
s t u d y i n g  a b a l o n e  stocks a ro u n d  t h e  w o r l d  h as 
b e e n  t h e i r  i n a b i l i ty to d e t e r m i n e  t h e  a g e  of  
a b a l o n e .  

Ag e i n g  tec h n i q u es a re ext re m e l y  i m p o rt a n t  
to sc i e n t i sts t ry i n g  to m e as u re rates of g rowth 
a n d  m o rt a l i ty a n d the ext e n t  of f i s h i n g 
p ress u re .  T h e s e  tech n i q u e s  h a d  been d e n i e d  to 
s c i e n t ists st u d y i n g  a b a l o n e  b e c a u s e  of t h e i r 
i n a b i l i ty  to a g e  t h i s  s p e c i e s .  

B e c a u s e  of t h i s ,  w h e n  t h e  F i s h i n g  I n d u s t ry 
R esearch C o m m i ttee,  t h e  b o d y  c o n t ro l l i n g  t h e  
F i s h i n g  I n d u s t ry Rese a r c h  T r u st Acco u n t  
( F I RTA ) ,  c o m m i s s i o n e d  a rev i e w  o f  a b a l o n e  
rese a r c h  l ast yea r ,  t h e  f i n d i n g  c o n c l u d ed t h at 
o n e  of t h e  fo u r  h i g hest p r i o r i t i es s h o u l d  be to 
d e ve l o p  a n  ag e i n g  tec h n i q u e .  

P re v i o u s l y ,  c o n s i d e ra b l e  w o r k  h ad been d o n e  
i n  J a pa n  a n d  i n  t h e  U S A  sect i o n i n g  a n d  
fract u r i n g  s h e l l s  atte m pt i n g  t o  d i scover  a 
s a t i sfact o ry m et h o d  of a g e i n g .  T h i s  w o r k  h a d  
f o u n d  s o m e  ev i d e nce of a g e - re l ated st r u c t u res 
i n  a b a l o n e  s h e l l s  but had not m a n a g e d  to d e v i s e  
c o n s i s t e n t  m e t h o d s  f o r o b s e r v i n g  s h e l l  
s t r u c t u re .  N o r  h a d  i t  p roved t h e  r e l at i o n s h i p  
between age a n d  the s t r u c t u res . 

49 

R e ce n t l y  D S F  staff J e re m y  P r i n ce ,  T racy 
B ro t h e rs ,  Wes l ey F o rd a n d  S i m o n  T a l bot h ave 
fo u n d  a t e c h n i q u e  t h at a l l ows t h e  age of 
a b a l o n e  to be e as i l y  d eterm i n ed . With t h i s  
m e t h o d  t h e  s p i re o f  t h e  a b a l o n e  s h e l l i s  g ro u n d 
f l a t  u n t i l  a s m a l l  h o l e  i s  m a d e  t h ro u g h  t h e  c e n t re 
of t h e  s h e  I I .  T h i s  c reates a d i sc of n a c re ,  a l s o  

• Closeup o f  t h e  ring structures found b y  D S F  
researchers in  abalone shel ls.  

k n ow n  as m o t h e r  o f  pear l , w h i c h  i s  po l i s h e d  a n d  
t h e n  v i ewed u n d e r  a m i c ro s co p e .  W h e n  t h i s  i s  
d o n e  g rowt h r i n gs s i m i l a r  t o  t h ose fo u n d  i n  
t rees c a n  b e  see n .  

T h e  s t u d y  h a s  s h o w n  t h at th ree f i n e  r i n g s  are 
f o r m e d  d u r i n g  the f i rst 14 m o n t h s  of  a n  
a b a l o n e 's l i fe a n d  o n e  t h i c k  r i n g  a t  1 8  m o n t h s .  
Aft e r  t h i s  a s i n g l e  r i n g  i s  f o r m e d  e a c h  yea r ,  
apparent ly  c o i n c i d i n g  w i t h  w i n t e r .  

T h ese f i n d i n g s a re a l read y  b e i n g  u sed by 
s c i e n t i sts in  V i c to r i a  w o rk i n g  w i t h  a b a l o n e  and 
a re l i k e l y  to p rove u s ef u l to many o t h e r  a b a l o n e  
researc h e rs as we l l .  - Jeremy Prince, DSF 
abalone resea rch o fficer. 




