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ABSTRACT  

This thesis examines the release and long-term (>2 years) survival and growth of 

hatchery-reared larval and juvenile blacklip abalone (Haliotis rubra Leach), on natural coastal 

reefs in New South Wales (NSW), Australia. Abalone are demersal, relatively sedentary, marine 

molluscs, that support important commercial, recreational and indigenous fisheries in numerous 

locations around the world. This thesis was developed in response to substantial depletions of 

local populations of H. rubra along >250 km of the NSW coast and the ineffectiveness of 

traditional fisheries management strategies to arrest these declines. These failures stem from 

demographic processes, common to haliotids, that limit their ability to re-establish populations 

that have been subject to substantial decline. A series of laboratory and field experiments were 

designed and conducted to examine a range of factors, and their interactions, that can have 

substantial affects on the success of releasing hatchery-reared H. rubra to natural reefs. The 

principal finding was that successful stock enhancement of local populations can be achieved, 

and the greatest value of a stock enhancement strategy is likely to be gained where the primary 

management objective is rebuilding depleted natural populations. Methodology, baseline targets 

and other recommendations are provided that would aid implementation of a stock enhancement 

management strategy to complement current traditional fisheries management approaches. The 

objectives of the research in this thesis were to: 1) investigate factors affecting the settlement, 

metamorphosis and early growth of H. rubra larvae; 2) batch-tag larvae and juveniles to enable 

their identification when recaptured; 3) develop and test methods for the successful release of 

larvae and juveniles; 4) develop a monitoring strategy to estimate the abundance of released 

abalone through time; 5) quantify long-term survival and growth to provide minimum targets 

for stock enhancement; 6) determine the impact of releasing juveniles on wild populations; 

7) provide a bio-economic analysis and; 8) provide recommendations for the implementation of 

a stock enhancement management strategy for H. rubra in NSW. 

The release of larvae to natural reefs requires them to be exposed to a number of handling and 

transport processes. In laboratory experiments conducted in this thesis, greater proportions 

(commonly >75%) of larvae settled, metamorphosed and grew to larger sizes when exposed to 

settlement substrata for longer periods of time (>24 hours). There was a lower settlement 

response in the presence of water flow, although the addition of gamma-aminobutyric acid 

(GABA) increased the proportion of larvae that settled within short periods of time, i.e. 

25 - 100% more in ≤60 sec.. Larvae were resistant to simulated handling and transport 

processes, indicating their utility for stock enhancement. 

The tagging of larvae and juveniles is fundamental to assessing the success of an enhancement 

program. Hatchery-reared H. rubra larvae and juveniles were successfully batch-tagged. The 
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tagging procedures provided an indelible mark, enabling the identification of individuals once 

recaptured, and unambiguous differentiation from wild conspecifics. Successful batch-tagging 

was also critical for the assessment of subsequent field experiments undertaken in this thesis. 

Larvae were batch-tagged with the epi-fluorescent dye, calcein. Laboratory experiments 

demonstrated that the tagged larval shell was clearly visible in the spire of juvenile shells after 

>250 days. The recapture of tagged and released larvae from natural reefs, >500 days after 

release, confirmed the persistence of this tag. A reliable and cost-effective method for batch-

tagging juveniles was through the use of a commercial diet that resulted in the distinctive blue-

green colouration of the shell. The presence of this blue-green colouration differentiated 

released juveniles from those in naturally occurring populations, could be observed with the 

naked eye, without the need for a UV light source, and persisted on the spire of individuals for 

>900 days.  

Methods of releasing H. rubra larvae and juveniles were developed and tested in a series of 

laboratory and field experiments. A deployment pump that included a pressurised container and 

hose, was used to successfully release larvae to natural reefs. The addition of GABA and 

refrigeration during simulated transport, and the stage of release from the deployment pump, 

significantly affected the number of larvae delivered through the pump. The release of larvae to 

physical shelters on the reef significantly increased the numbers that settled, and their 

survivorship. There was added complexity in the process of releasing juveniles than with that 

for larvae. The use of a deployment device (PVC tube, ~300 x 125 x 65 mm), that was securely 

placed onto the substratum, was integral to the successful release of juveniles. Use of these 

devices in a standard release protocol ensured the limited physical handling of juveniles and 

provided a simple, cost effective and efficient method for the release of large numbers to areas 

of natural reef. 

A monitoring strategy was developed and tested to enable accurate estimates of the abundance 

and therefore survival of released H. rubra ,of a variety of life history stages, to be measured. 

The abundance of H. rubra juveniles is difficult to accurately assess on natural reef because of 

their cryptic distribution among complex topography in rocky habitat. As a consequence, the 

precision and relative accuracy of methods to sample released abalone was examined in a series 

of field experiments, and included the dispersal of juveniles from deployment devices. The most 

accurate and precise estimates of the number of H. rubra surviving were detected using methods 

that disturbed the habitat, i.e. turning over boulders, within a release location, and multiple 

sampling approaches were required to measure the abundance of abalone of different sizes. For 

larvae, the collection of boulders provided more accurate estimates of abundance than samples 

taken using a venturi-lift. For juveniles, thorough searching of boulder substratum and more 

replicates provided more accurate estimates of abundance. Further, stratified sampling among 
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habitats after natural disturbance revealed greater densities of H. rubra in 'solid habitat', and 

spatially stratified sampling indicated juveniles can disperse up to 10 m from their release point 

in <8 days.  

The success of a stock enhancement strategy is determined by the net value it adds to a 

population. This necessitates estimates of the long-term survival and growth of released 

individuals, the impact released individuals have on the extant population, and the bio-economic 

feasibility of an enhancement strategy. Rates of survival and growth varied substantially among 

releases and locations. However, the long-term survival of batch-tagged and released larvae and 

juveniles demonstrated that local populations of abalone could be enhanced with significantly 

greater numbers of juveniles surviving at multiple release locations than at control locations 

after >2 years. The release of juveniles had no detectable affect on the mean total number of 

wild conspecifics or wild recruits over these time scales. Long-term survival of released larvae 

and juveniles was generally low (<0.03%, range: 0 - 0.03% and; <4%, range: 0 - 10%, 

respectively). However, at three of the twelve juvenile release locations it exceeded that 

expected for wild abalone (range: 4 - 10%). Growth rates of released juveniles 

(range: 18 - 47 mm.yr-1) indicated that they would generally reach sexual maturity within 

2 - 3 years and exceed the minimum legal length within 4.5 years. A deterministic, 

bio-economic model was used to analyse the net present value (NPV) of a stock enhancement 

strategy for H. rubra in NSW, against an alternate investment return of 10% p.a.. Positive NPV 

occurred where long-term survival was >4% and where growth rates were higher than average 

rates reported in this research, or beach price exceeded $AUD 34.kg-1. 

Low rates of long-term survival of larvae suggests their large-scale release is unlikely to provide 

a viable stand alone option to successfully enhance local populations of H. rubra. The survival 

and growth of released juveniles, to replicate locations, demonstrated that depleted local 

populations of H. rubra in NSW can be enhanced, and that a stock enhancement program can 

complement the NSW Abalone Fishery management strategy. The success of any large-scale 

stock enhancement program will be determined by the definition of its objectives. Outcomes 

from this thesis suggest that the greatest value of a stock enhancement strategy will be gained 

where its primary objective is to rebuild depleted populations, rather than optimise commercial 

yield through the release of individuals to overcome recruitment limitation or to harvest released 

individuals at a larger size. The decision to implement such a program, including explicit 

description of its primary objective, is required to be made among well-informed representatives 

of all stakeholders. Further, this decision needs to be made with a thorough understanding of the 

current biological structure of the populations, including the nature of population depletions, the 

economic status of the fishery and in light of current, complementary and alternative 

management arrangements that may provide comparative increases in net value. 
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Chapter 1 – General Introduction 

1. GENERAL INTRODUCTION 

1.1. POPULATIONS AND LIVING MARINE RESOURCE MANAGEMENT 

The total number of individuals of a species living among a total number of spatially explicit 

areas can constitute a natural population (Andrewartha & Birch 1984). Similarly the number of 

individuals of a species living within one or other of these areas, defined within a biologically 

relevant spatial scale, can constitute a local population (see Andrewartha & Birch 1984, 

Berryman 2002, Camus & Lima 2002, and Kritzer & Sale 2004 for further discussion on 

defined spatial boundaries). Moreover, the number of individuals living within a defined space 

changes through time, with various natural processes, biological and environmental and their 

interactions controlling the amplitude and frequency of these changes. 

Anthropogenic processes as well as biological and environmental factors affect populations 

(Plate 1.1). For example, the impacts of fishing on target and non-target species of marine 

animals and habitats has resulted in the ecological extinction of many species, the loss of local 

populations, and significant declines in the number of individuals in populations (Myers et al. 

1997, Roberts 1997, Orensanz et al. 1998, Jackson et al. 2001, Christensen et al. 2003, Dulvy et 

al. 2003). In addition to direct anthropogenic processes resulting in declines of individuals and 

the loss of local populations, other environmental factors, hypothesised to be closely associated 

with anthropogenic influence, including outbreaks of disease (Harvell et al. 1999) and 

increasing seawater temperature, associated with patterns of global climate change (Harvell et 

al. 2002, Lackey 2003), can have significant effects on the size and stability of populations. 

Moreover, combinations of direct and indirect anthropogenic and natural processes can have 

significant and defined consequences on the viability of a population (Larkin 1996, Raimondi et 

al. 2002), particularly where that population may be small and biogeographically isolated and 

where demographic characteristics of the population may result in depensatory processes 

affecting the future population size (Fowler & Baker 1991, Myers et al. 1995, Babcock & 

Keesing 1999, Gardmark et al. 2003).  

The demand for natural resources has led to their exploitation for economic and social benefit 

with fluctuations in demand often uncoupled from concerns for its sustainable use (Croxall & 

Nicol 2004). The management of natural resources, to ensure their sustainability and more 

recently to ensure the sustainability of the greater system in which they function, is commonly 

the ultimate responsibility of a publicly responsible regulatory agency. The dilemma facing 

natural resource managers is the development and implementation of a management strategy 

that allows for economic and social benefit to be gained from the utilisation of the resource 
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whilst ensuring its sustainability and biological relevance in the broader ecological system in 

which it functions. 

A B

C

compensatory
depensatory

positive population
growth

negative population
growth

connectivityA B

C

compensatory
depensatory

positive population
growth

negative population
growth

connectivity

Plate 1.1 Local populations A, B and C, with natural and anthropogenic processes 
affecting functional population size through varying degrees of connectivity 
(from none to complete), demographic compensatory and depensatory 
mechanisms (e.g. density-dependent, growth, mortality and fertilisation success) 
and positive (e.g. recruitment, growth, emigration and successful management) 
and negative (e.g. natural mortality, immigration, disease and unsuccessful 
management (such as recruitment over-fishing)) processes affecting population 
growth. 

 

The determination and understanding of changes in the demography of a population and of the 

biological and environmental processes that effect the abundance and distribution of individuals 

provide significant problems for resource managers. The fundamental concern being the 

inability to accurately predict natural changes in the demography of a population and the effects 

these changes have on the broader ecological system. Without the ability to accurately predict 

natural change it is impossible to accurately determine what effects direct anthropogenic 

processes, such as fishing, have and it is therefore increasingly difficult to develop and 

implement strategies to successfully manage the effects of these processes. 

Traditional means of managing the effects of fisheries on populations has been through the 

spatial and temporal regulation of output (e.g. catch limits and size restrictions on target 

species) and input (e.g. effort limitation and gear regulation) controls. The introduction and 

enforcement of these controls traditionally attempts to at least maintain the stability of a 

presumed indicator of population size. Measures that have been and are accepted, and used as 

indicators of the status of exploited marine populations, include fishery-dependent measures 

such as catch, effort and catch-per-unit-effort and fishery-independent measures of the status of 
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the target species. The exclusive use of fishery-dependent measures to describe patterns of 

abundance of commercially fished stocks is not favoured (Hilborn & Walters 1992) but are 

often used because of the paucity of other measures. However, where supplementary measures 

are absent, the use of fishery-dependent measures are of greatest utility when interpreted in 

combination with demographic and biological characteristics of the target species. 

The traditional response of a fisheries management agency to a perceived or real decline in a 

fishery is usually a further restriction in access to the resource with the underlying premise that 

a reduction in the number of individuals removed from the population will support its recovery. 

However, there are many examples where this response has not resulted in the recovery of the 

target population, either within a timeframe acceptable to the management agency and/or 

resource stakeholders, or at all (Tegner et al. 1996, Myers et al. 1997). This is particularly likely 

to be the case where management controls only have a partial influence. For example, where 

there are impacts from illegal fishing (Tegner 1993) or disease (Harvell et al. 1999, Raimondi et 

al. 2002). Large scale phenomena such as climate change may also cause negative or positive 

synergies on a population that is already under pressure (Harvell et al. 1999, Harvell et al. 

2002). Moreover, unclear communication and inaccurate interpretation of information from 

resource scientists to managers, political will to respond to uncertain, but negative forecasts 

regarding the status of marine resources and delay in the implementation of management 

strategies has lead to the dramatic decline of marine populations and the loss of economically 

valuable resources (Hutchings et al. 1997, Lauck et al. 1998, Orensanz et al. 1998, Rosenberg 

2003). 

In light of obvious failures of traditional management strategies among many fisheries of the 

world (Hilborn & Walters 1992, Orensanz et al. 1998, Hilborn et al. 2003, Lackey 2003), it has 

become clear that the interpretation of predicted change to natural populations in response to 

natural and anthropogenic processes require the adoption of principles of precaution (FAO 

1996, Foster et al. 2000, Kriwoken et al. 2001). There is the understanding that, by adopting 

these principles, decision makers err on the side of caution when interpreting uncertain scientific 

advice for setting exploitation levels for natural resources. Moreover, the application of these 

principles into management frameworks has resulted in the reassignment of the onus of proof 

from that of a management agency having to demonstrate that a process detrimentally affects a 

population or habitat to that of the benefactor demonstrating otherwise (Dayton 1998, Kriwoken 

et al. 2001). 

In addition to adopting these principles of precaution, major shifts in the development of 

strategies to manage natural marine resources, within the last decade, have been to acknowledge 

the lack of understanding surrounding traditional single species fisheries operating in complex 

ecological systems. This has led toward the provision of improved risk assessments and 

 3



Chapter 1 – General Introduction 

decision analyses into methods used to estimate population size and predict population change 

(Hilborn & Walters 1992, Hilborn 2003). A fundamental shift in more recent resource 

management strategies has been to include non-impacted components of ecological systems, i.e. 

marine reserves, into the management framework (Lauck et al. 1998, Conover et al. 2000, 

Lubchenco et al. 2003). The premise of adopting marine reserves being that, even if 

precautionary traditional management strategies fail to adequately protect a population or 

habitat from controllable activities operating within the complex ecological system, the 

provision of a non-impacted area or areas will, at least potentially, allow for the proliferation 

and reestablishment of the population or habitat back into unprotected areas. 

Specific benefits of marine reserves to the security of harvested marine populations, non-target 

populations, marine habitats and in fact those trying to manage these resources have been 

widely published (Lubchenco et al. 2003). However, not all species benefit equally from the 

restriction of regulated activities, including fishing, afforded by the implementation of marine 

reserves (Barrett et al. 2007, Barrett et al. 2009) and the adoption of principles of precaution. In 

fact, populations with demographic characteristics that demonstrate depensatory mechanisms  

and that can provide significant reward through illegal harvest e.g. haliotids, are unlikely to 

benefit from the implementation of areas closed to and protected from regulated activities, 

including fishing, without the implementation of effective enforcement (Tegner et al. 1992, 

Tegner 1993, Tegner et al. 1996, Russ 2002). Further, the implementation of areas protecting all 

species from regulated activity may in fact have unexpected and negative effects on some 

population sizes. For example, the abundance of Haliotis rubra in Tasmanian waters 

unexpectedly decreased in protected areas where they were exposed to an increase in abundance 

of predators (Barrett et al. 2009). Cases such as this indicate that alternate management 

strategies are likely to be required in concert with enforced traditional strategies to address 

declining numbers of individuals within a population, or the loss of local populations. 

1.2. MARINE STOCK ENHANCEMENT 

The term stock enhancement has generally been used to describe a means of supporting the 

recovery or expansion of a local population for the purpose of re-establishing that population, 

rebuilding a population that has declined to the point of being unable to support a viable fishery 

or to supplement a population to support a recapture fishery (Blankenship & Leber 1995, Travis 

et al. 1998). Stock enhancement is a strategy that can compliment more traditional management 

options to help address declining numbers of individuals or the loss of local populations. More 

recent terminology has developed to more precisely reflect specific objectives of a management 

strategy supporting the supplement of wild stocks. The terms 'restocking' and 'stock 

enhancement' have been defined to reflect objectives of rebuilding severely depleted stocks to 
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support viable fishing practices and increasing productivity of existing fisheries, respectively 

(Bell et al. 2005, Bell et al. 2008). For the purpose of this thesis the term stock enhancement is 

used generically to describe the release of hatchery-reared individuals to increase the abundance 

of the target species, irrespective of the ultimate objective of any possible future management 

strategy. The implication being that the utility of a stock enhancement program can be resolved 

and the subsequent success or failure of its implementation determined through the specific 

objectives of its associated management strategy, be that 'restocking' or 'stock enhancement', as 

defined by Bell et al. (2005, 2008). A stock enhancement strategy may take the form of one or a 

combination of programs including habitat regeneration, the relocation of wild stock or the 

rearing and release of larvae or juveniles. The adoption of one or a combination of these 

methods would be dependent upon the objectives of the strategy and the specific circumstances 

of the resource to which it is being applied.  

The general aim of this thesis was to determine the utility of releasing larvae and juveniles for 

the stock enhancement of blacklip abalone (H. rubra) in New South Wales, Australia. Stock 

enhancement has been used as a fisheries management tool to supplement existing wild 

populations to support catches in fisheries in many marine environments throughout the world 

(Hilborn 1998, Masuda & Tsukamoto 1998, Chiu Liao 1999, Hilborn 1999, Kitada 1999, Bell et 

al. 2005). Many of these stock enhancement programs have been reviewed and their 

continuation criticised, primarily because of a lack of scientific evidence of their contribution to 

the targeted population (Hilborn 1998, Welcomme 1998). However, many of these programs 

undoubtedly contribute individuals to the fishable stock and support extensive fishing industries 

(Chiu Liao 1999, Kitada 1999, Simizu & Uchino 2004, Bell et al. 2005). The acquisition of 

evidence to support a hypothesis of significantly adding individuals to a population is made 

difficult in that any contribution made is often masked by a background of natural variability in 

recruitment. This is particularly the case where released individuals are not identifiable (Hilborn 

1998). In addition, demonstrable evidence of significantly enhancing a population is made more 

achievable where that population does not operate as a single stock (Hilborn 1998, Doherty 

1999), i.e. local population demography is not significantly affected by the larger population, 

where the population is relatively sedentary and where the enhancement effort is aimed towards 

largely depleted populations (Hilborn 1998). 

1.2.1. Abalone fisheries and stock enhancement 

World fisheries are under increasing international and domestic demand (Jackson et al. 2001, 

Christensen et al. 2003). This increasing demand for resources and the inability to accurately 

predict the responses of populations to natural and anthropogenic processes, and manage them 

through appropriate management strategies has lead to the loss of economically and socially 
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valuable fishing industries (Myers et al. 1997), including abalone industries (Tegner et al. 1992, 

Hobday et al. 2001). With persistent and growing global demand for abalone (Gordon & Cook 

2001, 2004, FAO 2010) the current status of many abalone stocks throughout many of the 

worlds abalone fisheries indicate reductions in either fishery-dependant indices, such as catch, 

effort or catch-per-unit-effort or combinations thereof (Guzman del Proo 1992, McCormick et 

al. 1994, Rudd 1994, Masuda & Tsukamoto 1998, Tarr 2000, Shepherd & Rodda 2001, 

Worthington et al. 2001, Breen & Kim 2003, Tarbath et al. 2005) or reductions in 

fishery-independent indices of the status of these resources (Worthington et al. 1999, Hobday et 

al. 2001, Worthington et al. 2001, Breen & Kim 2003). 

The efficacy of enhancing populations of abalone through the release of hatchery-reared larvae 

or juveniles to areas of natural reef has been investigated at different scales for a number of 

abalone fisheries throughout the world (Tong et al. 1987, Schiel 1993, McCormick et al. 1994, 

Kojima 1995, Preece et al. 1997, Masuda & Tsukamoto 1998, Rogers-Bennett & Pearse 1998, 

Cook & Sweijd 1999, Shepherd et al. 2000, Gutierrez-Gonzalez & Perez-Enriquez 2005). 

Within many abalone stock enhancement programs the means of successfully releasing 

individuals to maximise their survival and the subsequent means of assessing that survival are 

problematic. It has been well documented that a number of processes affect the settlement, 

metamorphosis and growth of hatchery-reared larvae (McShane 1992, 1995, Roberts 2001, 

Daume et al. 2004). However, much of the research in this area has focused on investigating 

cues for stages of settlement and identifying appropriate substratum and conditions to maximise 

larval settlement and survival primarily for the benefit of commercial abalone hatcheries. In 

addition, a variety of processes that affect the short (<7 days) and medium (<3 months) term 

survival of released abalone, extrinsic to processes affecting mortality in wild populations, have 

been identified. For example, processes involved in the handling and transportation of 

individuals can significantly affect their health prior to release, which subsequently increases 

rates of mortality soon after release (Schiel 1992, 1993, McCormick et al. 1994, Shepherd et al. 

2000). Some studies indicate that rates of mortality after release are similar between wild and 

hatchery-reared juvenile abalone (Schiel 1992, McCormick et al. 1994). Because of the cryptic 

habitat preferred by juvenile abalone, it is often difficult to obtain representative and reliable 

samples of this life history stage, including those introduced to wild populations. Various 

methods for sampling these types of habitat have been described, involving varying degrees of 

disturbance to the substratum, each with its own bias and limitations (Prince & Ford 1985, 

Shepherd & Turner 1985, McShane & Smith 1988). Despite difficulties in releasing and 

sampling larvae and juveniles, various stock enhancement programs for abalone have indicated 

the potential for successfully enhancing depleted populations (Ebert & Ebert 1991, Schiel 1992, 
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1993, Sweijd et al. 1998) and in fact a number of Japanese stock enhancement programs support 

commercial fisheries (Kojima 1995, Masuda & Tsukamoto 1998, Simizu & Uchino 2004). 

1.3. BIOLOGY AND ECOLOGY OF ABALONE 

Abalone are demersal, relatively sedentary, dioecious, broadcast spawning molluscs, of the 

family Haliotidae. Spawning periodicity is protracted in many species (Shepherd & Laws 1974) 

and may not be an annual event (Sainsbury 1982), with limited literature suggesting some 

synchronicity to spawning among individuals within a population (Shepherd 1986b, Stekoll & 

Shirley 1993). Fertilisation success has been demonstrated to be a function of distance between 

spawning individuals, with successful rates of fertilisation dropping to below 5% over distances 

of greater than two metres (Babcock & Keesing 1999). Fertilised eggs hatch after approximately 

24 hours and larvae are lecithotrophic, developing in the plankton for periods of time from 

several days to over a week, depending on various factors including water temperature 

(Leighton 1972). Larval settlement is strongly associated with non-geniculate (crustose) 

coralline alga (Shepherd & Daume 1996), although successful settlement and metamorphosis is 

not restricted to the surfaces of these alga (Roberts 2001, Huggett et al. 2005). Moreover, 

despite fertilisation occurring in the water column and larvae developing in the plankton there is 

evidence to suggest that the dispersal of larvae from parent stock may only range from metres, 

in species including H. rubra (Prince et al. 1987, McShane et al. 1988a, Prince et al. 1988a, 

McShane 1992), to 100s of metres and even kilometres in other species (Wells & Keesing 1990, 

Shepherd et al. 1992, Tegner 1992, Sasaki & Shepherd 2001). Small juveniles (~2-20 mm) are 

cryptic in the wild (Shepherd & Turner 1985, McShane 1992), but have higher rates of mortality 

than larger juveniles and adults (Shepherd & Breen 1992, Shepherd 1998). Larger juveniles and 

adults inhabit subtidal rocky reefs, with H. rubra more commonly being found in aggregations 

primarily under boulders or in cracks and fissures in the bedrock (see Plate 1.2 for general life 

history stages as described in this thesis). 

H. rubra are relatively sedentary, aggregated, highly valued individuals with a protracted 

spawning period and limited capabilities of larval dispersal. It is therefore unlikely that they can 

re-establish themselves quickly in local populations after a major impact affecting population 

size. Ironically, many of the demographic and economically favourable characteristics of H. 

rubra that make it a particularly suitable species for stock enhancement are also characteristics 

that make it vulnerable to continued population decline and protracted recovery after significant 

events of disease or over-fishing.  
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Plate 1.2 Life history stages of H. rubra as described in this thesis, with indicative size 
range, timeframes and photographs of indicative forms. Photographs taken by 
the author, with the exception of "settled larvae" which is H. iris, modified from 
Naylor et al. (2006b). 

1.4. NEW SOUTH WALES ABALONE FISHERY 

The abalone fishery in New South Wales (NSW) is markedly different from other abalone 

fisheries, particularly in Australia, in that it is a single species (H. rubra), recruitment driven 

fishery (Andrew et al. 1997). The abalone resource in NSW is most abundant in the southern 

regions of the state with a patchy distribution of aggregations of tens to hundreds of individuals 

commonly separated by distances from tens of metres up to kilometres, extending north, with 

few aggregations found north of Coffs Harbour (30o39.00' S; Andrew et al. 1996).  

Indicators of the status of the NSW abalone fishery during the late 1990s suggest that it was 

fully exploited, with populations of abalone within the central areas of the state, between Port 

Stephens and Jervis Bay, having undergone collapse (Anon 2005c). Fishery-independent 

surveys of relative abundance, at fixed locations over a number of years, indicate that some of 

these abalone populations have declined to less than 5% of their previous levels within 5 years 

(Daly 2004). These declines have been attributed primarily to the infection and subsequent 

mortality of individuals by a protistan parasite, likely to be Perkinsus olseni (Daly 2004). 

Moreover, some local populations of abalone, including those beyond those regions affected by 

disease, have declined to less than 35% of previous levels within 1 year (Worthington et al. 
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1999). These levels of decline are most likely a result of illegal fishing, as indicated by the 

absence of abalone greater than ~65 mm in length, in contrast to populations exhibiting more 

representative non-cryptic size structures below the minimum legal length. In addition, there are 

concerns that previous increases in the distribution of the sea urchin Centrostephanus rodgersi 

has resulted in areas of reef being maintained relatively free of macro-algae and being unable to 

support previous populations of abalone. The removal of urchins from areas of reef has been 

demonstrated to promote the regeneration of habitat able to support abalone populations 

(Andrew et al. 1998, Worthington & Blount 2003) and through the introduction of abalone, has 

resulted in the long-term persistence of these populations (Andrew et al. 1998). 

Despite forecasts of increased pressure being placed on remaining populations of abalone in 

NSW (Worthington et al. 2001, Anon 2005c), there are significant areas of reef where 

populations of abalone have supported >75% of the historical catch in the commercial fishery 

and still support significant commercial, recreational and indigenous fisheries. In addition, there 

are substantial areas of reef where abalone were recently abundant and where habitat seems 

appropriate to support future populations. The significant declines of abalone populations on 

reefs within their northern distribution does however provide serious grounds for concern for 

the sustainable harvest of abalone in NSW (Anon 2005c). The levels of depletion of some local 

populations have not been previously documented in the history of this resource. Further, after 

up to 10 years of decline in the abundance of abalone in these wild populations there has been 

little recovery despite the closure of many of these areas to regulated fishing (Anon 2005c). 

1.5. RESEARCH IN THIS THESIS 

The demographic and economic characteristics of H. rubra make it a good candidate for stock 

enhancement. Further, the depletion of local populations, combined with little indication of their 

recovery after substantial changes in traditional management controls, suggest that a 

complementary stock enhancement strategy may support the persistence and growth of these 

populations. The principle objective of this research was to provide the methodology, baseline 

targets and recommendations for the implementation of a stock enhancement management 

strategy for local populations of blacklip abalone in NSW, Australia. 

The research in this thesis consists of a series of interrelated laboratory and field based 

experiments structured to address the objectives (Section 1.5.1). The timescales over which 

experiments were done ranged from 1 day to >2 years (Table 1.1). Much of the emphasis of the 

work done in chapters 2-5 is focused on the period of time within ~60 days post-settlement and 

post-release of H. rubra larvae and juveniles, respectively. It is generally within this timeframe 

that maximum rates of mortality operate (Figure 1.1). The potential to reduce this early 

mortality, through the development of procedures to handle and release individuals from a 
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hatchery to the field, can substantially affect rates of long-term survival (>2 years; Chapter 6). 

Processes involved in the handling and transport of larvae and conditions observed at release 

locations were tested in the laboratory to determine their effects on the settlement, 

metamorphosis and growth of larvae (Chapter 2). Outcomes from these experiments contributed 

to the development of a standard release protocol for larvae. Methods to indelibly batch-tag 

larvae and juveniles were developed, tested and routinely applied to all abalone released 

(Chapter 3). Batch-tagging enabled released individuals to be positively identified when 

recaptured. Methods to successfully release larval and juvenile abalone were investigated in 

laboratory and short-term field experiments (Chapter 4). Further, field experiments were done to 

develop a monitoring strategy to assess the long-term survival and growth of released larvae and 

juveniles (Chapter 5). The utility of releasing H. rubra to enhance local conspecific populations 

was investigated through a series of controlled field release experiments. Estimates of long-term 

survival and growth were integrated into a deterministic bio-economic model that considered 

the net present value of a simulated stock enhancement strategy. Outcomes from these 

investigations were interpreted to provide recommendations for the implementation of a strategy 

to enhance local populations of H. rubra, in NSW, Australia (Chapter 6).  

1.5.1. Objectives 

The objectives of this thesis were to: 

1. Investigate the effects of (i) factors related to handling and transport; and (ii) conditions 

imposed following release, on the settlement, metamorphosis and early growth of H. rubra, 

to develop a protocol for their handling, transport and release; 

2. Develop and test methods that enabled batches of larval and juvenile H. rubra to be reliably 

and consistently tagged, and subsequently identified on natural reefs over periods of time 

ranging from 1 day to >2 years;  

3. Develop and test methods to enable H. rubra larvae and juveniles to be released to natural 

reefs, allowing their settlement and survival; 

4. Develop a monitoring strategy to accurately estimate the abundance of released H. rubra 

within release locations; 

5. Quantify the long-term (2 year) survival and growth of batch-tagged H. rubra released to 

natural reefs to provide minimum targets for a stock enhancement management strategy for 

the NSW abalone fishery; 

6. Determine the impact of releasing juveniles on the abundance of wild H. rubra populations; 

7. Provide a bio-economic analysis of a stock enhancement strategy for H. rubra in NSW; and 

8. Provide recommendations for the implementation of a stock enhancement management 

strategy for local populations of blacklip abalone in NSW, Australia. 
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Figure 1.1 The proportion of abalone surviving through time, from 0 to 3 years (solid 
curved line), generated from a linear decline in instantaneous rates of natural 
mortality (M.yr-1) from 2.5 to 0.3 (dashed straight line), as suggested by 
Shepherd and Breen (1992) for wild H. rubra. 
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Table 1.1 General overview of laboratory (L) and field (F) experiments done throughout Chapters 2 - 6 in this thesis, indicating the use of larvae (dashed 
lines) or juveniles (solid lines), the points of release (large black circles) at indicative sizes and ages (Time, post-settlement) and the period of 
time over which experiments in each chapter were done (small black circles, end point). Note: not all experiments are represented by 
independent lines and points of release as some experiments used individuals of similar size and were sampled for similar periods of time, as 
such, lines and release points should be viewed as indicative of the experiments done within each chapter. 
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Chapter 2 – Factors affecting the settlement of Haliotis rubra larvae 

2. FACTORS AFFECTING THE SETTLEMENT OF HALIOTIS RUBRA LARVAE 

2.1. INTRODUCTION 

Abalone are dioecious broadcast spawners that produce planktonic larvae. These larvae are 

lecithotrophic, although there is evidence that they acquire additional nutritional input from 

dissolved organic matter from their surrounds (Manahan & Jaeckle 1992). Fertilised eggs 

commonly take between 4-15 days to develop into larvae that can successfully settle, i.e. attach 

to a substrata, undergo metamorphosis and grow (Hahn 1989b). The period of time prior to 

successful settlement may be quite protracted and can be significantly affected by a number of 

processes (see reviews by McShane 1992, Morse 1992, McShane 1995, Roberts 2001). 

However, increases in the time spent in the water column or ranging between substrata can 

significantly affect the rate of successful settlement and subsequent growth (Moss & Tong 

1992b, Roberts & Lapworth 2001). 

The successful settlement of abalone is a process consisting of a number of different, potentially 

reversible stages (Roberts 2001). The first stage, settlement or attachment, consists simply of 

the larvae settling out of the water column and adhering to a suitable substrata. If larvae have 

not had a protracted time in the water column or there are not appropriate cues, they may detach 

and resume the planktonic phase. Following settlement, larvae undergo metamorphosis, where 

they develop a mouth and are committed to the substratum; this process is irreversible. 

Following metamorphosis larvae begin to feed and start depositing their post-larval, peristomal 

shell. 

Most research investigating the settlement of abalone larvae has been for the benefit of 

aquaculture, with a focus on identifying and quantifying conditions affecting their settlement, 

metamorphosis and growth, including the effects of gamma-aminobutyric acid (GABA) (see 

reviews by McShane 1992, Morse 1992, McShane 1995, Kawamura 1996, Roberts 2001). An 

inclusive subset of these investigations has focused on the effect that extracts, physical growth 

forms and different species of crustose coralline algae (CCA), other algae and diatom films have 

on the settlement, metamorphosis and growth of abalone larvae (Morse & Morse 1984, Moss & 

Tong 1992a, Shepherd & Daume 1996, Roberts & Nicholson 1997, Daume et al. 1999, Daume 

et al. 2000, Roberts et al. 2004, Huggett et al. 2005). Application of the results has provided 

opportunities for improved efficiencies in commercial aquaculture and supported hypotheses 

regarding the processes affecting patterns of natural recruitment of abalone (McShane 1992, 

1995, Roberts 2001, Huggett et al. 2005). 

There are few data on the response of abalone larvae to conditions they are exposed to in the 

field at, or soon after, settlement (but see Shepherd & Turner 1985, McShane & Naylor 1995b, 
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Shepherd & Daume 1996, Naylor & McShane 2001, Sasaki & Shepherd 2001), although the 

association of settled abalone larvae with CCA has been well documented (Shepherd & Turner 

1985, Shepherd & Daume 1996, Day & Branch 2000b). Similarly, although methods of moving 

abalone larvae from a hatchery to the field for release have been described (Tegner et al. 1986, 

Tong et al. 1987, Schiel 1992, Preece et al. 1997), and the time taken by larvae to settle has 

been proposed to affect their successful settlement (Schiel 1992, Preece et al. 1997) and survival 

(McShane 1992, Shepherd et al. 1992, McShane 1995, Roberts & Lapworth 2001), little is 

known about settlement responses of abalone larvae following exposure to the range of 

conditions imposed during handling, transport and release from a hatchery to a field release 

location.  

The effects of handling, transport and release conditions have potentially important implications 

for the successful settlement and growth of abalone (Beaudry 1983, Naylor & McShane 2001, 

Roberts & Lapworth 2001, Phillips & Shima 2006). As a consequence, these processes can 

either directly affect successful settlement and survival, or the likelihood of larvae to settle 

within the boundaries of a release location (Schiel 1992, Preece et al. 1997). Either consequence 

will effect future estimates of their successful settlement and survival and therefore the 

measurement of success of releasing larvae to enhance a local population. 

The general aim of the work done in this chapter was to develop a standard protocol to handle, 

transport and improve potential settlement of larvae released to field locations to investigate 

their potential to enhance local populations. The specific aims of the experiments designed were 

to: 1) determine if a glass microscope slide conditioned in filtered seawater for ~4 weeks to 

develop a layer of benthic diatoms (sensu standard settlement substrata), could provide a 

comparable settlement response of larvae to natural substrata, and therefore support the use of 

standard settlement substrata in subsequent laboratory experiments; 2) determine if the use of 

gamma-aminobutyric acid (GABA) reduced the time larvae spent in the water column, to 

support the use of a standard concentration of GABA in field releases; 3) ensure that the effect 

of treatments directly related to processes of handling and transport of larvae for field releases, 

including refrigeration (i.e. a potentially simple and effective storage and transport method) and 

an abrupt temperature increase prior to settlement (not uncommonly experienced during the 

storage, transportation and preparation for release of larvae to a field location), did not 

significantly reduce the capability of larvae to successfully settle; and 4) identify processes 

affecting the successful settlement of larvae post-release, including the time larvae were 

exposed to a settlement substrata and the flow of water across a settlement substrata (simulating 

water movement in the field, common during the release of larvae), to support release methods 

to improve potential settlement within field release locations.  
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Several experimental designs consisted of combinations of factors and their treatments. In 

addition, some experiments were repeated with consistent treatments among different batches of 

larvae to investigate variation in the effects of treatments among batches. In discussion, 

conclusions from the results of this series of controlled laboratory experiments are drawn to 

describe how various processes affecting the successful settlement of H. rubra are likely to 

impact on efforts to enhance local populations of abalone and how these data inform the 

development of a standard protocol, essential for the release of larvae to natural reefs, as 

described in Chapters 4, 5 and 6. 

2.2. MATERIALS AND METHODS 

A series of 12 laboratory experiments were undertaken to test hypotheses regarding the 

consistency of the settlement response of larvae to treatments of factors relating to their 

handling and transport to field release locations, as well as post-release processes (Table 2.1). In 

addition, a subset of these experiments were used to investigate the effect levels of treatments of 

these factors had on the metamorphosis and early growth of settled larvae (Table 2.2). A 

standard experimental protocol was adhered to throughout each experiment (Section 2.2.5), 

including the use of a novel, miniature, down-welling system (Section 2.2.6). These results were 

used to support the development and use of a standard protocol to release larvae to natural reefs, 

described in Chapters 4, 5 and 6.  

2.2.1. Settlement substratum 

Experiments 1, 2 & 3 

Observations from samples collected from pilot releases of larvae to field locations indicated 

that primary settlement substrata consisted of bedrock, or boulders covered with CCA. To 

reduce the likelihood of confounding laboratory results with different types of CCA collected on 

rocks from local reefs, and due to the logistic constraints of carrying out a series of experiments 

on CCA covered rocks collected regularly from local reefs, the subset of experiments using 

CCA substratum (Experiments 1-3, Table 2.1) were designed to test the hypothesis that the 

settlement response of larvae to standard settlement substratum was consistent with that to CCA 

coated rocks, in order to support the use of a standardised settlement substrata in subsequent 

experiments.  

In experiment 1 it was also hypothesised that the proportion of settled larvae that 

metamorphosed, and their size after 96 hours on a standard settlement substrata, would not be 

significantly different with that on CCA covered rocks. Further, in experiments 2 and 3, it was 

hypothesised that the settlement responses of larvae to these substratum would be consistent 

 15



Chapter 2 – Factors affecting the settlement of Haliotis rubra larvae 

among treatments of the factor flow, and factors flow and refrigeration, respectively (described 

below). Results from these experiments, and the need to minimise variation in the settlement 

response of larvae to differences in the composition of the settlement substrata, supported the 

use of a standard settlement substrata in subsequent experiments. 

In experiments 1-3 two types of settlement substratum were used. Substrata one (i.e. standard 

settlement substrata) consisted of a 75 x 25 mm glass microscope slide, carrying a bio-film of 

benthic diatoms. The bio-film on this substrata was created by conditioning the slides in aerated, 

filtered (10 μm), non-recirculated seawater for 4 to 6 weeks. Immediately prior to their use in 

each experiment the standard settlement substrata was gently wiped to remove any macroscopic 

filamentous algal growth, if present. Substrata two consisted of two small CCA coated rocks, 

with a combined displacement volume of approximately 70 ml. Rocks coated in CCA were 

collected from coastal reefs up to two days prior to use in the experiments and were held in 

aerated, filtered (10 μm), non-recirculated seawater. 

2.2.2. Factors relating to handling and transport 

2.2.2.1. Gamma aminobutyric acid  

Experiment 4, 5, & 6 

Experiments 4-6 (Table 2.1) were designed to test the hypothesis that the settlement response of 

larvae to a standard concentration of GABA (1 x 10-6M) would be significantly greater to that of 

larvae exposed to a control (0 x 10-6M).  

In experiment 4 an additional concentration, i.e. 2 x 10-6M, was included to test the hypothesis 

that the settlement response to GABA was concentration dependent. This was done as some 

literature describes the likelihood of a high concentration of GABA, such as 2 x 10-6 M, further 

reducing the time larvae spend in the water column (Morse 1992, Roberts 2001). However, this 

literature also cautions against possible high rates of larval mortality at these concentrations. 

Therefore, the proportion of settled larvae that metamorphosed and the size of settled larvae, 

after they had been on the settlement substrata for 24 and 48 hours, was measured. These data 

were used to test the hypothesis that the proportion of settled larvae that metamorphosed, and 

their size after 24 and 48 hours would not be significantly different among levels of GABA. 

Larvae were measured from a random selection of 4 of the available 8 replicates in this 

experiment (Table 2.2).  

In experiments 5 and 6, it was also hypothesised that the settlement response of larvae to a 

control and standard concentration of GABA (1 x 10-6M) was consistent among levels of the 

treatment flow, and after 24 hours of refrigeration, respectively (described below). Results from 
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experiments 1-3 were used to support the use of the standard concentration of GABA 

(1 x 10-6M) in releases of larvae to field locations described in Chapters 4, 5 and 6. 

GABA treatments were mixed to the required concentration in a 1 L container holding larvae 

and stirred for 15-20 minutes. Following the addition of GABA treated larvae to each replicate 

down-weller in experiment 4, water flow to each replicate was turned on after the first 24 hours. 

Different GABA treatments were assigned separate baths, to minimise the chances of cross 

contamination of concentrations among the different treatments. 

2.2.2.2. Refrigeration 

Experiments 3, 6, 7 & 8 

Refrigerated storage of larvae was investigated in experiments 3 and 6-8 (Table 2.1) as a means 

of storing ready to settle larvae prior to release in the field. Three standard levels of refrigerated 

storage were investigated: 1) a control (ambient temperature 18oC); 2) refrigeration (4-6oC) for 

24 and; 3) refrigeration (4-6oC) for 48 hours. These durations were chosen because they 

reflected the approximate times required to transport and release larvae from the hatchery to 

field locations. Prior to treatments all larvae were reared to 7 days post-fertilization following 

the protocol describe below (Section 2.2.5).  

Experiments 3, 7 and 8 were designed to test the hypothesis that the settlement response of 

larvae would not be significantly different between levels of refrigeration. Further, in 

experiments 3 and 8 it was also hypothesised that the settlement response of larvae to 

refrigeration for 0, 24 and 48 hours would be consistent among levels of treatments of the 

factors substrate and flow, respectively, and in experiment 8, that the proportion of settled 

larvae that metamorphosed, and their size would not be significantly different among levels of 

refrigeration and flow after exposure for 24 and 48 hours. 

In experiments 3, 6, 7 and 8 refrigerated larvae were transferred to a 1 L container of filtered 

(10 µm) seawater, through which oxygen was bubbled for ~3 minutes prior to the container 

being sealed and placed in a domestic refrigerator for the required treatment time (24 or 48 hr.). 

Before larvae were placed in the down-wellers they were acclimated to ambient temperature 

over a period of approximately 3 hours. 'Control' larvae were maintained in a larval rearing 

system for the same period of time as the refrigerated storage treatment. In experiment 8 the 

proportion of settled larvae that metamorphosed, and the size of settled larvae after they had 

been on the settlement substrata for 24 and 48 hours, was measured (Table 2.2). 
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2.2.2.3. Temperature shock 

Experiments 9 & 10 

Three standard water temperature treatments (i.e. temperature shock) were investigated. These 

were: 1) a control (ambient temperature 18oC); 2) a temperature increase of 5oC; and 3) a 

temperature increase of 10oC. These treatments were chosen to simulate the extreme range of 

temperature fluctuations either inadvertently imposed during the processes of handling and 

transportation of larvae (such as in the deployment pump – Section 4.2.1.1, immediately prior to 

release) or the potential temperature shock experienced at the time of release to field locations at 

depths of 5-10 m (i.e. often cooler than surface or ambient water). It was hypothesised that the 

settlement response of larvae would not be affected by variation in temperature (Experiments 9 

and 10, Table 2.1). It was also hypothesised that the metamorphosis and size of settled larvae 

would not be affected by variation in temperature prior to settlement after 96 and 48 hours, in 

experiments 9 and 10 respectively, and in experiment 10, that this response would be consistent 

among the levels of the treatment flow.  

To achieve the required temperature shock treatments, larvae in 1 L containers of seawater were 

transferred to water baths of 18, 25 or 32oC, and held for ~30 minutes prior to exposure to the 

settlement substrata in the down-weller, at the ambient temperature of 18oC. In experiments 9 

and 10 the proportion of settled larvae that metamorphosed, and their size after 96 and 48 hours, 

respectively, and among levels of the factor flow in experiment 10, was measured (Table 2.2). 

2.2.3. Factors imposed following release 

2.2.3.1. Exposure time 

All experiments 

In each of the experiments, larvae were exposed to the settlement substrata for a range of times. 

Short periods of time (i.e. 30 and 60 seconds) were chosen to help determine if larvae could 

settle quickly and therefore be more likely to remain within a relatively small area for field 

releases. Longer periods of time (i.e. 24 and 48 hr.) were chosen to investigate the effects of 

treatments on the competency of larvae to successfully settle.  

It was hypothesised that the settlement of larvae would be significantly affected by the time they 

were exposed to a settlement substrata and that the pattern of settlement would be consistent 

among other treatments. In experiments 4 and 8 the proportion of settled larvae that 

metamorphosed and the size of settled larvae was measured (Table 2.2). These data were used 

to test the hypotheses that the proportion of settled larvae that metamorphosed, and the size of 

settled larvae was significantly different among levels of the treatment time and that these 
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patterns were consistent among the levels of the treatments GABA and refrigeration, for the 

respective experiments. 

2.2.3.2. Water flow 

Experiments 2, 3, 5, 6, 8 and 10 

In experiments 2, 3, 5, 6, 8 and 10, two standard rates of water flow were investigated 

(Table 2.1). The first had no water flow through the down-weller for the first 18-24 hours 

(-flow), whilst the other had a flow of ~250 ml.min.-1 (+flow) immediately after the addition of 

larvae. This treatment was investigated as rates of flow at field locations were known to be 

highly variable and larvae released to these locations may not successfully settle if exposed to 

substrata with high rates of flow. 

It was hypothesised that the settlement of larvae would be significantly affected by the flow of 

water across the settlement substratum and that this pattern of settlement would be consistent 

among other treatments. In experiments 8 and 10 the proportion of settled larvae that 

metamorphosed and the size of settled larvae was measured (Table 2.2). These data were used 

to test the hypotheses that the proportion of settled larvae that metamorphosed, and the size of 

settled larvae was not significantly different among levels of the treatment flow and that these 

patterns were consistent among the levels of the treatments refrigeration and temperature shock, 

for the respective experiments. 

2.2.4. Contributing factor - Batch 

Experiments 11 & 12  

The consistent use of particular treatments of factors was designed to provide a standard set of 

data to investigate the variation in the patterns of settlement of larvae of the same age, among 

different batches. It was hypothesised that there would be no significant difference in the 

settlement of larvae of 7 or 8 days of age, from different batches. In experiments 11 and 12 three 

replicates, randomly selected from a standard set of treatments (i.e. Substrata [Slides], Flow [-], 

GABA [1], Refrigeration [0], Temperature shock [0] and Exposure times of 60 sec. and 24 hr) 

were sampled from experiments 4, 5 and 10 and 2, 7, and 8, respectively (Table 2.1). Each 

replicate represented an independent assessment of the proportion of larvae that settled within 

the treatment combinations.  

2.2.5. Standard experimental protocol 

Larvae were sourced from captive, conditioned broodstock and reared through to settlement (i.e. 

7-9 days post-fertilisation) in accordance with methods described in Heasman et al. (2004). 
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Larvae from rearing tanks were concentrated into 20 L and their total number determined from 

multiplying the mean number of larvae, counted from 5 replicate 2 ml samples, by 10 000. The 

volume required to contain approximately 20 000 larvae was decanted from the 20 L 

concentrate. Groups of larvae were then made up to 1 L with ambient filtered (10 µm) seawater 

in 1 L plastic containers. All groups of larvae were handled identically prior to, and after their 

exposure to different treatments. Once treated, larvae were mixed thoroughly, but gently, in the 

container, using a perforated plunger. A minimum of four, 1 ml sub-samples were taken from 

each container. The number of larvae in each sub-sample was counted in a sorting tray under a 

binocular microscope, and the mean used to estimate the volume of the sample required to be 

taken from the container to yield 200 larvae. Aliquots of the required volume were then taken 

from the container, using an automatic pipette with an enlarged tip, to minimise any physical 

damage to the larvae, and released in the designated replicate down-weller. Prior to larvae being 

added, the required settlement substrata was fully immersed in each replicate down-weller. 

After larvae were exposed to the settlement substrata for the allocated period of time, the 

substrata was removed from each replicate in the down-weller using fine forceps and preserved 

in a jar containing 70% alcohol. The remaining content of the down-weller (i.e. larvae that had 

not settled on the substrata) was rinsed out and preserved separately in the same manner as that 

for the substrata. The number of larvae in each of the substratum and rinse samples was then 

counted with the aid of a binocular microscope to determine the proportion of larvae that had 

settled within each replicate. 

The presence or absence of shell growth and the maximum length of peristomal shell was 

measured from a sub-sample of settled larvae, taken from within replicates of each of the five 

experiments described in Table 2.2. This was done to determine the effects of treatments on the 

competency of larvae to metamorphose and grow, respectively. Observation of shell growth and 

shell measurements were made with the aid of a compound microscope and image analysis 

software using the public domain NIH Image program (developed at the U.S. National Institutes 

of Health and available on the Internet at http://rsb.info.nih.gov/nih-image/). 

2.2.6. Miniature down-welling system 

An essential component of this work was the development of a method of assessing the number 

of abalone larvae that settle and metamorphose over a range of times in response to a number of 

replicated experimental treatments. To achieve this, a novel, miniature, down-welling system 

was designed (Plate 2.1). The design was modular, allowing the exposure of small groups of 

abalone larvae to replicated treatments of different experimental conditions. Each module, or 

bath, was capable of holding 6 rows of 4 down-welling units or replicates. Each bath had 

dimensions of 360 x 250 x 150 mm and had an overflow below the rim of the bath. Replicate 
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down-wellers consisted of an inverted 120 ml, screw top plastic jar (~40 mm dia. x 100 mm) 

with the base cut off, small holes drilled through each side near the base and a 35 mm hole cut 

out of the lid. The inside of each lid was lined with a sheet of 80 μm polyester mesh, which was 

secured by screwing the lid back onto the tube. Each row of 4 down-wellers was suspended in 

the bath on a rod threaded through the side of the bath and the top of each down-weller so that 

the open top of the down-weller was above the water level. Each down-weller had the water 

flow controlled to it through a manifold with individual taps above each down-weller. Seawater 

supplied to this system was from a reservoir containing filtered (5 μm), UV treated seawater at a 

controlled temperature of 18oC. 

Three modules were used to allow 72, replicated, experimental down-wellers. Where 

experimental designs required more than 72 replicates, treatments with short settlement times 

(i.e. 30 or 60 seconds) were completed first, and replaced with rows of clean down-wellers and 

substrata for additional replicates. Due to the constraints of this down-weller system, replicates 

were commonly grouped into sets of four to allow the introduction of larvae and subsequent 

sampling, whilst not interfering with other groups of replicates. Groups of replicates for each 

treatment in each experiment were randomly assigned to one of the 3 baths and there were at 

least two baths per treatment, unless otherwise described in specific experiments above. 

 

A B 

Direction of water flow Standard settlement substrata Water 

Plate 2.1 A schematic diagram (not to scale) of the side (A) and end (B) profile of one of 
the three modules of the miniature down-welling system containing six rows of 
four suspended down-welling units, each containing a standard settlement 
substratum. Arrows indicate the direction of water flow. 

 

Data analysis 

All of the experiments were orthogonal designs. The settlement of larvae was measured as the 

proportion of larvae on the settlement substrata after the designated exposure time (Table 2.1). 
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Metamorphosis of settled larvae equalled the proportion of a sub-sample of settled larvae 

(~20%; Table 2.2) that had peristomal shell growth. Size measurements (mm x 10-3) were the 

maximum length of the peristomal shell. Cochran's C-test was used to test for heterogeneity of 

variances prior to transformation and proportional data was transformed using the function 

arcsine-square root (Underwood 1997). Analysis of variance (ANOVA) was used to test for 

differences among treatments. In each of the models all treatments were analysed as fixed 

factors, with the exception of Experiments 11 and 12, where Batch was a random factor.  

Table 2.1 Design of experiments investigating the settlement of H. rubra. Treatments for 
each factor are shown in brackets and described in the text. Letters attached to 
experiment numbers indicate the use of the same batch of larvae, as applied 
within this chapter only. A replicate consists of an individual down-weller 
containing ~200 larvae (described in the text). 

Expt. Factors [and treatments] Age Replicates
No. (days)

1a Substrata [Slides, Rocks] 8 4 60 30 24  96

2b Substrata [Slides, Rocks]
Flow [+, -] 8 3 30 60 30 24

3b Substrata [Slides, Rocks]
Flow [+, -]
Refrigeration [0, 24] 9 3 60 30 24

4c GABA [0, 1, 2] 7 8 60 24 48

5d GABA [0, 1] 
Flow [+, -] 7 3 30 60 30 24

6d GABA [0, 1]
Flow [+, -]
Refrigeration [24] 8 3 30 60 30 24

7c Refrigeration [0, 24] 8 4 60 24 48

8e Refrigeration [0, 24, 48]
Flow [+, -] 8 3 60 30 24 48

9a Temperature shock [0, 5, 10] 7 4 60 30 24 96

10e Temperature shock [0 ,5]
Flow [+, -] 7 3 60 30 24 48

11 Batch [c, d, e] 7 3 60 24

12 Batch [b, c, e] 8 3 60 24

hr.min.
              Exposure time
sec.
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Table 2.2 Components of experiments described in Table 2.1 used to investigate the 
metamorphosis and difference in size of settled H. rubra. Treatments for each 
factor are shown in brackets and described in the text. Letters attached to 
experiment numbers indicate the use of the same batch of larvae, as described 
within this chapter only. A replicate consists of an individual down-weller 
containing ~200 larvae (as described in the text). The mean (SE) number of larvae 
measured, to determine the proportion metamorphosed and mean peristomal shell 
length per replicate, is shown. 

Expt. Factors [and treatments] Age No. replicates Mean (SE) No.
No. (days) sampled larvae measured

per replicate

1a Substrata [Slides, Rocks] 8 4 17 (1)  96

4c GABA [0, 1, 2] 7 4 15 (0.9) 24 48

8e Refrigeration [0, 24, 48]
Flow [+, -] 8 3 19 (0.5) 24 48

9a Temperature shock [0, 5, 10] 7 3 14 (0.6) 96

10e Temperature shock [0, 5]
Flow [+, -] 7 3 16 (0.8) 48

hr.

Exposure time
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2.3. RESULTS  

2.3.1. Settlement substratum 

Experiment 1 

In this experiment the magnitude of the difference in the proportion of larvae that settled varied 

between substratum type and by time, resulting in a significant interaction term (Table 2.3). 

However, there were large differences in the settlement of larvae between the two settlement 

substrata (Figure 2.1). The proportion of larvae settling on CCA-coated rocks was generally 

double that to a standard settlement substratum, and a greater proportion of larvae settled after 

being exposed to a substratum for longer periods of time. More than 75% of larvae settled on 

CCA-coated rocks within 30 minutes (Figure 2.1). Settlement substrata had no significant effect 

on the proportion of settled larvae that metamorphosed after 96 hours (Table 2.4) and, notably, 

the proportion of settled larvae that metamorphosed in response to either substratum was over 

80% (Figure 2.1). Substratum type also did not have a significant effect on the size of settled 

larvae after 96 hours (Table 2.5), with the average length of peristomal shell being 

0.05 (± 0.005 SE) mm and 0.06 (± 0.006 SE) mm on the standard settlement substratum and 

CCA-coated rocks, respectively. 

Experiment 2 

There were significant differences in the proportion of larvae that settled among substratum 

types, but the magnitude of these differences varied among exposure times (Table 2.6). 

However, the proportion of larvae that settled among levels of the factor flow were consistently 

and significantly different (Table 2.6). Substratum types with zero flow had a greater proportion 

of settled larvae compared with the same substratum with flow (Figure 2.2). Notably, the 

proportion of larvae settling on CCA-coated rocks was more than double that to the standard 

settlement substratum (Figure 2.6), as observed in experiment 1. 

Experiment 3 

Differences in the proportion of larvae that settled among substratum types through time were 

inconsistent among treatments of the factors flow and refrigeration (Table 2.7). These 

differences were evidenced by differences in the magnitude of the proportion of larvae that 

settled between substratum types through time among treatments of flow, and differences in the 

proportion of settled larvae within substratum types through time among treatments of 

refrigeration (Figure 2.3). Notably, greater than 50% of larvae settled on a standard settlement 

substratum after 24 hours in zero flow, with greater than 80% settling after being exposed to 

24 hours of refrigeration (Figure 2.3). Further, greater than 25% and 80% of larvae settled on a 
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standard settlement substrata and CCA-coated rocks after 24 hours, respectively, irrespective of 

levels of refrigeration and flow. 

2.3.2. Factors relating to handling and transport 

2.3.2.1. Gama aminobutyric acid (GABA) 

Experiment 4 

Different concentrations of GABA resulted in minor differences in the settlement of larvae. In 

experiment 4, the proportion of larvae that settled in response to different concentrations of 

GABA differed significantly through time (Table 2.8). However, irrespective of the treatment of 

GABA >50% of all larvae settled after at least 24 hours, and up to 86% settled after 48 hours 

(Figure 2.4). Less than 15% of larvae settled within 60 seconds of being exposed to the 

settlement substrata. However, the proportion of larvae that settled after 60 seconds was greater 

where GABA had been added (9% and 13% for 1 x 10-6M and 2 x 10-6M, respectively, 

compared with 6% for the control).  

The proportion of settled larvae that metamorphosed through time was not consistent among 

treatments of GABA (Table 2.9). However, the proportion of settled larvae that had 

metamorphosed after 24 hours, irrespective of experimental treatment, was over 80%, with the 

exception of larvae that were not exposed to GABA and had 48 hours to settle (Figure 2.4).  

Different concentrations of GABA had no consistent effect on the size of settled larvae through 

time (Table 2.10). Notably, after 48 hours on the settlement substrata, the size of larvae that 

were not exposed to GABA was similar to that of larvae after only 24 hours. This also coincided 

with only 51% of settled larvae having metamorphosed in this treatment, compared with all 

other treatment combinations where >80% of larvae metamorphosed. However, larvae from all 

treatments did show similar total lengths after 24 hours, and those exposed to GABA after 

48 hours were up to twice the length of larvae exposed for only 24 hours (Figure 2.5).   

Experiment 5 

The affect of GABA on the proportion of larvae that settled through time differed significantly 

with flow (Table 2.11). Different proportions of larvae settled between treatments of the factors 

GABA and flow through time resulting in a significant interaction (Table 2.11 and Figure 2.6). 

Notably, more than twice as many larvae settled after 30 and 60 seconds with the addition of 

GABA and without flow (Figure 2.6). 

Experiment 6 

A greater proportion of larvae settled in response to exposure to GABA irrespective of patterns 

of settlement through time that differed significantly with treatments of flow (Table 2.12 and 
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Figure 2.7). More than double the proportion of larvae settled with the addition of GABA for 

times of 60 seconds or less (Figure 2.7). Irrespective of the treatments of GABA greater than 

25% more larvae settled in no flow for settlement times of 30 minutes or more (Figure 2.7). 

2.3.2.2. Refrigeration 

The effect of the refrigerated storage on the proportion of larvae that settled was complicated by 

other factors within experiments 3, 7 and 8.  

Experiment 3 

In experiment 3, as described above, there were significant differences in the proportion of 

larvae that settled within substratum types through time that differed among treatments of 

refrigeration (Table 2.7). However, irrespective of treatments of refrigeration, greater than 50% 

of larvae settled after 24 hours on either substratum where there was no flow and, where larvae 

were refrigerated, this proportion was greater than 80% (Figure 2.3). 

Experiment 7 and 8 

In experiment 7 and 8 the magnitude of the difference in the proportion of larvae that settled 

through time was not consistent among treatments of refrigeration (Table 2.13 and 2.14) and, in 

experiment 8, differences in the proportion of larvae that settled through time, within treatments 

of refrigeration were also inconsistent among treatments of flow (Table 2.14). In both 

experiments about twice as many larvae settled after 60 seconds after being refrigerated for at 

least 24 hours, with this proportion almost doubling again after 48 hours of refrigeration. 

Consistent with results from experiment 3, about 75% of larvae settled after 24 and 48 hours in 

the absence of flow, irrespective of treatments of refrigeration (Figures 2.8 and 2.9). 

In experiment 8, there was no significant effect of refrigeration on the proportion of settled 

larvae that metamorphosed, although there was a significant effect of time (Table 2.15). 

Between 84% and 93% of settled larvae metamorphosed after 24 hours, and between 91% and 

100% metamorphosed after 48 hours (Figure 2.9). Also, in experiment 8 there were significant 

differences in the size of settled larvae related to refrigeration that changed through time and 

among treatments of flow (Table 2.16). Larvae exposed to longer periods of refrigeration tended 

to grow to a smaller size than larvae that were not refrigerated, or larvae that were refrigerated 

for a shorter period of time, although this trend tended to be more substantial for larvae exposed 

to the longer period of refrigeration (Figure 2.10). 
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2.3.2.3. Temperature shock  

Experiments 9 &10 

There was no significant difference in the proportion of larvae that settled in relation to 

treatments of temperature shock investigated in experiments 9 and 10 (Tables 2.17 and 2.20). 

These treatments included increases in water temperature of up to 10oC over ~30 minutes, 

followed by immediate exposure to the settlement substrata in seawater of the original 

temperature (18oC). In both experiments the proportion of larvae on the settlement substrata was 

significantly different through time and in experiment 10 this was also consistent within the 

factor flow (Tables 2.17 and 2.20). A greater proportion of larvae settled on a standard substrata 

through time and in no flow (Figures 2.11 and 2.13).  

There was no significant effect of temperature shock on the proportion of settled larvae that 

metamorphosed in experiment 9 (Table 2.18), with greater than 90% of all larvae that settled 

after 96 hours having undergone metamorphosis (Figure 2.11). However, in experiment 10, the 

proportion of settled larvae that metamorphosed was significantly affected by temperature 

shock, although this effect was not consistent among the factor flow (Table 2.21). Notably, the 

proportion of settled larvae that metamorphosed was over 80% irrespective of the different 

treatment combinations, with the exception of larvae exposed to flow and no temperature shock, 

where the proportion of metamorphosed larvae was ~70% (Figure 2.13). 

In experiment 9, temperature shock did have a significant effect on the size of settled larvae 

after 96 hours (Table 2.19). Notably, larvae exposed to a 5oC shock were on average more than 

0.02 mm larger than larvae not exposed to a temperature shock, although this difference was 

substantially less for larvae exposed to a 10oC shock (Figure 2.12). Similarly, in experiment 10 

there was a significant difference in the size of settled larvae after exposure to a temperature 

shock but this difference was not consistent among treatments of flow (Table 2.22). Larvae 

exposed to a 5oC temperature shock in experiment 10 were ~0.02 mm larger than larvae not 

exposed to a temperature shock and held in flow, whereas they were ~0.02 mm smaller than 

larvae not exposed to a temperature shock and held in no flow (Figure 2.14).  

Notably, in both experiment 9 and 10 the proportion of larvae that settled, metamorphosed and 

grew and that were exposed to a temperature shock indicate that they are capable of settlement, 

development and growth, at least within the bounds of the treatments investigated in these 

experiments. 
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2.3.3. Factors imposed following release 

2.3.3.1. Exposure time 

All experiments 

There were large and consistent differences in the proportion of larvae that settled through time. 

In both experiments 9 and 10 a significantly greater proportion of larvae settled within 

treatments of the factor time with this pattern of settlement being consistent among the 

treatments of temperature shock (Tables 2.17 and 2.20) and flow (Table 2.20), respectively. 

Consistently lower proportions of larvae settled within short periods of time than after longer 

periods, with commonly less than 10% of larvae settling within 60 seconds (Figures 2.11 and 

2.13) In all other experiments in this series, the specific effect of time on the proportion of 

larvae that settled was complicated by inconsistencies in settlement among other factors. 

However, commonly in excess of 75% of larvae settled after 24 hours or more, where settlement 

was not effected by flow. Also, irrespective of other factors or their combinations, the 

proportion of larvae that settled within 24 hours was often 4-10 times higher than the proportion 

that settled within 60 seconds. For example, in experiments 4 and 8, despite significant 

interaction terms between the factors time and GABA, and flow and refrigeration, respectively, 

(Tables 2.8 and 2.14) the proportion of larvae that settled after 24 hours was between 6-10 and 

4-80 times greater than that after only 60 seconds, respectively (Figures 2.4 and 2.9). Moreover, 

in experiments 2 and 3 the proportion of larvae that settled within 60 seconds to CCA-coated 

rocks approached that for the standard settlement substrata over 24 hr (Figures 2.2 and 2.3). 

In experiment 8, the time larvae were exposed to a standard settlement substrata did 

significantly affect the proportion of settled larvae that metamorphosed (Table 2.15). About 

80% of settled larvae had metamorphosed after 24 hours and about 10% more had 

metamorphosed after 48 hours. In experiment 4, the proportion of settled larvae that 

metamorphosed was significantly affected by the time larvae were exposed to the settlement 

substrata, although this effect was not consistent among the levels of the treatment GABA 

(Table 2.9). However, similarly to results in experiment 8, more than 80% of settled larvae had 

metamorphosed after 24 hours (Figure 2.4).  

In experiment 4 the size of larvae was again significantly affected by time but this effect was 

not consistent among treatments of GABA (Table 2.10). In experiment 8, discerning the effect 

of time on the size of larvae was complicated by the effects of refrigeration and flow (Table 

2.16). Notably however, within experimental treatments larvae tended to show an increase in 

mean size between 24 and 48 hours in both experiments, irrespective of the effects of other 

factors (Figures 2.5 and 2.10). 
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2.3.3.2. Water flow 

Experiments 2, 3, 5, 6, 8 and 10 

There were large and consistent differences in the settlement of larvae related to the factor flow. 

In both experiments 2 and 10 the proportion of larvae that settled was significantly affected by 

the factor flow, with this being consistent among treatments of substratum and time (Table 2.6) 

and temperature shock and time (Table 2.20), respectively. In each of these experiments the 

proportion of larvae that settled without flow, within 24 hours was at least 50% greater than the 

proportion of larvae that settled in the presence of water flow. For the remaining experiments 

that included treatments for the factor flow, i.e. experiments 3, 5, 6 and 8, (described 

previously) consistency in the proportion of larvae that settled in response to water flow was 

complicated by interactions with other factors. Despite these inconsistencies the proportion of 

larvae that settled in response to no flow tended to be substantially greater within treatment 

combinations. For example, in experiment 5, despite the differences in the proportion of larvae 

that settled between 30 and 60 seconds among treatments of GABA, and the difference in the 

magnitude of the proportion that settled among GABA treatments between 30 minutes and 

24 hr, the proportion of larvae that settled in the absence of flow was greater within all treatment 

combinations, with the exception of the 30 second treatment without GABA (Table 2.11 and 

Figure 2.6). 

In experiment 8, treatments of the factor flow had no significant effect on the proportion of 

settled larvae that metamorphosed (Table 2.15) whereas in experiment 10 the effect of 

treatments of the factor flow on the proportion of settled larvae that metamorphosed, was not 

consistent among treatments of temperature shock (Table 2.21). However, in both experiments 

the proportion of settled larvae that metamorphosed was greater than 80% and 70% 

respectively.  

The effect of flow on the size of settled larvae after 24 and 48 hours in experiment 8 and after 

48 hours in experiment 10 was not consistent among treatments of the factors refrigeration and 

time, and temperature shock, respectively (Tables 2.16 and 2.22). However, the size of larvae, 

particularly within the first 24 hours of settlement tended to be greater in the absence of water 

flow, with the mean size of larvae more than halved in the presence of water flow. The effect of 

water flow on the size of settled larvae after 48 hours tended to be substantially less than over 

24 hours (Figures 2.10 and 2.14). 
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2.3.4. Contributing factor - Batch 

Experiments 11 & 12  

The difference in the proportion of 7 and 8 day old larvae that settled within 60 sec. and 

24 hours differed among batches in both experiments 11 and 12 respectively, resulting in a 

significant interaction term between the factors time and batch (Tables 2.23 and 2.24). In some 

instances the proportion of larvae of either age that settled after 60 sec. or 24 hours was more 

than double that of larvae from other batches. However, the major difference in the proportion 

of larvae that settled was between 60 seconds and 24 hours. Less than 20% of 7 day old larvae, 

and less than 10% of 8 day old larvae settled after 60 seconds and greater than 50% of 7 day old 

larvae and 35% of 8 day old larvae settled after 24 hours in experiments 11 and 12 respectively 

(Figures 2.15 and 2.16). 
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Figure 2.1 Experiment 1. Mean proportion of larvae (+ SE) on a standard settlement 
substratum (S) and CCA rocks (R) (histogram) for 4 exposure times, and mean 
proportion (± SE) of settled larvae that metamorphosed on the respective 
substrata (dot plot) after 96 hours; n = 4. 
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Figure 2.2 Experiment 2. Mean proportion of larvae (+ SE) on a standard settlement 
substratum and CCA rocks, with and without water flow (F) for 4 exposure 
times; n = 3. 
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Figure 2.3 Experiment 3. Mean proportion of larvae (+ SE) on a standard settlement 
substratum and CCA rocks, with and without 24 hours of refrigeration and water 
flow (F), for 3 exposure times; n = 3. 
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Figure 2.4 Experiment 4. Mean proportion of larvae (+ SE) on a standard settlement 
substratum after exposure to a control and 2 concentrations of GABA for 3 
exposure times (histogram), and mean proportion of settled larvae (± SE) that 
metamorphosed (dot plot) after 24 and 48 hours; n = 8 and 4, respectively. 
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Figure 2.5 Experiment 4. Mean peristomal shell length (mm) (+ SE) of settled larvae after 
exposure to a control and 2 concentrations of GABA (M) for 2 exposure times; 
n = 4. 
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Figure 2.6 Experiment 5. Mean proportion of larvae (+ SE) on a standard settlement 
substrata with and without exposure to GABA (1 x 10-6 M) and water flow (F) for 
4 exposure times; n = 3. 

 35



Chapter 2 – Factors affecting the settlement of Haliotis rubra larvae 

b) Without GABA

Pr
op

or
tio

n

0.0

0.2

0.4

0.6

0.8

1.0

a) With GABA

Pr
op

or
tio

n

0.0

0.2

0.4

0.6

0.8

1.0

30 sec. 60 sec. 30 min. 24 hr.

-F+F -F+F -F+F -F+FWater flow

Exposure time
 

Figure 2.7 Experiment 6. Mean proportion of larvae (+ SE) on a standard settlement 
substrata after 24 hours of refrigeration, with and without GABA (1 x 10-6 M) 
and water flow (F) for 4 exposure times; n = 3. 
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Figure 2.8 Experiment 7. Mean proportion of larvae (+ SE) on a standard settlement 
substrata with and without 24 hours of refrigeration (R), without water flow for 3 
exposure times; n = 3. 
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Figure 2.9 Experiment 8. Mean proportion of larvae (+ SE) on a standard settlement 
substratum (histogram) after 0 (control), 24 and 48 hours of refrigeration, with 
and without water flow (F) for 4 exposure times, and the mean proportion (± SE) 
of settled larvae that metamorphosed (dot plot) after 24 and 48 hours; n = 3. 
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Figure 2.10 Experiment 8. Mean peristomal shell length (mm) (+ SE) of settled larvae after 0, 
24 and 48 hours of refrigeration, with and without water flow (F) for 2 exposure 
times; n = 3. Dashed line is for reference and set at 0.05 mm. 

 39



Chapter 2 – Factors affecting the settlement of Haliotis rubra larvae 

Exposure time

Pr
op

or
tio

n

0.0

0.2

0.4

0.6

0.8

1.0

Temperature shock

96 hr.24 hr.30 min.60 sec.

0 5 10 0 5 10 0 5 10 0 5 10

 

Figure 2.11 Experiment 9. Mean proportion of larvae (+ SE) on a standard settlement 
substratum (histogram) after a control (no temperature shock (0)) and a 
temperature shock of +5oC or +10oC for 4 exposure times without flow (n = 4), 
and mean proportion (± SE) of settled larvae that metamorphosed (dot plot) after 
96 hours; n = 3. 
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Figure 2.12 Experiment 9. Mean peristomal shell length (mm) (+ SE) of settled larvae after 
96 hours on a standard settlement substratum after a control (no temperature 
shock (0)) and a temperature shock of +5oC and +10oC; n = 3. 

Figure 2.12 Experiment 9. Mean peristomal shell length (mm) (+ SE) of settled larvae after 
96 hours on a standard settlement substratum after a control (no temperature 
shock (0)) and a temperature shock of +5oC and +10oC; n = 3. 
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Figure 2.13 Experiment 10. Mean proportion of larvae (+ SE) on a standard settlement 
substratum (histogram) after a control (no temperature shock) and +5oC 
temperature shock, with and without water flow (F) for 4 exposure times, and 
mean proportion (± SE) of settled larvae that metamorphosed (dot plot) after 
48 hours; n = 3. 
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Figure 2.14 Experiment 10. Mean peristomal shell length (mm) (+ SE) of settled larvae on a 
standard settlement substratum after 48 hours and after a control (no temperature 
shock (0)) and temperature shock of +5oC, with and without water flow (F); 
n = 3. 
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Figure 2.15 Experiment 11. Mean proportion of 7 day old larvae (+ SE) on a standard 
settlement substratum from 3 separate batches for 2 exposure times; n = 3. 
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Figure 2.16 Experiment 12. Mean proportion of 8 day old larvae (+ SE) on a standard 
settlement substratum from 3 separate batches for 2 exposure times; n = 3. 
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Table 2.3 Experiment 1. Summary of analysis of variance in the proportion of larvae settled 
on two substrata (slides and CCA rocks), at different times (60 sec., 30 min. and 
24 and 96 hr.). Abbreviations used: degrees of freedom (df), Mean square (MS), F-
ratio (F), row of mean square denominator (F vs), significance of the F test: 
P<0.01 (**), P<0.05 (*) and not significant (ns) (Cochran's C = 0.2630, ns; 
variances 8, df 3). 

Source df       MS    F F vs

1 Substrate, S 1 2.07 364.78 ** 4
2 Time, T 3 0.40 71.31 ** 4
3 S x T 3 0.02 3.75 * 4
4 Error 24 0.01
5 Total 31

 

Table 2.4 Experiment 1. Summary of analysis of variance in the proportion of settled larvae 
that metamorphosed on two substrata (slides and CCA rocks) after 96 hours. 
Abbreviations used: degrees of freedom (df), Mean square (MS), F-ratio (F), row 
of mean square denominator (F vs), significance of the F test: P<0.01 (**), P<0.05 
(*) and not significant (ns) (Cochran's C = 0.8867, ns; variances 2, df 3). 

Source df       MS    F F vs

1 Substrate 1 0.06 1.37 ns 2
2 Error 6 0.05
3 Total 0

Table 2.5 Experiment 1. Summary of analysis of variance in the size of settled larvae on two 
substrata (slides and CCA rocks) after 96 hours. Abbreviations used: degrees of 
freedom (df), Mean square (MS), F-ratio (F), row of mean square denominator 
(F vs), significance of the F test: P<0.01 (**), P<0.05 (*) and not significant (ns) 
(Cochran's C = 0.6750, ns; variances 2, df 3). 

Source df       MS    F F vs

1 Substrate 1 0.0001 0.72 ns 2
2 Error 6 0.0001
3 Total 0
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Table 2.6 Experiment 2. Summary of analysis of variance in the proportion of larvae settled 
on two substrata (slides and CCA rocks) with and without water flow, at different 
times (30 and 60 sec., 30 min. and 24 hr.). Abbreviations used: degrees of freedom 
(df), Mean square (MS), F-ratio (F), row of mean square denominator (F vs), 
significance of the F test: P<0.01 (**), P<0.05 (*) and not significant (ns) 
(Cochran's C = 0.3003, ns; variances 16, df 2). 

Source df       MS    F F vs

1 Flow, F 1 0.53 49.96 ** 8
2 Substrate, S 1 3.53 332.88 ** 8
3 F x S 1 0.01 0.82 ns 8
4 Time, T 3 0.79 74.91 ** 8
5 F x T 3 0.03 2.72 ns 8
6 S x T 3 0.05 4.64 ** 8
7 F x S x T 3 0.01 1.41 ns 8
8 Error 32 0.01
9 Total 47

Table 2.7 Experiment 3. Summary of analysis of variance in the proportion of larvae settled 
on two substrata (slides and CCA rocks) with and without water flow and 24 hours 
refrigeration, at different times (30 and 60 sec., 30 min. and 24 hr.). Abbreviations 
used: degrees of freedom (df), Mean square (MS), F-ratio (F), row of mean square 
denominator (F vs), significance of the F test: P<0.01 (**), P<0.05 (*) and not 
significant (ns) (Cochran's C = 0.1446, ns; variances 24, df 2).  

Source df       MS    F F vs

1 Flow, F 1 0.48 31.68 ** 16
2 Substrate, S 1 2.20 144.97 ** 16
3 F x S 1 0.02 1.26 ns 16
4 Refrigeration, R 1 0.16 10.53 ** 16
5 F x R 1 0.00 0.14 ns 16
6 S x R 1 0.07 4.74 * 16
7 F x S x R 1 0.00 0.08 ns 16
8 Time, T 2 1.73 114.20 ** 16
9 F x T 2 0.02 0.99 ns 16
10 S x T 2 0.01 0.74 ns 16
11 F x S x T 2 0.22 14.81 ** 16
12 R x T 2 0.18 11.94 ** 16
13 F x R x T 2 0.05 3.10 ns 16
14 S x R x T 2 0.09 5.95 ** 16
15 F x S x R 2 0.00 0.15 ns 16
16 Error 48 0.02
17 Total 71
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Table 2.8 Experiment 4. Summary of analysis of variance in the proportion of larvae settled 
on a standard settlement substratum after exposure to different concentrations of 
GABA (0, 1x10-6M, 2x10-6M), at different times (60 sec., 24 and 48 hr.). 
Abbreviations used: degrees of freedom (df), Mean square (MS), F-ratio (F), row 
of mean square denominator (F vs), significance of the F test: P<0.01 (**), P<0.05 
(*) and not significant (ns) (Cochran's C = 0.2385, ns; variances 9, df 7). 

Source df       MS    F F vs

1 GABA, G 2 0.23 17.90 ** 4
2 Time, T 2 4.48 344.35 ** 4
3 G x T 4 0.11 8.46 ** 4
4 Error 63 0.01
5 Total 71

Table 2.9 Experiment 4. Summary of analysis of variance in the proportion of settled larvae 
that metamorphosed on a standard settlement substratum after exposure to 
different concentrations of GABA (0, 1x10-6M, 2x10-6M), at different times (24 
and 48 hr.). Abbreviations used: degrees of freedom (df), Mean square (MS), F-
ratio (F), row of mean square denominator (F vs), significance of the F test: 
P<0.01 (**), P<0.05 (*) and not significant (ns) (Cochran's C = 0.6288*; 

variances 6, df 3). 

Source df       MS    F F vs

1 GABA, G 2 0.09 2.67 ns 4
2 Time, T 1 0.22 6.86 * 4
3 G x T 2 0.53 16.14 ** 4
4 Error 18 0.03
5 Total 23

Table 2.10 Experiment 4. Summary of analysis of variance in the size of settled larvae on a 
standard settlement substratum after exposure to different concentrations of 
GABA (0, 1x10-6M, 2x10-6M), at different times (24 and 48 hr.). Abbreviations 
used: degrees of freedom (df), Mean square (MS), F-ratio (F), row of mean square 
denominator (F vs), significance of the F test: P<0.01 (**), P<0.05 (*) and not 
significant (ns) (Cochran's C = 0.6078*; variances 6, df 3). 

Source df       MS    F F vs

1 GABA, G 2 0.0003 2.71 ns 4
2 Time, T 1 0.0012 10.02 ** 4
3 G x T 2 0.0007 5.75 * 4
4 Error 18 0.0001
5 Total 23

 46



Chapter 2 – Factors affecting the settlement of Haliotis rubra larvae 

Table 2.11 Experiment 5. Summary of analysis of variance in the proportion of larvae settled 
on a standard settlement substratum with and without exposure to GABA 
(1x10-6M) and with and without water flow at different times (30 and 60 sec., 24 
and 48 hr.). Abbreviations used: degrees of freedom (df), Mean square (MS), F-
ratio (F), row of mean square denominator (F vs), significance of the F test: 
P<0.01 (**), P<0.05 (*) and not significant (ns) (Cochran's C = 0.2901, ns; 
variances 16, df 2). 

Source df       MS    F F vs

1 Flow, F 1 0.648 65.63 ** 8
2 GABA, G 1 0.027 2.69 ns 8
3 F x G 1 0.022 2.20 ns 8
4 Time, T 3 0.921 93.19 ** 8
5 F x T 3 0.080 8.07 ** 8
6 G x T 3 0.004 0.38 ns 8
7 F x G x T 3 0.067 6.74 ** 8
8 Error 32 0.010
9 Total 47

Table 2.12 Experiment 6. Summary of analysis of variance in the proportion of larvae settled 
on a standard settlement substratum with and without exposure to GABA 
(1x10-6M) and with and without water flow at different times (30 and 60 sec., 24 
and 48 hr.) after 24 hours refrigeration. Abbreviations used: degrees of freedom 
(df), Mean square (MS), F-ratio (F), row of mean square denominator (F vs), 
significance of the F test: P<0.01 (**), P<0.05 (*) and not significant (ns) 
(Cochran's C = 0.2104, ns; variances 16, df 2). 

Source df       MS    F F vs

1 Flow, F 1 0.286 36.55 ** 8
2 GABA, G 1 0.145 18.60 ** 8
3 F x G 1 0.001 0.16 ns 8
4 Time, T 3 1.121 143.48 ** 8
5 F x T 3 0.177 22.60 ** 8
6 G x T 3 0.022 2.76 ns 8
7 F x G x T 3 0.004 0.46 ns 8
8 Error 32 0.008
9 Total 47
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Table 2.13 Experiment 7. Summary of analysis of variance in the proportion of larvae settled 
on a standard settlement substratum after 0 and 24 hours refrigeration, at different 
times (60 sec., 24 and 48 hr.). Abbreviations used: degrees of freedom (df), Mean 
square (MS), F-ratio (F), row of mean square denominator (F vs), significance of 
the F test: P<0.01 (**), P<0.05 (*) and not significant (ns) (Cochran's C = 0.4558, 
ns; variances 6, df 3). 

Source df       MS    F F vs

1 Refrigeration, R 1 0.072 24.12 ** 4
2 Time, T 2 1.803 600.92 ** 4
3 R x T 2 0.057 18.96 ** 4
4 Error 18 0.003
5 Total 23

Table 2.14 Experiment 8. Summary of analysis of variance in the proportion of larvae settled 
on a standard settlement substratum after 0, 24 and 48 hours of refrigeration, with 
and without water flow, at different times (30 and 60 sec., 24 and 48 hr.). 
Abbreviations used: degrees of freedom (df), Mean square (MS), F-ratio (F), row 
of mean square denominator (F vs), significance of the F test: P<0.01 (**), P<0.05 
(*) and not significant (ns) (Cochran's C = 0.1531, ns; variances 24, df 2). 

Source df       MS    F F vs

1 Flow, F 1 1.226 115.24 ** 8
2 Refrigeration, R 2 0.098 9.22 ** 8
3 F x R 2 0.008 0.79 ns 8
4 Time, T 3 2.044 192.08 ** 8
5 F x T 3 0.054 5.09 * 8
6 R x T 6 0.040 3.77 * 8
7 F x R x T 6 0.016 1.51 ns 8
8 Error 48 0.011
9 Total 71
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Table 2.15 Experiment 8. Summary of analysis of variance in the proportion of settled larvae 
that metamorphosed on a standard settlement substratum after 0, 24 and 48 hours 
of refrigeration, with and without water flow, at different times (24 and 48 hr.). 
Abbreviations used: degrees of freedom (df), Mean square (MS), F-ratio (F), row 
of mean square denominator (F vs), significance of the F test: P<0.01 (**), P<0.05 
(*) and not significant (ns) (Cochran's C = 0.2199, ns; variances 12, df 2). 

Source df       MS    F F vs

1 Flow, F 1 0.0002 0.00 ns 8
2 Refrigeration, R 2 0.0001 0.00 ns 8
3 F x R 2 0.0017 0.05 ns 8
4 Time, T 1 0.2445 6.58 * 8
5 F x T 1 0.0496 1.33 ns 8
6 R x T 2 0.0601 1.62 ns 8
7 F x R x T 2 0.0057 0.15 ns 8
8 Error 24 0.0372
9 Total 35

Table 2.16 Experiment 8. Summary of analysis of variance in the size of settled larvae on a 
standard settlement substratum after 0, 24 and 48 hours of refrigeration, with and 
without water flow, at different times (24 and 48 hr.). Abbreviations used: degrees 
of freedom (df), Mean square (MS), F-ratio (F), row of mean square denominator 
(F vs), significance of the F test: P<0.01 (**), P<0.05 (*) and not significant (ns) 
(Cochran's C = 0.2406, ns; variances 6, df 3). 

Source df       MS    F F vs

1 Flow, F 1 0.0272 107.04 ** 8
2 Refrigeration, R 2 0.0074 28.94 ** 8
3 F x R 2 0.0001 0.55 ns 8
4 Time, T 1 0.0525 206.44 ** 8
5 F x T 1 0.0065 25.56 ** 8
6 R x T 2 0.0005 2.06 ns 8
7 F x R x T 2 0.0012 4.63 * 8
8 Error 24 0.0003
9 Total 35
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Table 2.17 Experiment 9. Summary of analysis of variance in the proportion of larvae settled 
on a standard settlement substratum after a control (no temperature shock (0)) and 
a temperature shock of 5 or 100C, at different times (60 sec., 30 mins and 24 and 
48 hr.). Abbreviations used: degrees of freedom (df), Mean square (MS), F-ratio 
(F), row of mean square denominator (F vs), significance of the F test: P<0.01 
(**), P<0.05 (*) and not significant (ns) (Cochran's C = 0.2532, ns; variances 12, 
df 3). 

Source df       MS    F F vs

1 Temperature, Tmp 2 0.031 1.11 ns 4
2 Time, T 3 2.215 79.08 ** 4
3 Tmp x T 6 0.021 0.74 ns 4
4 Error 36 0.028
5 Total 47

Table 2.18 Experiment 9. Summary of analysis of variance in the proportion of settled larvae 
that metamorphosed on a standard settlement substratum after a control (no 
temperature shock (0)) and a temperature shock of 5 or 100C after 96 hours. 
Abbreviations used: degrees of freedom (df), Mean square (MS), F-ratio (F), row 
of mean square denominator (F vs), significance of the F test: P<0.01 (**), P<0.05 
(*) and not significant (ns) (Cochran's C = 0.6870, ns; variances 3, df 2). 

Source df       MS    F F vs

1 Temperature, Tmp 2 0.027 1.12 ns 2
2 Error 6 0.024
3 Total 8

Table 2.19 Experiment 9. Summary of analysis of variance in the size of settled larvae on a 
standard settlement substratum after a control (no temperature shock (0)) and a 
temperature shock of 5 or 100C after 96 hours. Abbreviations used: degrees of 
freedom (df), Mean square (MS), F-ratio (F), row of mean square denominator 
(F vs), significance of the F test: P<0.01 (**), P<0.05 (*) and not significant (ns) 
(Cochran's C = 0.5799, ns; variances 3, df 2). 

Source df       MS    F F vs

1 Temperature, Tmp 2 0.0006 9.75 * 2
2 Error 6 0.0001
3 Total 8
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Table 2.20 Experiment 10. Summary of analysis of variance in the proportion of larvae settled 
on a standard settlement substratum after a control (no temperature shock (0)) and 
a temperature shock of 5 0C with and without water flow, at different times 
(60 sec., 30 mins and 24 and 48 hr.). Abbreviations used: degrees of freedom (df), 
Mean square (MS), F-ratio (F), row of mean square denominator (F vs), 
significance of the F test: P<0.01 (**), P<0.05 (*) and not significant (ns) 
(Cochran's C = 0.2182, ns; variances 16, df 2). 

Source df       MS    F F vs

1 Flow, F 1 1.0739 102.17 ** 8
2 Temperature, Tmp 1 0.0057 0.54 ns 8
3 F x Tmp 1 0.0001 0.01 ns 8
4 Time, T 3 1.7039 162.11 ** 8
5 F X T 3 0.0088 0.84 ns 8
6 Tmp x T 3 0.0167 1.59 ns 8
7 F x Tmp x T 3 0.0284 2.70 ns 8
8 Error 32 0.0105
9 Total 47

Table 2.21 Experiment 10. Summary of analysis of variance in the proportion of settled larvae 
that metamorphosed on a standard settlement substratum after a control (no 
temperature shock (0)) and a temperature shock of 5oC with and without water 
flow after 48 hours. Abbreviations used: degrees of freedom (df), Mean square 
(MS), F-ratio (F), row of mean square denominator (F vs), significance of the F 
test: P<0.01 (**), P<0.05 (*) and not significant (ns) (Cochran's C = 0.3337, ns; 
variances 4, df 2). 

Source df       MS    F F vs

1 Flow, F 1 0.068 2.37 ns 4
2 Temperature, Tmp 1 0.132 4.57 ns 4
3 F x Tmp 1 0.205 7.12 * 4
4 Error 8 0.029
5 Total 11
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Table 2.22 Experiment 10. Summary of analysis of variance in the size of settled larvae on a 
standard settlement substratum after a control (no temperature shock (0)) and a 
temperature shock of 50C, with and without water flow after 48 hours. 
Abbreviations used: degrees of freedom (df), Mean square (MS), F-ratio (F), row 
of mean square denominator (F vs), significance of the F test: P<0.01 (**), P<0.05 
(*) and not significant (ns) (Cochran's C = 0.4670, ns; variances 4, df 2). 

Source df       MS    F F vs

1 Flow, F 1 0.0018 33.10 ** 4
2 Temperature, Tmp 1 0.0001 1.75 ns 4
3 F x Tmp 1 0.0020 37.43 ** 4
4 Error 8 0.0001
5 Total 11

Table 2.23 Experiment 11. Summary of analysis of variance in the proportion of 7 day old 
larvae from 3 separate batches settled on a standard settlement substratum at 
different times (60 sec. and 24 hr.). Abbreviations used: degrees of freedom (df), 
Mean square (MS), F-ratio (F), row of mean square denominator (F vs), 
significance of the F test: P<0.01 (**), P<0.05 (*) and not significant (ns) 
(Cochran's C = 0.2124, ns; variances 6, df 2). 

Source df       MS    F F vs

1 Batch, B 2 0.013 1.77 ns 4
2 Time, T 1 1.772 18.72 * 3
3 B x T 2 0.095 13.09 ** 4
4 Error 12 0.007
5 Total 17

Table 2.24 Experiment 12. Summary of analysis of variance in the proportion of 8 day old 
larvae from 3 separate batches settled on a standard settlement substratum at 
different times (60 sec. and 24 hr.). Abbreviations used: degrees of freedom (df), 
Mean square (MS), F-ratio (F), row of mean square denominator (F vs), 
significance of the F test: P<0.01 (**), P<0.05 (*) and not significant (ns) 
(Cochran's C = 0.5229, ns; variances 6, df 2). 

Source df       MS    F F vs

1 Batch, B 2 0.119 41.15 ** 4
2 Time, T 1 2.362 15.69 ns 3
3 B x T 2 0.151 52.09 ** 4
4 Error 12 0.003
5 Total 17
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2.4. DISCUSSION 

The use of hatchery-reared larvae to enhance local populations of abalone requires them to be 

subjected to a range of handling and transport processes. However, a number of factors prior to 

release may significantly affect their competency to successfully settle, survive and grow. The 

series of experiments presented in this chapter represent the first investigation, to the authors 

knowledge, into the settlement response of Haliotis spp to conditions they experience during 

release from a hatchery to a field location (e.g. refrigeration and temperature shock) and the first 

that investigates the combined effects of these treatments with conditions similar to those they 

are exposed to at a field release location (e.g. exposure time and water flow). The extent to 

which handling, transport and field conditions influenced metamorphosis and the size of settled 

larvae within 96 hours post-settlement was also measured. 

Results from these experiments indicated that larvae settled on both a standard settlement 

substratum and CCA coated rocks and that a greater proportion settled over longer periods of 

time. However, larvae settled on CCA coated rocks in the laboratory at a level about twice that 

on a standard settlement substratum, irrespective of exposure time. GABA had a significant 

affect on the proportion of larvae that settled through time and among treatments of water flow. 

Generally, a greater proportion of larvae settled within 60 seconds after exposure to GABA. 

Larvae could be refrigerated during simulated transport for up to 48 hours, but refrigeration did 

appear to have a negative effect on growth. It is not known if the influence on growth persists 

beyond 2 days. Larvae appeared to be resistant to thermal shock up to 10oC which would 

potentially be experienced during handling and transport in small volumes of seawater, to field 

release locations. The effect of thermal shock on size was inconsistent and appeared to be small. 

The time larvae were exposed to a substratum had a significant effect on the proportion that 

settled and metamorphosed, and their size. Commonly less than 15% of larvae settled after 60 

seconds. Water flow had a consistent affect on the proportion of larvae that settled, with greater 

proportions of larvae settling in reduced flow. There was variation among batches in the 

proportion of larvae that settled, but these differences were relatively insubstantial. 

The settlement response, including metamorphosis and growth, of Haliotis spp has been 

described for a broad range of chemical and biological factors (see reviews by McShane 1992, 

Morse 1992, Kawamura 1996, Roberts 2001). Despite the fact that there are factors (e.g. 

GABA) that illicit similar settlement responses among many species of abalone, there is 

significant variation in these responses among batches of the same species, and in the presence 

of other factors. In addition, the settlement response of abalone can be significantly affected by 

combinations of these factors (Roberts 2001), consistent with the findings for H. rubra larvae 

from the experiments done in this chapter. 
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2.4.1. Settlement substrata 

The settlement response of Haliotis spp, to specific substrata is highly variable and larvae have 

been shown to display significant preference to specific substratum (Daume et al. 1999, Roberts 

et al. 2004). In particular, there is a significant amount of published data describing the strong 

settlement response of Haliotis spp to CCA (Morse & Morse 1984, Moss & Tong 1992a, 

Shepherd & Daume 1996, Daume et al. 1999, Daume et al. 2000, Roberts et al. 2004, Huggett 

et al. 2005). Of these studies comparatively little work has focused on the settlement response 

of H. rubra. However, Daume et al. (1999, 2000) described a relatively limited response of 

H. rubra to CCA and a high response to the encrusting green alga, Ulvella lens. In contrast, 

Huggett et al. (2005) described a relatively high settlement response of H. rubra to CCA, in 

addition to two species of green macroalgae. 

Results from experiments 1-3 demonstrated a high settlement response of H. rubra to CCA, 

similar to that described by Hugget et al. (2005) and, despite the significant differences in the 

proportion of larvae that settled among the substrata through time in all three experiments, the 

general response of larvae to both CCA and a standard settlement substratum was very similar 

when exposed to a range of other treatments. The proportion of H. rubra that settled to a 

standard settlement substratum, without flow after 24 hours was over 30% and often over 75%. 

These results compare favourably to those reported elsewhere for H. rubra on substrata 

considered to be reliably good settlement inducers (Daume et al. 2000, Huggett et al. 2005). 

Moreover, assessment of metamorphosis of the settled H. rubra, described in this chapter, 

generally indicated rates of metamorphosis in excess of 80%.  

There was no significant effect of settlement substrata on the proportion of settled larvae that 

metamorphosed or the size of settled larvae after 96 hours. In fact, due to the relatively short 

periods of time (<100 hr.) over which the experiments in this series were conducted it is 

unlikely that the algal composition of the standard settlement substratum would have a 

significant influence on the growth of settled larvae, as nutrient stores from residual yolk and 

dissolved organic material absorption is more likely to sustain a regular rate of growth under 

standard conditions (Kawamura et al. 1998). It is, therefore, more likely that differences in the 

size of settled larvae among factors is a result of experimental treatments rather than 

composition of the settlement substrata.  

2.4.2. Factors relating to handling and transport 

2.4.2.1. GABA 

The affect of GABA on the settlement response of Haliotis spp is widely published (Morse 

1992, Searcy-Bernal et al. 1992, Roberts 2001). GABA binds to receptors on the larva resulting 
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in the arrest of cilia, used for motility, and consequently settlement of larvae on the substratum, 

whilst at the same time initiating metamorphosis (Morse 1990, Morse 1992, Roberts 2001). 

However, this response is mediated by the concentration of GABA, which is itself subject to 

change through degradation by bacteria. Generally, concentrations of GABA between 

1 x 10-5 M and 1 x 10-6 M have been shown to induce metamorphosis of abalone larvae, 

although different species respond differently and higher concentrations and variation in other 

settlement conditions, including the presence of bacteria and the constituency of seawater, can 

significantly affect the response of larvae and can result in inhibited metamorphosis and growth 

or high rates of mortality (Morse 1992, Roberts 2001). The use of antibiotics to reduce bacterial 

growth and hence support the activity of GABA to induce larval settlement has been 

demonstrated and applied at commercial scales (Morse 1990, Searcy-Bernal et al. 1992). 

However, reduced bacterial abundance (Anguiano-Beltran & Searcy-Bernal 2007) and bacterial 

presence (Roberts et al. 2007a) can result in reduced post-larval growth and reduced 

metamorphic response of abalone larvae to a range of benthic diatoms, respectively. Further, the 

use of antibiotics may cause development of antibiotic resistant pathogens infecting abalone in a 

hatchery environment as well as having potentially negative effects on bacterial communities on 

natural reefs, where antibiotics from a hatchery may be introduced (Anguiano-Beltran & 

Searcy-Bernal 2007). 

The addition of GABA (1 x 10-6 M) elicited a significant effect on the proportion of larvae that 

settled, with greater proportions of larvae settling with the addition of GABA in experiments in 

this chapter. However, this response was not consistent among all experiments. Despite this 

inconsistency, the general effect of GABA was small compared to the other factors investigated. 

It is possible that the concentrations of GABA used were inadequate to elicit a strong settlement 

response in H. rubra or that the concentrations used were significantly affected by the presence 

of bacteria, as no antibiotics were used in any of the experimental protocols to reduce the 

likelihood of introducing antibiotics to natural reef, through the flow through seawater system 

used in the hatchery, which would have aided to reduce bacterial degradation of GABA. Where 

significant effects occurred, higher rates of settlement over short periods of time (i.e. 30-60 sec.) 

were associated with higher concentrations of GABA in each experiment. The effect of GABA 

to increase the proportion of larvae that settled, particularly over short periods of time, along 

with the high rates of metamorphosis and positive rates of growth shown over 24 and 48 hours 

in the experiments done in this chapter, and in addition to overwhelming published literature 

describing the positive affects of GABA on abalone settlement (Morse et al. 1979, Moss & 

Tong 1992b, Searcy-Bernal et al. 1992, Searcy Bernal & Anguiano Beltran 1998, Roberts 

2001), provided substantial support for the use of GABA (1 x 10-6 M) in the protocol associated 

with the release of larvae to coastal reefs, described in Chapters 4, 5 and 6.  
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2.4.2.2. Refrigeration 

The use of cool storage to transport abalone larvae from a hatchery to a field release location 

has been described (Tegner et al. 1986, Schiel 1992, Preece et al. 1997). However, no 

assessment of the possible affects of this treatment on the settlement or post-settlement 

responses of larvae has been discussed. While experiments have described and quantified the 

effects of delayed metamorphosis of Haliotis spp, the subset of experiments described here to 

investigate the settlement response of H. rubra to the effects of refrigeration do not attempt to 

describe effects over extended periods of time (see Roberts & Lapworth 2001). Rather, this 

treatment was investigated as a means of storing larvae for the short periods of time required for 

their transport to the field (24-48 hr.), without the use of antibiotics, the use of which is 

common in the literature when holding larvae for extended periods of time (Roberts & 

Lapworth 2001) to minimise bacterial infection and subsequent larval mortality. 

Despite significant effects of treatments in combination with that of refrigeration on the 

settlement response of larvae described here, the general responses of larvae did not indicate 

that refrigeration alone has a significant detrimental affect on their ability to settle, 

metamorphose and grow. In fact, results from experiments 7 and 8 indicated that refrigeration 

may increase the rate at which larvae settle over short periods of time. Further, results from 

experiment 8 also indicate that rates of metamorphosis are not significantly affected by 

refrigeration. However, the refrigeration of larvae may have an effect on the rate of growth of 

newly settled juveniles, at least within the first 48 hours after settlement. The longer term 

implications of refrigerated storage of larvae on subsequent growth may include increased 

mortality of slower growing individuals due to higher levels of predation by a known host of 

predators on smaller juveniles (Shepherd & Turner 1985, Shepherd & Breen 1992, Shepherd & 

Daume 1996, Naylor & McShane 1997). Further, the apparent reduced rate of growth of settled 

larvae due to refrigeration may indicate more fundamental effects on the physical, biochemical 

or neurological development of the settled larvae, which may have significant consequences on 

their survival, beyond those related to their size (as discussed in Roberts & Lapworth 2001).  

2.4.2.3. Temperature shock 

The effect of constant temperature on the settlement, survival and growth of Haliotis spp has 

been described in the literature, where the primary aim has been to determine favourable 

conditions with which to rear larvae in controlled laboratory or hatchery conditions (e.g. 

Leighton 1972, Ebert & Houk 1984, Hahn 1989b). No literature has described the settlement 

response of Haliotis spp to an abrupt change in temperature prior to settlement, as may be 

experienced either when transferring larvae from cool storage to ambient temperature prior to 

release (Tegner et al. 1986, Schiel 1992, Preece et al. 1997) or, as observed in this thesis, where 
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larvae are transported directly from the hatchery or from refrigerated storage to field release 

locations, as described in Chapters 4, 5 and 6. 

Results from experiments 9 and 10 supported the hypothesis that a temperature shock, similar to 

that experienced when transporting larvae from a hatchery to a field location, has no significant 

effect on the settlement response of larvae, with this response being consistent over periods of 

time ranging from 60 seconds through to 96 hours and also when exposed to water flow across 

the settlement substrata. The effect of temperature shock on the metamorphosis and size of 

larvae was not as conclusive. The proportion of settled larvae that metamorphosed, and their 

size, after exposure to a 0oC, 5oC or 10oC temperature shock supported the hypothesis that 

temperature shock does not significantly affect metamorphosis, but not that there was no effect 

on growth. The insignificant effect of these temperature shocks on the settlement response of 

larvae and the general response of larvae to still be capable of metamorphosis and growth, 

despite the variability in results presented in this chapter, provide reassurance of their resilience 

to withstand similar treatments of these factors when released to field locations. 

2.4.3. Factors imposed following release 

2.4.3.1. Exposure time and water flow 

The time taken by abalone larvae to settle, remain on the substratum and metamorphose can 

have significant consequences on their dispersal, the likelihood of finding appropriate habitat to 

settle (McShane 1992, 1995), and their subsequent survival and growth (Searcy-Bernal 1999, 

Roberts & Lapworth 2001). The effect of water flow on the dispersal of Haliotis spp has been 

described for a number of species. Much of this literature has discussed physical attributes of 

the fertilised egg and behavioural attributes of larvae, in combination with local hydrodynamic 

forcing, to describe patterns of recruitment (Prince et al. 1987, McShane et al. 1988a, Prince et 

al. 1988a, Tegner 1992, Sasaki & Shepherd 1996). Moreover, water flow has been hypothesised 

to significantly effect the retention of released abalone larvae to field locations, where the 

release of larvae with and without protection from water flow (and additional factors, such as 

predatory fishes) has been used to demonstrate its effect in the field (Schiel 1992, Preece et al. 

1997).  

Results from experiments 8 - 10 support the hypotheses that the settlement response of larvae is 

significantly affected by the time they are exposed to the settlement substrata and that this 

response is consistent among factors of water flow, refrigerated storage and temperature shock. 

Similarly, results from experiments 2 and 10 demonstrated that greater proportions of larvae 

settle in the absence of water flow across the settlement substrata and generally more than 

double the proportion of larvae settle in the absence of water flow during the first 30 minutes of 
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exposure to the settlement substrata. Results from experiment 8 also supported the hypotheses 

that exposure time does affect the proportion of settled larvae that metamorphose where as 

differences in water flow has little influence. 

There is no literature describing the very short-term settlement response of larvae to factors, 

including water flow, in the series of experiments presented here. It is over the short time scales 

investigated in this series of experiments (less than 30 min.) that larvae released to field 

locations may be transported away from appropriate habitats for settlement and beyond areas 

defined for their release and subsequent assessment of survival and growth. In light of this, 

identification of factors likely to reduce the time larvae spend in the water column was essential 

to the success of subsequent field releases, as described in Chapters 4, 5 and 6.  

2.4.4. Contributing factor - Batch 

Differences in the settlement response of haliotid larvae among different batches has been 

reported by other authors (Baloun & Morse 1984, Trapido-Rosenthal & Morse 1986, Roberts & 

Nicholson 1997). Further, a number of endogenous and exogenous mechanisms may contribute 

to the variation in the settlement response observed among batches, including variation in egg 

quality (Daume & Ryan 2004, Huchette et al. 2004) and variation in benthic diatom cover 

during experimental substrata conditioning in filtered seawater. Further, the interaction between 

these factors and others may also change with the age of the larvae, as rate of larval settlement 

in response to cues has been documented to be affected by larval age (Moss & Tong 1992a).  

Despite significant variation in the settlement response of 7 and 8 day old H. rubra larvae 

among batches through time described in experiments 11 and 12, the settlement response 

between times tended to describe the greatest differences. This variation in the settlement 

response among batches had a relatively low effect, as reported in other studies (Roberts & 

Nicholson 1997, Roberts 2001). 

2.4.5. Conclusion and recommendations 

It is clear from the experiments completed in this chapter that several factors including the type 

of substratum, those related to handling and transport of larvae from a hatchery to a field release 

location and those experienced immediately at the point of release can affect the ability of H. 

rubra larvae to successfully settle, metamorphose and grow. Perhaps most importantly, the low 

rates of settlement over short time periods in the presence of relatively low water flow (i.e. 

~20% over 30-60 sec.), suggest settlement within release locations will be limited unless larvae 

can be positioned in areas that maximise the duration of their exposure to appropriate habitat. 

Appropriate habitats in the field are generally discrete and restricted, being interspersed with 

areas where successful settlement and survival is likely to be low. These results along with 
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observations from field locations emphasise the importance of investigating release methods 

such as the larval deployment pump and physical shelters (Chapter 4), which allows the 

controlled delivery of larvae into niche habitats with reduced water movement. 

The standard protocol for the handling, transport and release of developed larvae to coastal 

reefs, as supported by the experiments presented here should include: 1) limiting the time larvae 

are held in cool storage (≤ 24 hr), for transport prior to release; 2) buffering larvae from 

significant temperature shock while being transported; 3) treatment of larvae with GABA at a 

concentration of 1 x 10-6 M prior to release; and 4) the release of larvae to targeted niche 

habitats that offer potential settlement substrata, such as a significant cover of CCA, that are 

exposed to relatively low levels of water flow, such as among the interstitial spaces on a reef. 

These niche habitats are also likely to provide an environment where larvae will be exposed to a 

settlement substrata for relatively longer periods of time, and are therefore likely to increase the 

proportion of released larvae that settle.  

The factors related to the handling and transport of developed larvae investigated in these 

experiments had relatively minor effects on the successful settlement of larvae. Indeed some 

combinations of treatments, expected to compromise the ability of larvae to settle, resulted in 

increased rates of settlement. Regardless, the results emphasise the resistance of H. rubra larvae 

to the handling and transport techniques developed to release them to field locations to assess 

their settlement, survival and growth as described in Chapters 4, 5 and 6. 
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3. BATCH-TAGGING HALIOTIS RUBRA LARVAE AND JUVENILES 

3.1. INTRODUCTION  

Measurements of the success of releasing animals from hatcheries into wild populations are 

difficult as reared individuals must be recognized from wild stocks (Blankenship & Leber 1995, 

Hilborn 1998, Caddy & Defeo 2003, Bell et al. 2005). Indeed, the success or failure of a 

number of stock enhancement programs have been difficult to quantify due to the inability to 

identify released individuals or their progeny. This inability to measure the success of 

enhancing wild populations has raised concern over the continued investment of resources into 

such programs (Hilborn 1998, Bell et al. 2005).  

The identification of recaptured individuals, released from a hatchery, and unambiguous 

differentiation from wild conspecifics requires effective tagging. Tagged individuals allow 

estimates of survival and other demographic attributes, such as growth, to be determined from 

recaptured individuals. Tagging methods can be defined within four broad categories: physical, 

chemical, electronic and biological tags (Bell et al. 2005). While alternate categories have been 

described (Rothlisberg & Preston 1992, Thorrold et al. 2002), the specific methods used for 

tagging individuals remain the same (Rothlisberg & Preston 1992, Thorrold et al. 2002, Bell et 

al. 2005). Physical tags can include identifying labels that are fixed to, or inserted through, 

external structures. Chemical tagging can range from stable isotope analysis to immersion in, or 

injection of, fluorescent compounds (usually antibiotics). Electronic tags can be as simple as 

implanting a passive integrated transponder (PIT) tag, to the use of more expensive pop-up 

satellite archival tags. Biological tags can range from inheritable genetic markers and 

geographically distinct parasites to external physical markings, either natural or imposed from 

diet, branding or removal of some physical structure from an individual e.g. tail or fin clipping. 

A range of attributes are required to identify individuals and determine the success of a stock 

enhancement program (Rothlisberg & Preston 1992). The tag must be able to: 1) mark early life 

history stages; 2) be detectable in subsequent life history stages; 3) be unique to the local 

population; 4) be harmless to the tagged animal and any consumer and be acceptable to the 

public; 5) be inexpensive to mark and detect; 6) allow rapid marking and detection; 7) allow for 

multiple marking; and 8) be transmitted to subsequent generations.  

Although all of these attributes are highly desirable for any tag, only a sub-set of these attributes 

may be needed for some objectives (see Rothlisberg & Preston 1992, Bell et al. 2005). For 

example, evaluating the contribution of released individuals to subsequent generations requires 

a heritable tag, but this is unnecessary where the objective of the study is to determine the 

survival of released individuals to a local population. 
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Many tagging methods focus on identification of recaptured individuals and several have 

proven to be successful at identifying recaptured invertebrates (see Nielson 1992, Bell et al. 

2005). However, tagging to uniquely identify individuals can often be difficult, due to extensive 

handling and there are logistic difficulties if large numbers of individuals are required to be 

tagged. The latter is particularly relevant where individuals are released to investigate the 

efficacy of enhancing local populations. 

Batch-tagging is an efficient method for tagging large numbers of individuals with a common 

tag, or mark, that is added simultaneously to all individuals within a group. Batch-tagging can 

also facilitate measurement of an individual's growth, if the tag can be; 1) incorporated into a 

structure within the individual that regularly changes size through time; 2) where the tag or 

mark does not affect growth, or the affect can be accounted for; and 3) where the tag persists in 

the individual through to its recapture. 

Methods for batch-tagging marine invertebrate larvae or very young juveniles have been 

established (see reviews by Levin 1990, Thorrold et al. 2002). In particular, the use of a 

fluorochrome dye, calcein, in immersion experiments, to batch-tag a range of invertebrate larvae 

(Rowley & Mackinnon 1995) including molluscs (Moran 2000, Moran & Marko 2005) has been 

effective. Fluorochrome dyes, such as calcein, are incorporated into calcified tissues, such as 

shell or bone, as they are deposited, providing a mark that is persistent and visible in the 

structure with the aid of an appropriate filtered light source (Day et al. 1995, Rowley & 

Mackinnon 1995, Collin & Voltzow 1998, Moran & Marko 2005). However, a number of 

studies have identified, or inferred, reduced survivorship and/or growth, associated with tagging 

using calcein, particularly in fish species (Brooks et al. 1994, Bumguardner & King 1996), but 

also invertebrates (Thebault et al. 2006).  

Calcein has been used to tag the shell of larval abalone (H. kamtschatkana) and it has been 

demonstrated that the mark is retained within the shell during settlement and metamorphosis. 

The mark remains imbedded in the growing shell, positioned at the top of the spire (Collin & 

Voltzow 1998). This, therefore, provides a means of positively identifying recaptured 

individuals that were tagged and released as larvae. There are no data describing the success of 

tagging larval or early juvenile H. rubra. Groups of juvenile or adult abalone have been 

batch-tagged either through a diet of varying alga (as observed by Leighton 1961, Olsen 1968, 

Hahn 1989c, Schiel 1993), artificial feed (Gallardo et al. 2003) or immersion in, or injection of, 

fluorochrome dyes (Pirker & Schiel 1993, Day et al. 1995). The development of specific 

methods to batch-tag abalone, fed commercial diets, is generally unnecessary because the 

commercial diet itself results in an indelible tag, in the form of a distinct blue-green colouration 

of the shell (Gallardo et al. 2003). This blue-green coloured shell, remains in the centre of the 

spire of the shell as the individual grows, with new shell deposition coloured the common, 
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natural red-brown once a more natural algal diet is consumed (Gallardo et al. 2003), such as 

upon release to natural reefs. 

The objective of this chapter was to develop and test methods that enabled batches of larval and 

juvenile H. rubra to be reliably and consistently tagged and subsequently identified on natural 

reefs over periods of time ranging from 1 day to >2 years. This was a necessary prerequisite 

before larvae and juveniles were released to natural reefs, as described in Chapters 4, 5 and 6.   

3.2. MATERIALS AND METHODS 

3.2.1. Batch-tagging larvae 

Experiment 1 

A laboratory experiment was done to determine: 1) the combination of concentration and 

immersion time that would provide an indelible mark that could be detected in hatchery-reared 

juveniles after six months; and 2) if calcein could be used to batch-tag H. rubra larvae without 

substantially affecting their survival and growth. The survival of settled larvae and subsequent 

juveniles was observed and the shell length of juveniles from treatments of the highest 

concentration and longest immersion time were measured. The persistence and level of 

epi-fluorescence was measured from the larval shell that became embedded in the spire of each 

juvenile. It was hypothesised that the levels of epi-fluorescence would be greater at higher 

concentrations and for longer immersion times. Further, it was predicted that there would be no 

substantial affect of batch-tagging larvae with calcein, on their growth as juveniles. 

Developed larvae were added, at a concentration of about 100 ml-1, to one of two larval rearing 

tanks (180 L), containing calcein (Sigma-Aldrich, Product No. C8075) at a concentration of 

either 0.05 or 0.1 g.L-1 in sodium bicarbonate (0.1 g.L-1) buffered seawater. The temperature of 

the seawater in the tanks was maintained at 19°C (± 0.5oC). Larvae were held in each tank for 

24 and 48 hours, with aeration and without water flow. 

After 24 and 48 hours, approximately 3 000 larvae from each treatment tank were removed. 

These 4 groups of larvae were placed into separate, 14 L settlement tanks. Each settlement tank 

contained twelve poly-vinyl-carbonate (PVC) sheets (150 x 200 mm), stacked on their edge and 

separated by about 30 mm. These sheets had been conditioned in aerated seawater for ~4 weeks 

with each covered by an algal bio-film able to support abalone larval settlement (sensu plates) 

(Ebert & Houk 1984, Hahn 1989c). Each tank had a constant flow of fresh seawater at ambient 

temperature (~19oC). Settled larvae were grown on the plates until food was limiting (~75 

days). They were then removed from the plates and returned to the 14 L tanks and fed a 

commercial abalone diet for the term of the experiment. Replicate samples of twenty individuals 
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were haphazardly sampled from each treatment combination and stored 15, 23, 30, 37, 56, 75, 

97, 120 and 260 days after settlement. Each sample was preserved in 70% alcohol and stored in 

the dark. The spire of each shell, in all replicate samples, was observed under a compound 

microscope with illumination via a 50 watt, reflected, ultra-violet light source through a blue-

light (I2) filter block. This allowed observation of the calcein epi-fluorescence bound in the 

larval shell. 

The level of epi-fluorescence was scored on a graduated, subjective visual index from 0 to 4. A 

score of 0 indicated no discernable epi-fluorescence and no positive identification of a tagged 

larval shell in the spire of the juvenile shell, whilst a score of 4 indicated a bright and obvious 

mark with clear definition of the larval shell in the spire of the juvenile shell. Scores of 2 and 

above indicated unambiguous positive identification of calcein in the larval shell.  

The effects of the factors calcein concentration (0.05 and 0.1 g.L-1), immersion time (24 and 

48 hr.) and time (15, 23, 30, 37, 56, 75, 97, 120 and 260 days post-settlement) were analysed 

using the data of the subjective scores of epi-fluorescence. Cochran's C-test was used to 

determine the homogeneity of variances (Underwood 1997). Analysis of variance (ANOVA) 

was used to test for differences among treatments.  

The maximum shell length of each individual, from all samples taken from the treatment with 

the highest concentration and longest soak time, was measured. These data were compared with 

predicted lengths of juveniles of the same age, calculated from minimum and maximum daily 

growth rates reported for batches of abalone reared in the same hatchery facility and treated 

similarly, without having been exposed to a batch-tagging treatment as larvae. The rates of 

growth of abalone reared in the hatchery from settlement through to removal from plates and 

not batch-tagged as larvae, ranged from 24 µm.day-1 to 50 µm.day-1. After removal from plates 

and fed a commercial diet the length of juveniles increased linearly at rates that ranged from 

50 µm.day-1 to 100 µm.day-1 for the following year, although rates of between 60 µm.day-1 and 

75 µm.day-1 were most common (after Heasman et al. 2004).  

In addition to experiment one, juveniles (n = 9), sampled from field locations where 

batch-tagged larvae (using the standard release protocol described below, i.e. calcein at 

0.05 g.L-1 for 48 hrs) had been released 553 days previously as part of experiments described in 

Chapter 6, were collected. Any fouling on the spire of each shell was carefully removed using 

dissecting tools whilst viewing the shell under a dissecting microscope. The spire of the shell 

was examined for the presence of a calcein labelled larval shell (Plate 3.1), as described in the 

methods for experiment one and using NIH image analysis software, described in Chapter 2. 

Results presented in this chapter from recaptured abalone released as larvae, were used for 
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determining the success of the batch-tagging method only. Experimental results regarding rates 

of survival and growth of released larvae are reported in Chapter 6. 

3.2.2. Batch-tagging juveniles 

All juveniles used in experiments described in this thesis were settled as larvae on plates and 

grown until reaching a length of about 1.5 mm. These early juveniles were removed from 

settlement plates, held in flow-through seawater tanks, and fed a commercial abalone diet. The 

commercial diet fed to juveniles resulted in the blue-green colouration of the shell (see tagged 

shell on individuals in Plates 3.2 and 3.3). This shell colour is distinctly different from that of 

the natural, red-brown, shell colour of wild conspecifics. This diet-induced colouration has not 

been observed in natural populations of H. rubra in over 14 years of quantitative surveys of 

these populations, in both New South Wales and South Australia (personal observation) or 

among wild populations of abalone observed throughout the world (S. Shepherd pers. comm.). 

As a consequence, no formal experiments were conducted to further investigate a means of 

batch-tagging juveniles to differentiate them, once released, from wild conspecifics. 

The relationship between the maximum length of abalone and, hence, the size of the tag at the 

time of release, was described for batches of juveniles reared in the hatchery over the size range 

(2-15 mm) of juveniles commonly used in experiments described in Chapters 4, 5 and 6. 

Abalone reared in the hatchery and released as juveniles, as part of experiments reported and 

discussed in Chapter 6, were collected when recaptured and the presence and persistence of the 

blue-green shell was assessed to support the use of this method to batch-tagging juveniles. It 

was predicted that the colouration of the hatchery-reared juvenile shell would persist in the spire 

of recaptured individuals. Further, it was predicted that the colouration of newly deposited shell 

would change to a natural red-brown, enabling the individual size at release of recaptured 

abalone to be determined (length of blue-green shell), in addition to growth (red-brown shell) 

subsequent to release. Observation of the blue-green shell and the delineation between this and 

the subsequent red-brown shell in some cases required the removal of natural fouling. 
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3.3. RESULTS 

3.3.1. Batch-tagging larvae 

Experiment 1 

The calcein tagged larval shell was visible in the spire of all abalone shells from all treatments 

investigated in experiment one (Figure 3.1). Higher and more consistent levels of 

epi-fluorescence were observed in the tagged larval shell in the spire of juveniles where larvae 

were immersed for 48 hours, irrespective of the concentration of calcein (Figure 3.1). However, 

the rank order of levels of epi-fluorescence among concentrations of calcein varied within 

immersion times, resulting in a significant interaction (Table 3.1). There was no significant 

difference in the level of epi-fluorescence associated with the time (e.g. loss of epi-fluorescence 

post-settlement) that abalone were sampled (Figure 3.1; Table 3.1). The larval shell could be 

easily distinguished in ≥85% of the abalone treated at the lowest concentration of calcein 

(0.05 g.L-1) for the shortest immersion time (24 hr). However, within these treatments, within 

any one sampling time, up to 15% of samples were faint, providing an ambiguous identification 

of the calcein tagged larval shell and attaining a score of 1. 

The mean length of juveniles, tagged as larvae in a calcein concentration of 0.1 g.L-1 for 

48 hours (i.e. the highest concentration; longest immersion time), was within the bounds 

reported for batches of juveniles reared in the hatchery to the same age (25-50 µm.day-1 on 

plates and 50-100 µm.day-1 on a commercial diet) and not subject to batch-tagging as larvae 

(Figure 3.2). However, the mean length of juveniles sampled 75, 97, 120 days post-tagging 

indicate the growth rate during this time was close to the lower range of that predicted from 

juveniles not batch-tagged as larvae.  

A total of nine H. rubra were recovered in samples taken within two of three locations where 

tagged larvae were released 553 days previously (sampling at one location detected no abalone). 

Five of the nine individuals were positively identified as having been released as tagged larvae, 

with the unambiguous tag of the epi-fluorescing calcein labelled larval shell in their spire (Plate 

3.1). 

3.3.2. Batch-tagging juveniles 

There was a strong relationship between the size of the juvenile shell and the time abalone were 

reared in the hatchery prior to release (Figure 3.3). Thus, the size of the juvenile shell and hence 

the biological tag, at the time of release was a function of the rate of growth of juveniles held in 

the hatchery.   
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Juveniles that had been reared in the hatchery and fed a commercial abalone diet were clearly 

identifiable from wild conspecifics, through the distinctive blue-green shell (Plate 3.2). The 

colour of further shell deposition of hatchery-reared juveniles reverted to the red/brown natural 

colour within days of release (personal observation). The distinct blue-green spire was obvious 

in juveniles recaptured after 769 (Plate 3.2) and 777 days, with removal of any fouling of the 

shell (Plate 3.3). 
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A. B. 

 

 

Plate 3.1 Photomicrographs of the spire of an abalone shell, recaptured 553 days after 
release as a larvae, under transmitted standard light (A) and via a filtered light 
source, showing the calcein labelled larval shell (B) (400x). Scale bar is 300 μm. 

Plate 3.2 Abalone recaptured 769 days after release, showing the distinctive blue-green 
coloured shell in the spire, indicating the size of the individual at release. Red-
brown shell colour is natural shell growth after release. Scale bar is 25 mm. 
A.  B. 

 

Plate 3.3 An abalone recaptured 777 days after release, showing fouling on the spire of 
the shell obscuring the batch-tagged shell (A) and the same individual with the 
fouling removed, showing the distinctive blue-green coloured shell, indicating 
the size (~12 mm) of this individual at release (B). Scale bar is 25 mm. 
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Figure 3.1 Mean level of irradiance (± SE) of the larval shell in the spire of H. rubra 
sampled through time, after larvae were batch-tagged in two concentrations of 
calcein for two immersion times; n = 20. 
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Figure 3.2 Upper and lower predicted lengths (mm) of juveniles reared to the same age and 
not batch-tagged as larvae, generated from minimum and maximum daily 
growth rates reported in Heasman et al. (2004) (dashed lines; see methods) and 
mean (± SE) shell length of juveniles, after having been immersed in calcein 
(0.1 g.L-1) for 48 hours as larvae (solid circles); n = 20. 
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Figure 3.3 Relationship between age and shell length for H. rubra reared in the hatchery 
(n = 100 - 200), adapted from Heasman et al. (2004), indicating the size of the 
juvenile shell, i.e. blue/green coloured tag, at the time of release after settlement. 
The regression (solid line) and ± 95% confidence interval (dashed lines) are 
shown. 

 

Table 3.1 Summary of analysis of variance in the level of irradiance of the calcein tagged 
larval shell in the spire of abalone 15, 23, 30, 37, 56, 75, 97, 120 and 260 days 
after being treated in two concentrations of calcein (0.05 and 0.1g.L-1) for two 
immersion times (24 and 48 hrs). Abbreviations used: degrees of freedom (df), 
Mean square (MS), F-ratio (F), row of mean square denominator (F vs), 
significance of the F test: P<0.01 (**), P<0.05 (*) and not significant (ns) 
(Cochran's C = 0.0531, ns; variances 36, df 19). 

Source df       MS    F F vs

1 Concentration, C 1 21.01 89.35 ** 8
2 Immersion time, I 1 421.67 1793.10 ** 8
3 C x I 1 10.03 42.67 ** 8
4 Time, T 8 0.20 0.86 ns 8
5 C x T 8 0.14 0.60 ns 8
6 I x T 8 0.22 0.94 ns 8
7 C x I x T 8 0.34 1.46 ns 8
8 Error 684 0.24
9 Total 719
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3.4. DISCUSSION 

An indelible tag enables individuals to be identified and this is fundamental for any 

investigation where individuals are released and recaptured for demographic studies, including 

an enhancement program where survival and growth are used to measure success. The objective 

of this chapter was to develop and test methods that enabled batches of larval and juvenile 

abalone to be reliably and consistently tagged, to enable their positive identification when 

recaptured from natural reefs through time. A tagging program, therefore would allow a 

comprehensive assessment of an ongoing enhancement program (Rothlisberg & Preston 1992, 

Bell et al. 2005).  

Simple and reliable methods of batch-tagging H. rubra larvae and juveniles were developed and 

tested. Both enabled released individuals to be positively identified and differentiated from wild 

conspecifics when recaptured. The methods to batch-tag larvae and juveniles, described in this 

chapter, addressed a substantial proportion of those attributes desirable for a tag, to identify 

individuals for a stock enhancement program (Rothlisberg & Preston 1992). I demonstrated that 

the use of either method to batch-tag larvae or juveniles: 1) enabled the earliest life history 

stages of H. rubra to be tagged; 2) provided a tag that is detectable in subsequent life history 

stages; 3) allowed released individuals to be differentiated from conspecifics within a local 

population; 4) was harmless to the tagged individual; 5) was relatively inexpensive; and 6) was 

relatively quick to tag larvae (48 hr.). Moreover, juveniles are tagged through rearing, with 

detection of both tags, particularly that of juveniles, being relatively efficient with very little 

sample preparation time required as whole shells could be used. An additional advantage of 

these methods is that the non-invasive preparation of samples, for both methods, could be used 

to identify live animals despite the difficulties of requiring a compound microscope and light 

source to identify the calcein labelled larval shell.  

Data presented in this chapter describe the first investigation and test of a method to 

successfully batch-tag H. rubra larvae, based on published data to date. The persistence of the 

calcein tagged larval shell in the spire of juveniles was demonstrated by unambiguous 

identification of the calcein tag in >95% of abalone treated in this experiment and the absence 

of a substantial difference in the level of epi-fluorescence over time, for up to 260 days post-

settlement. Nevertheless, the higher levels of epi-fluorescence observed in the treatment where 

larvae were immersed for 48 hours combined with the negligible difference between the level of 

epi-fluorescence among the different calcein concentrations within this treatment, supported 

batch-tagging of larvae at a concentration of 0.05 g.L-1 for 48 hours as a standard protocol, 

applied to all batches of larvae that were to be released in field experiments described in this 

thesis.  
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The use of this protocol was also supported by observations that the treatment of larvae with 

calcein did not affect larval survival or settlement, and data indicating that there was no 

substantial difference in the long-term growth of juveniles, after having been tagged at 

0.1 g.L-1 for 48 hours. However, mean lengths of juveniles within approximately 100 days after 

removal from settlement plates did indicate the potential for this procedure to effect initial rates 

of growth, as mean lengths were at the lower range predicted from early juveniles reared in the 

same hatchery, but not batch-tagged as larvae. Despite this, the mean shell lengths and rates of 

growth described for the juveniles batch-tagged as larvae and reared in the hatchery were 

similar to those described of many other haliotids over similar times (see review Kawamura et 

al. 1998), and towards the higher range of those described for H. rubra by Daume et al. (2000). 

The positive identification of juveniles recaptured from natural reefs, after being released as 

batch-tagged larvae 553 days previously, also provides substantial support to the value of this 

batch-tagging protocol and elicits confidence in its application. 

However, it is likely that a proportion of recaptured juveniles, tagged as larvae would not be 

positively identified. For example, if the larval shell had been physically worn from the spire of 

juveniles though the course of their life history, or that fouling of the shell or removal of fouling 

during sampling, damaged the spire then the level of detection would be reduced. There is also 

some evidence that the intensity of a calcein tag can degrade through time (Leips et al. 2001) 

and when exposed to sunlight (Bashey 2004). Results from the work described in this chapter 

does not indicate any reduction in the intensity of the calcein tag in juveniles, even after rearing 

in shallow tanks and exposure to indirect sunlight during 260 days post-settlement. Reductions 

in the ability to detect a tag will result in an underestimation of the number of individuals 

surviving from their release as larvae. As a consequence, results from recaptures, identified 

through the observation of the calcein tagged larval shell, will provide estimates of a minimum 

number of individuals surviving through time. The extent to which these scenarios would affect 

true estimates of survival were not examined in this thesis. The double tagging or use of 

multiple tagging methods of juveniles that have been batch-tagged as larvae, prior to release, 

would help clarify the extent of possibly under-estimating the survival of released individuals as 

measured by the identification of a calcein labelled larval shell in the spire of recaptured 

individuals alone (Treble et al. 1993, Barrowman & Myers 1996). Despite the 

acknowledgement of these limitations the results from this experiment add significant support to 

the growing body of evidence  regarding the value of successfully tagging larvae for 

identification in stock enhancement programs and other ecological investigations regarding their 

distribution and abundance (see review Thorrold et al. 2002, Moran & Marko 2005). 

The need to develop a specific method to reliably batch-tag juveniles, independent of regularly 

feeding them an artificial diet, was unnecessary. This was because H. rubra, fed an artificial diet 
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from the point of removal from plates (~1.5 mm) to their release, resulted in the development of 

a distinct blue-green coloured shell that readily distinguished these juveniles from wild 

conspecifics during all future stages of their life history. Other significant advantages of this 

method included the ability to positively identify individuals in the field and underwater, and it 

enabled large numbers of even very small juveniles (<5 mm) to be tagged without their 

excessive handling, and hence avoided potential subsequent high rates of mortality. 

There was strong anecdotal evidence from short-term recaptures (<1 month) at multiple 

locations, that the colouration of the shell of released juveniles deposited post-release rapidly 

changed from blue-green to a natural red-brown. There was also little evidence of the blue-

green shell eroding or becoming faint, and thus preventing positive identification of hatchery 

released and recaptured abalone through time. The use of measurements of the blue-green shell 

in the spire of recaptured abalone to indicate the individual length at release was supported by 

the persistence of the blue-green colouration and subsequent change in colouration of further 

shell deposition following release. Consequently, this approach provides a simple means to 

measure individual growth rates of released juveniles, and for these measures to be made in the 

field and underwater with the use of vernier calipers. 

Despite the significant advantages of this method to batch-tag juveniles it is possible that the 

development of this conspicuous tag (shell colour) could reduce predator avoidance and 

increase susceptibility to visual predators (Catalano et al. 2001), both of which could have 

significant implications on the use of this method to enhance local abalone populations. 

However, it is likely that the effect of this distinctive identification on the survival of juveniles 

could be reduced if they are released to areas of reef where their exposure to visual predators is 

limited until they are able to disperse to more cryptic habitats (Tegner & Butler 1985, 

McCormick et al. 1994, Shepherd et al. 2000). It is also possible that such conspicuous 

colouration could be minimised by supplementing artificial diets with natural food sources or 

with specific nutritional additions to the diet so that a conspicuous single band of shell colour or 

less conspicuous whole shell could be used to tag individuals.  

An additional difficulty of batch-tagging is that it does not allow for the identification of 

individuals that have been recaptured multiple times and does not, therefore, support the 

determination of any sampling efficiency estimates (Dixon et al. 2006). For example, recapture 

data from batch-tagging cannot demonstrate the survival of individuals that were not observed 

during initial sampling times, as is possible with tagging methods that identify each specific 

recaptured individual. Batch-tagging is therefore unable to provide a scaling parameter to 

support the reassessment of initial estimates of survival, where some individuals may not have 

been observed, and therefore were not included in initial estimates of survival. 
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3.4.1. Conclusion and recommendations 

The development of tagging methods and inherent hatchery practices, described in this chapter, 

provide the first means to successfully batch-tag H. rubra larvae and outline the successful 

batch-tagging of juveniles, as used in all subsequent releases of H. rubra, described in this 

thesis. Large numbers of larvae and juveniles could be reliably and consistently batch-tagged at 

relatively low cost and in a short amount of time. A standard tagging protocol for the purpose of 

this thesis was adopted and routinely applied, where batches of larvae released to natural reefs 

were batch-tagged by immersion in calcein at a concentration of 0.05 g.L-1 for 48 hours. All 

juveniles that were released were subject to a diet consisting of a commercial abalone feed for a 

period of time long enough to provide an indelible blue-green colour in their shell. 
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4. HANDLING AND RELEASE OF HALIOTIS RUBRA LARVAE AND JUVENILES  

4.1. INTRODUCTION 

The practical release of hatchery-reared individuals into a marine environment to enhance local 

populations requires a series of logistical procedures to be undertaken. Typically, individuals 

reared in a hatchery are required to be removed from a holding tank, their quantity determined 

and groups of individuals separated into manageable units of equal number, to be stored and 

transported, prior to release. Stresses associated with handling and transport processes (Berka 

1986, Estudillo & Duray 2003, Purcell et al. 2006, Lorenzon et al. 2007) as well as altered 

behavioural responses of individuals associated with these processes (van der Meeren 1991, 

Olla et al. 1994, 1998, Kellison et al. 2000, Masuda & Ziemann 2003, Le Vay et al. 2007) can 

substantially affect rates of mortality prior to release and contribute significantly to mortality 

within short periods of time (<60 days) after release.  

A number of methods of releasing hatchery-reared abalone larvae to natural reefs have been 

developed and used. Tong et al. (1987) transported H. iris larvae in seawater in 20 L buckets 

and tipped them into shallow, rocky subtidal areas at low tide. Other studies have described the 

storage and transport of haliotid larvae suspended in seawater prior to their release by a diver 

(Schiel 1992, Gutierrez-Gonzalez & Perez-Enriquez 2005), directly into the sea from a boat 

(Gutierrez-Gonzalez & Perez-Enriquez 2005) or on damp mesh screens prior to their re-

suspension in seawater and then pumped from containers on a boat down a hose to the reef 

(Preece et al. 1997).  

Methods of releasing large numbers of larvae directly from containers does not provide a means 

to evenly distribute them among a large release area or support their directed release to substrata 

where greater rates of settlement may be possible. For example, substrata exposed to reduced 

water flow (Butman et al. 1988). Areas of low flow are found among interstitial spaces around 

boulders and under canopies of foliose alga. Moreover, other niche habitats provide strong cues 

for settlement, such as substrata covered with crustose coralline alga (CCA) (Shepherd & 

Daume 1996, Roberts et al. 2004, Kawamura 2007). However, the release of many groups of 

small numbers of larvae from containers, to facilitate their even distribution within a release 

location is impractical. Schiel (1992) and Preece et al. (1997) described the use of shelters to 

contain and increase the settlement of released haliotid larvae. Preece et al. (1997) also 

described a method of releasing larvae by using a pressurised container and hose to pump larvae 

in seawater to the reef (sensu deployment pump). This method enabled the controlled 

distribution of large numbers of larvae over large areas of reef compared with that possible from 

containers opened underwater. The majority of studies have concluded that the release of larvae 
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is unlikely to be the most effective method to enhance local populations of abalone. However, 

measures of success have generally not discussed the possible effects of the release method on 

the competency of larvae to settle or their initial survival. The relatively low costs of producing 

larvae and the possibility of releasing large numbers over large areas with minimal investment 

may provide the opportunity to supplement alternative and more economically feasible means 

of enhancing local populations (see Chapter 6).  

An alternative to the release of larvae is the release of juveniles. The survival of hatchery-reared 

juvenile abalone has been demonstrated to be significantly affected by procedures required to 

manipulate them from a hatchery (Tegner & Butler 1985, 1989, Schiel 1993, McCormick et al. 

1994, Shepherd et al. 2000). The physical disturbance of an abalone attached to a substratum 

generally results in the abalone displaying a 'clamp-down' response. This response results in the 

individual attaching itself more firmly to the substrata and makes its removal difficult, with 

increased risk of physically damaging its muscular foot leading to increased mortality (Gibson 

et al. 2002). Commercial abalone fishers use an abalone iron (a blunt curved steel blade) to 

quickly remove individuals before their 'clamp-down' response is effected. The removal of large 

numbers of juvenile H. rubra from rearing tanks in a hatchery using a similar method is 

impractical and likely to result in the injury of a significant proportion of those individuals 

removed. A number of methods have been investigated to remove abalone from their 

substratum, including the use of warm water (Schiel 1993), passive migration encouraged by 

exposure to ambient light (Sweijd et al. 1998) as well as the use of anaesthetics (Hahn 1989a, 

White et al. 1996, Chacon et al. 2003). Anaesthesia enables large numbers of individuals to be 

treated and handled to effect their release, including their removal from rearing tanks and 

distribution of known quantities into large numbers of relatively small replicate physical 

structures that facilitate their recovery, storage, transport and release to natural reefs. The use of 

benzocaine as an effective anaesthetic for haliotids has been described in the literature 

(Leighton 1989, Aquilina & Roberts 2000, Edwards et al. 2000, Chacon et al. 2003) and is an 

accepted practice used by commercial, land-based abalone aquaculture facilities (Hahn 1989a). 

However, the use of any anaesthetic can result in the mortality of individuals under 

circumstances including exposure to high concentrations or for prolonged periods of time.  

Physiological responses of abalone to handling and release conditions can result in direct 

mortality or increased stress and mortality within short periods of time (<60 days) after release 

(Schiel 1993, Shepherd et al. 2000, Malham et al. 2003). For example, the response of juvenile 

and adult abalone to handling can manifest as excessive production of mucus (Tegner & Butler 

1985, Vosloo & Vosloo 2006) that may result in increased detection by predators once released 

(Tegner & Butler 1985, Shepherd et al. 2000). Behavioural responses can also result in 

increased levels of mortality though hatchery induced naivety, manifested as the inactivity to 
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escape or seek refuge from predators (Schiel & Welden 1987, Osumi 1999). Moreover, reduced 

physical fitness or injury to individuals, caused by handling and transport processes, can result 

in reduced activity and lead to increased exposure to predators once released or direct mortality 

as a consequence of the injury, as demonstrated by Gibson et al. (2002) for wild caught abalone. 

Several studies that have investigated the release of juvenile abalone have emphasised the use of 

some form of physical shelter to reduce high rates of initial mortality. Kojima (1981) described 

reduced mortality of transplanted juveniles within enclosures that excluded predators. In 

contrast, Schiel (1992) demonstrated that the provision of an artificial structure to reduce 

predation may play a relatively minor role in the total mortality of released hatchery abalone 

within the first 1-2 months and suggested natural shelter provided adequate protection. 

Similarly, the importance of the natural physical structure of the reef to provide shelter from 

predators and reduce short-term mortality of released juvenile abalone is well described (Tegner 

& Butler 1985, Schiel 1992, McCormick et al. 1994, Seki & Taniguchi 2000, Shepherd et al. 

2000, de Waal & Cook 2001, de Waal 2005, Dixon et al. 2006, Roberts et al. 2007b). However, 

rates of mortality of released juveniles are still generally high within short periods of time after 

release, with significant proportions of this mortality attributed to handling stress and exposure 

to predators. The development and use of small physical shelters (sensu deployment device) that 

provide a simple, cost effective means to hold and transport abalone from a hatchery, reduce 

handling and provide temporary shelter to juveniles at a release location has been described 

(Leighton 1985, Ebert & Ebert 1988, Leighton 1989, McCormick et al. 1994, Sweijd et al. 

1998).  

The objective of this chapter was to develop methods to deliver hatchery-reared H. rubra larvae 

and juveniles to natural reefs. A series of experiments were done to investigate a) the 

effectiveness of a deployment pump to deliver consistent numbers of larvae to the reef; b) the 

effect of the pumping process on the survival and competency of larvae to settle; c) the effect of 

providing short-term (24 hr.) shelter to H. rubra larvae released to natural reefs using the 

deployment pump; d) the most appropriate combination of anaesthetic concentration and 

exposure time to remove juvenile abalone from hatchery tanks; and e) the efficacy of two 

deployment devices to deliver juvenile abalone from the hatchery to natural reefs.  

The development of these handling and release methods was essential to support the release of 

different life history stages of H. rubra in field experiments described in Chapters 5 and 6. 
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4.2. MATERIALS AND METHODS 

A series of 4 laboratory and 3 field experiments were designed to test the methods used to 

handle and release hatchery-reared larval and juvenile H. rubra and provide support for the use 

of these methods in subsequent releases described in Chapters 5 and 6 (Table 4.1). Laboratory 

experiments were designed to investigate the effect of a combination of GABA at a 

concentration of 1 x 10-6 M (hereafter referred to as GABA) and the refrigeration (24 hr.) of 

larvae on the rate of supply and the proportion of larvae that settle after simulated release using 

a deployment pump (Table 4.1, Experiments 1 and 2). A field experiment was done to 

investigate the effectiveness of releasing larvae to areas of natural reef within physical shelters 

(Table 4.1, Experiment 3).  

The most effective means of removing juvenile abalone from substratum in the hatchery was 

investigated using the anaesthetic benzocaine (Ethyl 4-aminobenzoate; Sigma-Aldrich, Product 

No. E1501) in a controlled laboratory experiment. Treatments were anaesthetic concentration 

(0.5, 1.0 and 2.0 ml.L-1 seawater) and exposure time (5, 10 and 20 min.). The number of 

juveniles removed and their subsequent recovery, following treatment was measured (Table 4.1, 

Experiment 4). Finally, field experiments were done to investigate the proportion of juveniles 

that remained on deployment devices through time (Table 4.1, Experiments 5 and 6). All larval 

and juvenile abalone released to field locations in this chapter were batch-tagged as described in 

Chapter 3. 

4.2.1. Handling and release of larvae 

Larvae were sourced and handled according to the recommendations described in Chapter 2. 

Where larvae were released they were transported to the release location in a 1 L container(s) 

inside a thermally insulated container containing an ice brick and acclimated to ambient 

seawater temperature (~20 mins) prior to their release.  

A pilot experiment was done to trial methods to release large numbers of larvae (50 x 103) to 

large areas (>100 m2) of reef. Groups of ~50 000 larvae were transported in four 1 L plastic 

containers and four 80 µm mesh bags layered between wet sponge. Larvae were transported 

directly from the hatchery and one of each group (1 L container and mesh bag) was released by 

divers on the reef at each of four locations. Practical application and observations of these 

releases indicated the difficulty in evenly distributing larvae over areas of reef. Larvae generally 

released as small 'clouds' into the water column immediately above the substratum. These 

releases also drew aggregations of, and high levels of activity from, predatory fishes 

surrounding the 'clouds' of larvae. From these observations and the logistic difficulty of 
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releasing large numbers of small volumes of larvae to multiple areas within a release location 

the continued application of these specific release methods was deemed impractical. 

4.2.1.1. Deployment pump 

A pressurised deployment pump was designed and manufactured to enable large numbers of 

larvae to be delivered from a sealed drum down a length (~20 m) of hose to within close 

proximity (<150 mm) of the natural reef (Plate 4.1). Larvae were added to the drum containing 

~34 L of seawater and the drum sealed. A constant supply of compressed air, sourced from a 

connected SCUBA bottle, was delivered through an air-stone on the floor of the drum resulting 

in the mixing of its contents. Regulation of the rate of air delivered into the drum in concert with 

a pressure relief valve, fitted through a connector in the lid of the drum, enabled enough 

pressure inside the drum to pump the contents through the hose to the reef (<8 m). The flow of 

larvae in seawater from the drum was regulated via taps on the drum and at end of the hose and 

directed onto the substratum by a diver. Trials of this deployment pump indicated that the 

contents of the drum (35 L seawater) was delivered through the hose in approximately 

16 minutes. This rate of flow enabled estimates of the rate at which larvae were delivered to 

field locations to be made to assist in ensuring their even distribution, assuming their even rate 

of supply from the deployment pump. 

Experiment 1 - Supply of larvae from the deployment pump 

Experiment one was designed to investigate the rate of supply of larvae from the deployment 

pump under control and treatment conditions similar to those proposed for field releases, as 

recommended for the standard protocol for the release of larvae discussed in Chapter 2. Larvae 

(7 and 8 days old) were exposed to treatments of GABA (0 x 10-6 M and 1 x 10-6 M) and 

refrigerated storage (0 and 24 hr.), as described for similar treatments of larvae in Chapter 2 

(Table 4.1). The age of larvae was analysed separately as age was not independent.  

It was hypothesised that fewer larvae would be delivered in samples from the drum where 

GABA and/or refrigerated storage was used because these treatments would result in greater 

larval settlement on the inside of the drum and therefore fewer larvae delivered from it. 

For each age of larvae, four groups of 50 000 larvae in 1 L of seawater were exposed to 

treatments or controls of GABA and refrigerated storage using methods described in Chapter 2. 

Once treated, each group was added to 34 L of seawater in the drum to provide a final volume 

of 35 L. The drum was then sealed and pressurised and four replicate 50 ml samples were taken 

at the start of the hose. Additional 50 ml samples were taken at the end (20 m) of the hose when 

the drum was full and from the start and end of the hose when the drum was half full and almost 

empty (~5 L remaining). Samples were passed through a sieve (80 µm) and the contents stored 

in 70% alcohol. The number of larvae in each replicate was counted using a dissecting 
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microscope. Samples taken from when the drum was half full and almost empty and those from 

the end of the hose did not form part of the formal analyses as samples were not independent of 

those collected at the start of the hose when the drum was full. However, these samples enabled 

estimates to be made of the proportion of larvae not delivered from the drum.  

Experiment 2 - Settlement of larvae delivered from the deployment pump 

The process of releasing larvae from the deployment pump exposed larvae to vigorous mixing 

of the contents in the drum through the introduction of compressed air through an air-stone. It 

was not known if larvae exposed to the process of delivering them from the deployment pump 

would affect their competency to settle. Given that the rate of flow generated when the drum 

was under pressure resulted in the contents being emptied within approximately 16 minutes, 

larvae being delivered from the drum towards the end of this process would have been exposed 

to more agitation than those released when the drum was full. 

Experiment two was designed to investigate the competency of larvae to settle after being 

exposed to the pumping process when the drum of the deployment pump was full and almost 

empty (Table 4.1). It was hypothesised that a greater proportion of larvae would settle when 

delivered from the drum when it was full compared with when it was almost empty (~5 L), 

because the vigorous mixing of the contents of the drum would affect the competency of larvae 

to settle. The experiment was repeated with two independent batches of larvae. Time was 

analysed separately due to the low degrees of freedom for the factor drum if the analyses were 

combined. Control treatments were disturbed during the settlement time and could not be used 

to provide a formal comparison. 

Three replicate samples were taken from the drum when it was full and almost empty. 

Approximately 100 ml was taken from the pump for each sample, to collect ~300 larvae per 

sample, as similarly used in the settlement experiments done in Chapter 2. Larvae in both 

batches were treated identically. Within approximately 30 minutes of samples being taken each 

sample was poured into a replicate of the miniature down-welling system that contained a 

standard settlement substratum and had a low rate of water flow (see Chapter 2, section 2.2.6). 

After 24 hours both the substrata and larvae remaining in the down-weller were stored and 

sampled as described for the standard laboratory procedure in Chapter 2 (see section 2.2.5). In 

summary, the settlement substratum was removed from the down-weller and larvae remaining 

in the down-weller were collected (rinse sample). Samples were stored in separate jars, in 70% 

alcohol and the number of larvae in each sample counted. The proportion of larvae that settled 

from the sample was calculated from the number of larvae on the substrata divided by the sum 

of those on the substrata and in the rinse sample. 
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4.2.1.2. Deployment shelters 

Experiment 3 - Deployment shelters 

In experiment 3, the effect of providing physical shelter to H. rubra larvae released to a field 

location, via the deployment pump was investigated. It was hypothesised that a greater number 

of larvae would settle within sub-sites afforded shelter compared with sub-sites without shelter 

after they had been released for 24 hours. A physical shelter consisted of a canopy (an open 

based cone with a basal area of 1 m2) of plastic mesh (~1.5 mm mesh size), weighted with chain 

around the skirt (Plate 4.2).  

To increase the likelihood of detecting settled larvae within the treatments larvae were released 

at a high density (approximately 22 000.m-2). Approximately 2.2 million larvae were added to 

the deployment pump and released to a field location that consisted of a natural boulder field 

covering 100 m2. Five physical shelters were haphazardly distributed within the location prior to 

larvae being released. Larvae were released from the hose within 150 mm of the reef. Estimates 

of the delivery rate of seawater from the pump indicated that approximately equal densities of 

larvae would be delivered throughout the location including the sheltered sub-sites by pumping 

larvae into each shelter for a total of 10 seconds, with the remaining larvae evenly delivered 

throughout the location. After 24 hours shelters were removed and 5 boulders 

(~300 mm maximum diameter) were collected from within each sheltered sub-site and from 

within five equivalent, haphazardly located, unsheltered sub-sites. These replicate samples were 

considered to be independent as boulders were semi-uniformly distributed throughout the 

experimental area and samples consisted of less than  approximately 5% of the available habitat 

within each Sub-site. The number of boulders within each 1 m2 sub-site was counted. The 

number of boulders and the average number of larvae from the five boulders from each sub-site 

was used to calculate the mean number (+SE) of settled larvae.m-2 within each sub-site. 

Boulders collected by divers were placed in plastic bags and the bags sealed in situ. Bags 

containing boulders were transported to the laboratory between layers of foam in water filled 

bins to minimise their movement and the possibility of damaging the sample. Within 4 hours of 

collection each boulder was soaked in 70% alcohol for 5 minutes and brushed to remove all 

surface material (including settled larvae). Samples were sieved (80 µm) and the particulate 

matter stored in 70% alcohol. The sieved material was sorted under a dissecting microscope and 

the number of larvae counted. A sub-sample (minimum 30%) of all abalone larvae sorted was 

examined to ensure only calcein tagged larvae were present in samples. 
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4.2.2. Handling and release of juveniles 

4.2.2.1. Anaesthesia 

The anaesthesia of groups of juvenile abalone is essential to remove them from the substratum 

to which they are attached in the hatchery and enable their quantitative assessment (counting 

and weighing) and manipulation into manageable units for transport and release. A pilot 

experiment was done to investigate the effectiveness of using benzocaine to remove juvenile 

H. rubra from a standard settlement substratum in the hatchery. A working solution of 

benzocaine was made (1 g 10 ml-1 benzocaine in ethanol; hereafter called benzocaine) to aid its 

dissolution in seawater. About 100 juveniles (~2.5 mm SL) were exposed to benzocaine at a 

concentration of 1.0 ml.L-1 in seawater (after Edwards et al. 2000) for 5, 10 and 15 minutes. 

Results indicated that this method could effectively remove 20%, 83% and 97% of juveniles at 

each exposure time respectively, and that ~95% of juveniles had recovered within 18 hours.  

Experiment 4 - Removal and recovery of juveniles 

Experiment four was designed to investigate if different concentrations of benzocaine and the 

time juveniles were exposed to these concentrations could be used to reduce the time taken to 

anaesthetise juveniles and remove them from their substrata in the hatchery, without 

significantly affecting the proportion that recover (Table 4.1). It was hypothesised that a greater 

proportion of juveniles would be removed from a standard settlement substrata at higher 

concentrations of benzocaine and after longer exposure times and that fewer juveniles would 

recover from treatments of higher concentration and longer exposure. The proportion of 

juveniles removed from the substrata and those recovered from anaesthesia were analysed 

separately as the two were not independent. 

Three concentrations of benzocaine (0.5, 1.0 and 2.0 ml.L-1 seawater, chosen around the 

effective concentration used in the pilot experiment described above) and a seawater control 

were used with groups of juveniles exposed to each concentration for 5, 10 and 20 minutes. 

Three replicate substrata (200 x 200 mm PVC sheet) holding ~200 juveniles (~2.5 mm) were 

exposed to each combination of concentration and exposure time treatment, in individual baths. 

Exposure time treatments were staggered by 20 minutes to allow for the assessment of 

individuals between treatments. After the allocated exposure time the substrata was gently 

agitated in the bath. Juveniles that were removed from the substratum were collected, rinsed in 

seawater, counted and placed on similar substratum in a bath receiving non-recirculating 

seawater to recover. Recovery of juveniles was assessed after 18 hours. This recovery time was 

used as it equated with the minimum time required for juveniles to be handled and held in a 

hatchery prior to their release or transport, i.e. overnight. Juveniles were classified as recovered 

if they could maintain their hold on the substratum whilst it was gently agitated in seawater for 
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~10 seconds. The temperature of the treatment solutions and seawater in the recovery baths was 

kept at 19oC (± 0.5oC) throughout the experiment. 

4.2.2.2. Transport of juveniles 

The transport of juveniles from the hatchery to a release location followed a protocol using 

outcomes from the anaesthesia experiment described above and procedures to minimise the 

handling of juveniles and the time they were out of flowing seawater. Batches of juveniles that 

were to be released were anesthetised, rinsed in seawater and the total mass (grams) of the batch 

was measured by weighing ~500 g portions until the entire batch was weighed. After weighing 

each portion, juveniles were held in 1 mm mesh bags suspended in flowing seawater. Five 

samples (~100 individuals) from each batch were weighed to the nearest gram, counted and the 

maximum shell length (SL; mm) of 20 individuals in each of the five samples was measured. 

These measures provided an average number of juveniles per gram and a range and average SL 

for a batch. Once measured all individuals within a batch were divided into equal weights (to 

the nearest gram) and placed into deployment devices (see below, Section 4.2.2.3) in a tank 

receiving non-recirculating seawater delivered to each deployment device via a manifold for 

between 12 - 18 hours, to support recovery from anaesthesia. 

Juveniles were transported to a field release location from the hatchery in deployment devices 

packed between layers of damp foam in 68 L plastic bins. At a release location, bins holding 

deployment devices were filled with seawater and swum to the reef by divers. Divers then 

handled individual deployment devices and distributed them evenly throughout the release 

location. Deployment devices were secured within the substratum by wedging them into 

interstitial spaces among the reef and under boulders. Their orientation was generally horizontal 

with PVC devices placed on the substratum with the side containing the openings facing down. 

Detailed maps of release locations were drawn including the positions of sites where 

deployment devices were placed to ensure they could be relocated. 

4.2.2.3. Release from deployment devices 

Two types of deployment devices (hereafter called devices) were designed to release juveniles. 

The first design consisted of a 300 mm x 120 mm diameter, 10 mm square mesh wire cylinder 

clamped shut at each end, containing small (<40 mm dia.) crustose coralline algae (CCA) 

coated rocks that had been sourced from within the local area to which juveniles were to be 

released (hereafter called CCA device) (Plate 4.3). A polyvinyl chloride (PVC) device consisted 

of a 300 mm length of rectangular cross section (125 mm x 65 mm) PVC tube with three 30 mm 

holes drilled into the upper surface and mesh panels (1.5 mm) secured over the ends (hereafter 

called PVC device) (Plate 4.4). Mesh panels were removed by the divers at the release site.  

 82



Chapter 4 – Handling and release of Haliotis rubra larvae & juveniles 

To ensure that the delivery of juveniles to release sites resulted in juveniles moving off devices 

two experiments were designed to investigate the decline in the proportion of juveniles on CCA 

and PVC devices that were released to two separate field locations consisting of similar habitat 

(Table 4.1, Experiments 5 and 6). The number of juveniles on devices was counted from 

replicate devices sampled immediately prior to release and from each release location after 1 

and 2 days and between 7-14, 15-28 and 29-60 days. Requirements of releasing abalone to reefs 

within 5 kilometres of the source of parent stock, hatchery production limitations and logistics 

meant that different size juveniles were used in each release experiment.  

It was hypothesised that the proportion of juveniles held in the CCA and PVC devices would 

decrease through time. It was assumed that the proportion of juveniles remaining on devices 

was a direct measure of movement of abalone off devices and into the surrounding habitat. 

Observations at each site and subsequent experiments investigating the dispersal of abalone into 

the surrounding habitat (Chapter 5, section 5.2.3) supported this assumption. 

Experiment 5 - CCA devices  

Twenty CCA devices (each holding ~600 juveniles; 2 mm SL) were deployed to twenty sites 

within a single release location (25 x 35 m) within 2 hours of transport from the hatchery. Each 

device was placed at the centre of a site and separated from other devices by at least 3 m. Three 

replicate devices were sampled at each time with the exception of that planned between 15-28 

days after release as access to the location was not possible due to a combination of logistics 

and sea conditions. No sample was taken 2 days after release as access to the location was not 

possible due to sea conditions. The sampling of a device consisted of a diver removing it from 

the substratum and placing it in a plastic bag in situ. Devices were transported as per boulders in 

experiment 3. In the laboratory each device was soaked in 70% alcohol, the ends unclamped and 

contents removed, CCA coated rocks were brushed and visually inspected ensuring all juveniles 

were removed. The alcohol solution was sieved (1 mm) and the contents stored in 70% alcohol. 

Samples were sorted under a dissecting microscope and all juveniles counted. The proportion of 

juveniles remaining on devices at each time was calculated as the number on the device at each 

time divided by the mean number of juveniles on devices prior to release. 

Experiment 6 - PVC devices 

In experiment 6 the same procedure was followed as described for experiment 5 with the 

exception of 43 PVC devices (each holding 1 800 juveniles; 7.5 mm SL) being deployed to sites 

within one release location (1 025 m2) within 2 hours of transport from the hatchery. Each 

device separated from others by ~6 m. Five replicate devices were sampled at each time with 

the exception of that planned 2 days of release where no sample was taken due to rough seas. 
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Data analysis 

All of the experiments were orthogonal designs, with the exception of experiment 3 where the 

factor 'Sub-site' was nested in 'Shelter'. In all models with the exception of that in experiment 3, 

factors were analysed as fixed factors. Proportional data was transformed using the function 

arcsine-square root. Cochran's C-test was used to test for heterogeneity of variances 

(Underwood 1997) and data was transformed as described in the table caption for the respective 

analysis. Analysis of variance (ANOVA) was used to test for differences among treatments.
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Plate 4.1 The deployment pump consisting of (from left to right); SCUBA tank with air 
inlet hose; 35 L drum fitted with on/off tap (red tap) at the start of the hose; lid, 
fitted with coupling for connection to air inlet and internal hose (attached 
air-stone not shown) and external hose fitted with pressure relief valve (42 Kpa). 
Inset: diver holding the end of the hose with diver controlled on/off tap.  

 

Plate 4.2 Two of the five physical shelters, each covering 1 m2 of substrata and consisting 
of a weighted skirt (chain filled light coloured material at base) and the body of 
the shelter (woven plastic cloth) fitted with an eyelet and attached buoy, 
positioned on the reef. 
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Plate 4.3 Three CCA devices (~300 mm long) in the laboratory containing recently added 
juvenile abalone, prior to being placed in a seawater tank to allow for their 
recovery prior to release. 

 

 

Plate 4.4 PVC device (300 mm long) in situ, holding juveniles (and juveniles in the 
surrounding habitat) about 18 hours after release. Note: the small boulder in the 
foreground was moved from the open end of the device to enable the photograph 
to be taken. Inset: PVC deployment device capped with 1.5 mm plastic mesh and 
containing juvenile abalone. 
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Table 4.1 Design of experiments investigating the supply of larvae through the deployment 
pump (Experiment 1), the effect of the deployment pump and physical shelters on 
the settlement of larvae (Experiments 2 and 3) and the handling and release of 
juveniles (Experiments 4 - 6). Treatments for each factor are shown in brackets 
and described in the text. Letters with experiment numbers are used to indicate 
independent batches of abalone, as applied within this chapter only. 

Expt. Factors [and treatments] Size (mm) Replicates   Response variable   Laboratory
No. in analyses   or field based

1a Age (days) [7, 8] 
GABA [0, 1] 
Refrigeration [0, 24]    Larvae 4   No. larvae supplied (50 mL)   Lab.

2b, c Time [1, 2]
Drum [Full, Empty]    Larvae 3   Proportion settled after 24 hr   Lab.

3d Shelter [0, 1]
Sub-site [1, 2, 3, 4, 5]    Larvae 5   No. of larvae m-2, after 24 hr   Field

4e Benzocaine ml L-1 [0, 0.5, 1.0, 2.0]
Exposure time (min) [5, 10, 20]    Juv (2) 3   Proportion removed & recovered   Lab.

5f Days [0, 1, 2, 7-14, 29-60]    Juv (2) 3   Proportion of juveniles on devices   Field

6g Days [0, 1, 7-14, 15-28, 29-60]    Juv (7.5) 5   Proportion of juveniles on devices   Field
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4.3. RESULTS 

4.3.1. Handling and release of larvae 

4.3.1.1. Deployment pump 

Experiment 1 - Supply of larvae from the deployment pump 

Greater numbers of seven day old larvae were delivered from the drum of the deployment pump 

when they had not been exposed to refrigeration and this was consistent among treatments of 

GABA (Figure 4.1a and Table 4.2a). There was no significant difference in the number of 

larvae delivered from the drum among treatments of GABA (Table 4.2a). However, samples 

taken from the drum after the addition of GABA were more consistent. Variation among 

replicate samples taken from the drum after the addition of GABA ranged between 2-4% of the 

mean compared with 9-14% for those taken from the drum without the addition of GABA. 

Results for eight day old larvae were not as consistent as those for seven day old larvae. A 

relatively low number of eight day old larvae were delivered from the drum where GABA was 

added and where larvae were not refrigerated (Figure 4.1b). This outcome resulted in a 

difference in the rank order of the mean number of larvae delivered among these treatments and 

resulted in a significant interaction term between the factors GABA and refrigeration in the 

analysis (Table 4.2b). In this experiment more eight day old larvae were delivered from the 

drum where they were not exposed to refrigeration within the treatment where they were not 

exposed to GABA (Figure 4.1b). This was similar to those patterns consistently observed for 

seven day old larvae. 

The expected number of larvae delivered in 50 ml from the drum containing 35 L of water and 

50 000 larvae was 71. This assumed all larvae were evenly distributed throughout the drum 

during the pumping process and all larvae were delivered from the deployment pump. The mean 

(± SE) number of eight day old larvae delivered from the start and end of the hose whilst the 

drum was full, half full and almost empty, among all treatment groups was 58 (± 3). However, 

within each combination of treatment groups that did not include refrigeration, the mean (± SE) 

number of larvae delivered per 50 ml was 74 (± 4) compared with 44 (± 3) for treatment 

combinations that included refrigeration. Similar results were observed for seven day old larvae 

where the mean (± SE) number of larvae delivered per 50 ml from all treatment groups 

combined was 57 (± 3), and among treatment combinations that did not include refrigeration the 

mean (± SE) was 58 (± 4) compared with 44 (± 4) among those treatment combinations that did 

include refrigeration. 
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Experiment 2 - Settlement of larvae delivered from the deployment pump 

There was no significant difference in the proportion of larvae that settled after 24 hours on a 

standard settlement substrata after being delivered from the deployment pump when it was full 

and almost empty. This result was similar among both times where independent batches of 

larvae were used in the experiment (Table 4.3a and 4.3b). Between 41-48% and 59-61% of 

larvae settled after 24 hours at time one and two, respectively (Figure 4.2a and 4.2b). Variation 

among replicate samples was low among treatments for each time and ranged between 15-21% 

and 3-4% of the mean for time one and two, respectively.  

4.3.1.2. Deployment shelters 

Experiment 3 - Deployment shelters 

There were significantly greater numbers of settled larvae.m-2 on the substratum under shelters 

24 hours after the release of larvae (Figure 4.3 and Table 4.4). Between 30-173 larvae.m-2 were 

detected on substratum under shelters compared with between 0-22 larvae.m-2 on substratum, 

within the release location without shelter (Figure 4.3). Thus, more than 10 times as many 

settled larvae were detected on areas of reef where larvae were released under physical shelters 

compared with areas of reef without shelter. Less than 1% of released larvae were detected as 

having successfully settled, given that an estimated 20 000 larvae.m-2 were released to the 

location, including those to each shelter, and settlement was <200 larvae.m-2.  

4.3.2. Handling and release of juveniles 

4.3.2.1. Anaesthesia 

Experiment 4 - Removal and recovery of juveniles 

The proportion of juveniles removed from a standard substrata differed significantly among 

concentration and exposure time treatments (Table 4.5a). Greater mean proportions of juveniles 

were removed using higher concentrations of benzocaine for longer periods of time, with the 

exception of that proportion removed at a concentration of 1.0 ml.L-1 for an exposure time of 

10 minutes (Figure 4.4a). At concentrations ≥1.0 ml.L-1 more than 94% of juveniles were 

removed from the substrata, and after exposure at these concentrations for 20 minutes ≥98% of 

juveniles were removed. For the control and at a concentration of 0.5 ml.L-1, <20% and <85% of 

juveniles, respectively, were removed from the substrata for all exposure times.  

The proportion of juveniles that had recovered after 18 hours varied among concentration 

treatments but not among exposure times (Table 4.5b). Recovery of juveniles exposed to 

concentrations of 0.5 and 1.0 mg.L-1 ranged between 99-100% (Figure 4.4b). Recovery after 

18 hours was reduced below or above these concentrations with between an average of 94-96% 
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of juveniles recovered within control groups and 91-97% recovered at a concentration of 

2.0 mg.L-1 (Figure 4.4b). 

4.3.2.2. Release from deployment devices 

Experiment 5 - CCA devices  

The proportion of juvenile abalone (2 mm SL) on CCA devices declined significantly through 

time (Table 4.6 and Figure 4.5). One day after release the mean proportion of juveniles on CCA 

devices declined to about 40% of the original 600 individuals released on each device. Numbers 

declined to <3% of those originally released after 7-14 days and <1% after 29-60 days. 

Variation among replicate samples was low and <25% of the mean, with the exception of that 

sample taken 7-14 days after release where it was 50%.  

Experiment 6 - PVC devices 

The proportion of juvenile abalone (7 mm SL) on PVC devices declined significantly through 

time following release (Table 4.7 and Figure 4.6). The mean proportion of juveniles remaining 

on PVC devices after 1 day was 60% of the original 1800 individuals. The decline in the 

proportion of juveniles on PVC devices reflected a steady decay with <1% of juveniles on PVC 

devices after 29-60 days of release (Figure 4.6).  
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Figure 4.1 Experiment 1. Mean number of a) 7; and b) 8 day old larvae (+ SE) per 50 ml 
from the deployment pump with and without the addition of GABA and 
24 hours of refrigeration (R) (n = 4). 
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Figure 4.2 Experiment 2. Mean proportion of settled larvae (+ SE) on a standard settlement 
substrata after an exposure time of 24 hours, after being sampled from the 
deployment pump when it was full and almost empty (~5 L) from separate 
batches at two times a) Time 1; and b) Time 2 (n = 3). 
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Figure 4.3 Experiment 3. Mean number of larvae.m-2 (+ SE) at 5 sub-sites without and with 
physical shelter, 24 hours after release (n = 5). 
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Figure 4.4 Experiment 4. Mean proportion of juvenile abalone (+ SE) a) removed from a 
standard substrata; and b) recovered from the anaesthesia treatments after 18 
hours, using a control (seawater) and three concentrations of benzocaine over 
three exposure times (n = 3). 
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Figure 4.5 Experiment 5. Mean proportion of 2 mm juvenile abalone (+ SE) on CCA 
devices through time (n = 3). Note: A total of ~600 juveniles per device 
pre-release. 
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Figure 4.6 Experiment 6. Mean proportion of 7 mm juvenile abalone (+ SE) on PVC 
devices through time (n = 5). Note: A total of ~1800 juveniles per device 
pre-release. 
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 Table 4.2a Experiment 1 – 7 day old larvae. Summary of analysis of variance in the number 
of 7 day old larvae delivered from the deployment drum in 50 ml samples. 
Abbreviations used: degrees of freedom (df), Mean square (MS), F-ratio (F), row 
of mean square denominator (F vs), significance of the F test: P<0.01 (**), 
P<0.05 (*) and not significant (ns) (Cochran's C = 0.5429†, ns; variances 4, df 3). 
†Square root (x+1) transformed. 

Source df      MS   F F vs

1 GABA, G 1 0.33 0.72 ns 4
2 Refrigeration, R 1 15.19 32.61 ** 4
3 G x R 1 0.02 0.04 ns 4
4 Error 12 0.47
5 Total 15

 

Table 4.2b Experiment 1 – 8 day old larvae. Summary of analysis of variance in the number 
of 8 day old larvae delivered from the deployment drum in 50 ml samples. 
Abbreviations used: degrees of freedom (df), Mean square (MS), F-ratio (F), row 
of mean square denominator (F vs), significance of the F test: P<0.01 (**), 
P<0.05 (*) and not significant (ns) (Cochran's C = 0.7341*†; variances 4, df 3). 
†Square root (x+1) transformed. 

Source df      MS   F F vs

1 GABA, G 1 25.19 41.16 ** 4
2 Refrigeration, R 1 2.91 4.76 * 4
3 G x R 1 12.73 20.79 ** 4
4 Error 12 0.61
5 Total 15
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Table 4.3a Experiment 2 – Time 1. Summary of analysis of variance in the proportion of 
larvae settled on a standard settlement substrata after 24 hours at Time 1, after 
exposure to GABA (1 x 10-6 M) whilst the deployment drum was full. 
Abbreviations used: degrees of freedom (df), Mean square (MS), F-ratio (F), row 
of mean square denominator (F vs), significance of the F test: P<0.01 (**), 
P<0.05 (*) and not significant (ns) (Cochran's C = 0.5712†, ns; variances 2, df 2). 
†Arc-sine transformed. 

Source df      MS   F F vs

1 Drum, D 1 0.009 0.42 ns 2
2 Error 4 0.021
3 Total 5

 

Table 4.3b Experiment 2 – Time 2. Summary of analysis of variance in the proportion of 
larvae settled on a standard settlement substrata after 24 hours at Time 2, after 
exposure to GABA (1 x 10-6 M) whilst the deployment drum was full. 
Abbreviations used: degrees of freedom (df), Mean square (MS), F-ratio (F), row 
of mean square denominator (F vs), significance of the F test: P<0.01 (**), 
P<0.05 (*) and not significant (ns) (Cochran's C = 0.6072†, ns; variances 2, df 2). 
†Arc-sine transformed. 

Source df      MS   F F vs

1 Drum, D 1 0.001 0.78 ns 2
2 Error 4 0.002
3 Total 5

 

Table 4.4 Experiment 3. Summary of analysis of variance in the number of settled 
larvae.m-2 on natural substrata at 5 sub-sites with and without physical shelter, 
24 hours after release. Abbreviations used: degrees of freedom (df), Mean square 
(MS), F-ratio (F), row of mean square denominator (F vs), significance of the F 
test: P<0.01 (**), P<0.05 (*) and not significant (ns) (Cochran's C = 0.4049*†, 
variances 10, df 4). †square root (x + 1) transformed.  

Source df      MS   F F vs

1 Shelter, Sh 1 527.171 24.44 ** 2
2 Site (Sh) 8 21.569 1.32 ns 3
3 Error 40 16.293
4 Total 49
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Table 4.5a Experiment 4 – Removal from substrata. Summary of analysis of variance in the 
proportion of juvenile abalone removed from a substrata after exposure to a 
control and 3 different concentrations of benzocaine for 3 exposure times. 
Abbreviations used: degrees of freedom (df), Mean square (MS), F-ratio (F), row 
of mean square denominator (F vs), significance of the F test: P<0.01 (**), 
P<0.05 (*) and not significant (ns) (Cochran's C = 0.3184†, ns; variances 12, df 2). 
†Arc-sine transformed. 

Source df       MS    F F vs

1 Concentration, C 3 2.065 171.88 ** 4
2 Time, T 2 0.054 4.50 * 4
3 C x T 6 0.028 2.37 ns 4
4 Error 24 0.012
5 Total 35

 

Table 4.5b Experiment 4 – Recovery. Summary of analysis of variance in the proportion of 
juvenile abalone recovered after 18 hours after being removed from a substrata 
after exposure to a control and 3 different concentrations of benzocaine for 3 
exposure times. Abbreviations used: degrees of freedom (df), Mean square (MS), 
F-ratio (F), row of mean square denominator (F vs), significance of the F test: 
P<0.01 (**), P<0.05 (*) and not significant (ns) (Cochran's C = 0.3103†, ns; 
variances 12, df 2). †Arc-sine transformed. 

Source df       MS    F F vs

1 Concentration, C 3 0.072 6.83 ** 4
2 Time, T 2 0.021 2.03 ns 4
3 C x T 6 0.008 0.73 ns 4
4 Error 24 0.010
5 Total 35
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Table 4.6 Experiment 5. Summary of analysis of variance in the proportion of 2 mm 
juvenile abalone on CCA devices at the time of release (day 0) and 1, 2, 10 and 42 
days post-release. Abbreviations used: degrees of freedom (df), Mean square 
(MS), F-ratio (F), row of mean square denominator (F vs), significance of the F 
test: P<0.01 (**), P<0.05 (*) and not significant (ns) (Cochran's C = 0.4123†, ns; 
variances 5, df 2). †Arc-sine transformed. 

Source df       MS    F F vs

1 Time 4 0.986 373.46 ** 2
2 Error 10 0.003
3 Total 14

 

Table 4.7 Experiment 6. Summary of analysis of variance in the proportion of 7.5 mm 
juvenile abalone on PVC devices at the time of release (day 0) and 1, 9, 23 and 57 
days post-release. Abbreviations used: degrees of freedom (df), Mean square 
(MS), F-ratio (F), row of mean square denominator (F vs), significance of the F 
test: P<0.01 (**), P<0.05 (*) and not significant (ns) (Cochran's C = 0.5252†, ns; 
variances 5, df 4). †Arc-sine transformed. 

Source df       MS    F F vs

1 Time 4 1.473 134.09 ** 2
2 Error 20 0.011
3 Total 24
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4.4.  DISCUSSION 

The practical release of hatchery-reared abalone to natural reefs to enhance local populations 

requires a number of logistical processes, primarily those related to handling and preparation for 

release to be undertaken. These processes in addition to the method used to release abalone can 

have significant effects on their short-term (<60 days) survival (Leighton 1985, Tegner & Butler 

1985, Schiel & Welden 1987, Tegner & Butler 1989, Schiel 1992, 1993, McCormick et al. 

1994, Sweijd et al. 1998, Shepherd et al. 2000). The objective of the work presented in this 

chapter was to develop methods to deliver hatchery-reared H. rubra larvae and juveniles to 

natural reefs. The methods investigated demonstrated that large numbers of larvae, that were 

competent to settle could be released using the deployment pump. Further, the numbers of 

juvenile H. rubra on deployment devices at release sites declined through time such that <1% 

remained on devices after 30-60 days, with juveniles observed to move into the surrounding 

habitat from the time of release. The long-term survival of hatchery-reared and released 

H. rubra larvae and juveniles is assessed in Chapter 6.  

4.4.1. Handling and release of larvae 

Results from experiments investigating the effect of necessary handling and selected release 

treatments (recommended in Chapter 2 to support a release strategy) on the number of larvae 

delivered from the deployment pump demonstrated that the deployment pump provides an 

effective means of delivering larvae to a field location. However, some treatments such as 

refrigerated storage reduced the number of larvae delivered from the pump. The mean rates of 

larvae delivered from the pump indicated that about 80% are delivered to the reef. However, 

where the treatment combination included the addition of GABA and refrigerated storage, the 

percentage of larvae delivered from the drum could be as low as about 60%. The proportion of 

larvae not delivered from the pump is a consequence of their attachment on the internal surfaces 

of the drum and hose and those remaining in the residual contents of the drum (about 1 L) 

(personal observation). The likelihood of refrigerated storage affecting the short-term settlement 

response of larvae was demonstrated in laboratory experiments (Experiments 7 and 8, Chapter 

2), with the proportion of larvae that settled within 60 seconds after 24 hours of refrigeration 

being more than double that of control groups. It is possible that a strong settlement response is 

affected by refrigerated storage resulting in the attachment of a larger proportion of larvae to the 

inside surfaces of the deployment pump. Finally, the proportion of larvae estimated to be 

delivered from the deployment pump is likely to be conservative, given that these results were 

based on samples obtained from adding a relatively small number of larvae to the drum (i.e. 

50 000). It is likely that the proportion released would increase with a greater number of larvae 
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in the drum, assuming the surface area of the drum and hose on which the larvae attached is the 

limiting settlement surface where higher numbers of larvae are present. 

Variation within and among replicate samples obtained from the pump, throughout the different 

stages of release was inconsistent (range 2-73% of the mean), and indicated the inadequacy of 

the deployment pump to deliver consistent numbers of larvae at low volumes. The inconsistent 

delivery of larvae at low volumes limits the application of the pump to support small scale field 

experiments where numbers of larvae <1 000s are required to be used. It is likely that the fine 

scale aggregation and 'tumbling behaviour' (Leighton 1972, Prince et al. 1987) of ready to settle 

larvae may reduce the likelihood of obtaining precise numbers at small volumes throughout the 

pumping process. Nevertheless, the small scale variation in the number of larvae delivered per 

50 ml would have little affect on the regular distribution of larvae delivered at the spatial scale 

of a release location. At scales where the entire contents of the drum (35 L), or significant 

volumes of it are released, the small scale variation in the number of larvae delivered per 50 ml 

combined with active larval dispersal at fine spatial scales (Moss & Tong 1992a), would likely 

result in ostensibly undetectable patterns of fine scale variation in larval settlement. 

The proportion of larvae delivered from the deployment pump that settled on a standard 

settlement substratum within 24 hours ranged between 40% and 60%. These proportions are 

similar, although marginally lower, to those reported for the same time to the same settlement 

substrata from controlled laboratory experiments (Chapter 2, Experiments 4-8 range: 53-80%) 

and support the assertion that the methods to handle and release larvae do not substantially 

affect their competency to settle, or their immediate survival. Moreover, it is likely that the 

proportion of larvae that actually settle at a field release location, given favourable conditions, 

would be significantly greater than indicated from these results as the magnitude of larval 

settlement to CCA covered substrata and other alga, expected at field locations, is greater than 

that to a standard settlement substrata (Experiments 1-3 in Chapter 2, Tong et al. 1987, Moss & 

Tong 1992a, Shepherd & Daume 1996, Roberts et al. 2004, Huggett et al. 2005). 

The use of shelters at field locations significantly increased the number of larvae that settled 

after 24 hours. However, only a small proportion (<1 %) of those larvae released within 

sheltered sub-sites were detected on the substratum after 24 hours. This level of settlement is 

similar to those results reported by Preece et al. (1997) for H. rubra. They observed that 

between 0.03-2% of larvae were detected 19 days after release at three different densities and 

after they left shelters in place for 6 days. In contrast, results reported by Schiel (1992) after 

releasing H. iris at a similar density, using similar shelters for the same period of time were 

about an order of magnitude more (~10%) than those reported here for H. rubra. Despite 

significantly greater numbers of H. rubra being detected when using shelters and the possibility 

of improving this return through manipulation of release densities (Preece et al. 1997), the 
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logistic impediments and economic costs related to sheltering large areas of reef are restrictive. 

Nevertheless, the release of larvae at large spatial scales (>100s m2) to areas of natural shelter 

within a release location and the efficacy of this larval release method needs assessment as a 

possible means of local population enhancement (Chapter 6). 

4.4.2. Handling and release of juveniles  

Methods tested to handle and release hatchery-reared juvenile H. rubra demonstrated that they 

could be effectively used to release large numbers of juveniles to natural reefs. The release of 

juvenile abalone from a hatchery requires a number of additional levels of logistic complexity 

compared with that for larvae. Juveniles require substantially greater area, volume and time to 

efficiently process them through procedures for their release including anaesthesia, quantitative 

assessment and distribution into manageable units to facilitate their recovery, storage and 

transport before finally being released to a field location. Integral to this process was the 

development and use of a simple physical structure (deployment device) that facilitated limited 

physical handling of juveniles and enabled known numbers to be successfully managed through 

to their release to natural reefs.  

4.4.2.1. Anaesthesia 

Anaesthesia of juvenile abalone using benzocaine has been documented in the literature for the 

primary use of removing them from a substratum (Hahn 1989a, Edwards et al. 2000). The 

proportion of juveniles removed using the concentration of 1 ml.L-1 was similar to that at 

2 ml.L-1 (average difference <3%) and substantially greater than other treatments (Experiment 

4). Further, the recovery of juveniles from the 1 ml.L-1 concentration group exceeded 99% after 

18 hours for all exposure times. The removal of H. rubra juveniles using benzocaine at 1ml.L-1 

was achieved within less than half of the time required to anaesthetise H. rubra described by 

Edwards et al. (2000) and one third of the time of that required to anaesthetise H. iris using the 

same concentration (Aquilina & Roberts 2000). However, varying methodologies between this 

study and those of Edwards et al. (2000) and Aquilina and Roberts (2000) pose difficulties in 

comparisons between these results. For example, this study described the use of anaesthesia to 

dislodge juveniles (2.5 mm) from the substrata after gentle agitation in seawater, and held at a 

temperature of 19oC (± 0.5oC), as opposed to that of Aquilina and Roberts (2000) where 

individuals (70-140 mm) detached from a vertical surface without assistance in seawater at 

temperatures of 15.5 - 15.8oC and 21 - 22.5oC, and Edwards et al. (2000) did not describe 

exposure times of less than 20 minutes. 

Although the rate of anaesthesia of juveniles is concentration and exposure-time dependent and 

recovery can be affected by these factors, there are a number of additional factors that can affect 
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the anaesthetic and recovery response of individuals. For example, Aquilina and Roberts (2000) 

described a significantly faster anaesthetic response of H. iris to benzocaine at the same 

concentration in the warmer water treatment (21 - 22.5oC). The results obtained in this chapter 

suggest that the use of benzocaine at a concentration of 1.0 ml.L-1 in seawater (19oC) be used as 

the standard protocol for the removal of juvenile abalone for their handling and release. 

However, after extended application of this standard protocol, including in seawater 

temperatures ≥20oC, it was modified to include the application of the lower concentration tested 

in experiment 4 (0.5 ml.L-1), at these higher temperatures. 

4.4.2.2. Transport of juveniles 

The standard transport methodology of moving juveniles directly from the hatchery or holding 

facility to the release location in bins either separated by layers of damp material or in holding 

devices has been described by a number of authors (Leighton 1985, Schiel 1993, McCormick et 

al. 1994, Sweijd et al. 1998, Guzman del Proo et al. 2004, Dixon et al. 2006). This 

methodology was adopted for a standard protocol to transport juveniles from the hatchery to 

release locations where the time that juveniles were out of seawater was <2 hours. There was no 

observation of mortality associated with this method of transport with the exception of that 

noted below specifically for CCA devices (estimated to be 3-5%, section 4.4.2.3)  

In addition to the standard transport protocol used during the release of juveniles described in 

this chapter a number of experiments in this thesis (see Chapters 5 and 6) required the extended 

transport (>2 and up to 10 hours) of juveniles from the hatchery. Where this was required 

juveniles were transported in the PVC deployment devices packed between layers of damp foam 

in a thermally insulated container containing ice bricks and lined with a plastic bag filled with 

medical oxygen and sealed (a method used to commercially export live abalone and as similarly 

described by Tegner & Butler 1985, Tong & Moss 1992, McCormick et al. 1994). Following 

extended transport devices were removed from containers and held in seawater tanks at a 

commercial live abalone processing company for a minimum of 10 hours and up to 48 hours if 

sea conditions restricted their release. There was one exception to this transport method, where 

juveniles were transported in 80 µm mesh bags and transferred to CCA devices after their 

recovery from extended transport (Chapter 6, Experiment 5). Tegner and Butler (1985), Schiel 

(1993) and McCormick et al. (1994) describe similar methods where extended transport was 

required to move juveniles from a hatchery to a release location. Tegner and Butler (1985) 

transported individuals (H. rufescens) on foam sheets and handled these individuals into mesh 

bags for placement in holding tanks for 36 hours before their release. Schiel (1993) described 

the addition of wet seaweed to transport devices holding H. iris and not the use of oxygen, and 

McCormick et al. (1994) described the cool storage and transport of two batches of juveniles 
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(H. fulgens) in mesh bags inside bags containing oxygen for 48 and 8 hours respectively, 

followed by their recovery in tanks of flowing seawater for 24 hours prior to release. Tegner and 

Butler (1985) did not describe any significant mortalities associated with their method of 

extended transport. However, McCormick et al. (1994) reported mortality rates of 41% for 

those individuals transported for 48 hours and Schiel (1993) reported mortality rates of up to 

47% in devices where H. iris were transported at densities of 1 000 individuals per device for up 

to 7 hours, although improvements in reducing this mortality were described with reductions in 

density to 500 individuals per device. The densities of juveniles that were exposed to extended 

transport in this thesis were ≤1 000 individuals per device. It was often observed after extended 

transport that juveniles were not active and their response to touch was sluggish, similar to that 

reported by McCormick et al. (1994) for juveniles transported for 48 hours. However, it was 

unusual to observe any mortalities after periods of extended transport of those juveniles 

transported for release as described in this thesis. Further, after immersion in holding tanks (for 

between 10 and 48 hours) juveniles had recovered and were observed to be firmly attached to 

devices, which is in contrast to the low recovery after immersion for 24 hours of those juveniles 

transported for 48 hours reported by McCormick et al. (1994).  

4.4.2.3. Release from deployment devices 

The numbers of juveniles on devices at release sites decreased steadily through time and 

observations from experiments done in this chapter, and results from experiments investigating 

the dispersal of juveniles from devices described in Chapter 5, indicated that they move into the 

habitat immediately surrounding devices. Goodsell et al. (2006) described the rapid (>90%) 

movement of up to 200 H. rubra (10-12 mm SL) from cylindrical PVC devices in a laboratory 

experiment. Similarly McCormick et al. (1994) described the 'usual' movement of between 

90-95% of 200 juveniles (25 mm SL) from a similar PVC device to that used in this study after 

1-2 days, although they note that devices were left at release sites for up to 30 days for juveniles 

to move off them. Leighton (1985) described the relatively rapid movement of juvenile 

H. fulgens (10-25 mm SL) from a multilayered PVC device, with 10 and 2 individuals from a 

total of 29 remaining after 16 and 24 hours, respectively, and noted a study where time lapse 

photography recorded the movement of juvenile H. rufescens off these devices after 48 hours. 

The results reported by Leighton (1985), McCormick et al. (1994) and Goodsell et al. (2006) 

are in contrast to those reported for both CCA and PVC devices used in experiments in this 

chapter. Results from experiments reported here describe between 40-60% of juveniles 

remaining on devices after 1 day. Further, 26% of 600 juveniles (2.5 mm SL) remained on CCA 

devices after 2 days, although this proportion decreased to ~3% after 7-14 days, and on PVC 

devices 18% of 1800 juveniles (7.5 mm SL) remained after 7-14 days. It is possible that 

differences in the size and density of juveniles on devices as well as differences in structure of 
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devices affect the rate at which juveniles move from them. That juveniles used in these 

experiments were <10 mm SL may limit the generality of these results to the dispersal of larger 

juveniles from deployment devices. However, other factors a also likely to play a role in the 

differences in dispersal of juveniles in these experiments and from others using a deployment 

device. McCormick et al. (1994) held juveniles on mesh bags within devices and also oriented 

devices more vertically than done in this study. The PVC devices described by Leighton (1985) 

consisted of layers of thin corrugated PCV sheets. The juveniles remaining in PVC devices in 

this study were observed aggregated along the internal 90o angles created by the rectangular 

shape of the PVC tube. It is possible that differences in physical structure of devices such as the 

internal angles and the three solid, smooth sides of PVC devices and the natural substrata of 

CCA devices used in experiments in this study, in addition to their horizontal orientation and 

securing them among boulders when released, provided a more stable environment than that of 

devices used by Leighton (1985) or McCormick et al. (1994) therefore reducing the time taken 

for juveniles to move off them.  

Despite the potential benefits of the CCA device to provide a large surface area and increased 

physical protection from predators, whilst also providing a limited food source to small 

juveniles, there were several substantial logistic constraints to its use. The device required 

juveniles to be extensively handled after transport in mesh bags to be added to CCA devices. 

Further, by using CCA-coated rocks, sourced from reefs to which juveniles were being released, 

substantial effort was required to collect, handle and transport the large volumes of CCA-coated 

rocks required to construct the devices. Finally, although the logic of the design was to have the 

wire tube filled with rocks to stop their movement during transport, the settling of rocks and 

malleability of the wire mesh enabled rocks to move within the wire mesh and subsequently 

resulted in physical damage to juveniles during transport. Although the level of this damage was 

not quantified, direct mortality as a consequence of it was estimated to be 3-5% by the time they 

reached the release location. 

Significant operational advantages of the PVC device included; 1) large numbers of 

anaesthetised juveniles could be added to it with minimal handling; 2) once added to the device 

juveniles did not have to be directly handled again; 3) large openings enabled large volumes of 

seawater to pass though it allowing recovery of anaesthetised juveniles as well as providing exit 

points; 4) greater numbers and larger sizes of juveniles could be held in it compared with the 

CCA device; 4) it was light weight and could be efficiently stacked in recovery tanks and during 

storage and transport; and 5) it was slightly malleable allowing it to be securely wedged among 

interstitial spaces and under boulders within a release location. 

The release of juveniles in devices to a release location for experiments described in this thesis 

required <1 diving hour (i.e. two people for ~30 min. each). This effort compares favourably to 
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that reported by Schiel (1993) where he reported the release of 10 000 juveniles taking four 

diving hours, although this was where juveniles were removed from mesh bags by hand and 

placed on the reef. This comparison demonstrates that significant benefits in terms of time and 

financial savings can be made to a program where the release of juveniles using a device can 

provide comparable or improved results in terms of survival of released juveniles. Further, the 

placement and securing of devices within a release location as described in this chapter ensured 

they remained in place even after significant storm events, and where some devices were 

inadvertently left at the release location they were found during subsequent visits during 

long-term sampling and had not moved in >6 months (personal observation).    

Regardless of the minor levels of mortality experienced by juveniles at or immediately after the 

placement of devices to natural reefs the numbers of juveniles on devices decreased steadily as a 

primary consequence of movement off them as demonstrated by the substantial numbers of 

juveniles observed in the surrounding habitat. These results demonstrate that these devices can 

be used to release large numbers of hatchery-reared juveniles, within relatively short periods of 

time, to natural reefs. 

4.4.3. Conclusion and recommendations 

The use of a deployment pump to release hatchery-reared larvae that are competent to settle 

provides the most reliable method to evenly disperse a large number of larvae over a broad area 

of reef. This method also provides the ability to direct the small scale distribution of larvae 

within close proximity to the substratum and amongst niche habitats where it is more likely that 

larvae will successfully settle, whilst reducing the loss of larvae to visual predators and possibly 

advection from the release area. Alternative methods of releasing larvae over large areas 

demonstrated limited practical application (Section 4.2.1). Despite the inability of the larval 

deployment pump to deliver 100% of larvae from the drum, the advantages of using this method 

suggest its successful use in releasing larvae to large areas of reef to assess their long-term 

survival, as presented in Chapter 6. 

The standard protocol for the handling and release of larvae included the assessment of the total 

number of larvae and their concentration into a 1 L container (Chapter 2, section 2.2.5). Larvae 

were transported to a release location in the 1 L container, inside an insulated container 

containing an ice brick (section 4.2.1). At the location the 1 L container was placed in the drum 

of the deployment device that contained 34 L of seawater and allowed to acclimate to ambient 

seawater temperature (~20 mins). Once larvae were acclimated, GABA (1 x 10-6M) was added 

to the seawater in the drum, thoroughly mixed and larvae were poured into the drum. The use of 

GABA for the release of larvae to the field was continued due to strong supporting literature 

describing its affect to increase the rate of settlement, despite limited evidence from results in 
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this chapter. The drum was sealed, pressurised and the tap on the drum, and end of the hose, 

opened. A diver directed the flow of larvae close to the substratum (<150 mm) from the end of 

the hose, whilst swimming to ensure an even coverage throughout the release location until the 

drum was emptied (~16 min.) (section 4.2.1.1).  

Hatchery-reared juvenile abalone can be successfully handled, transported and released to areas 

of natural reef using methods, including the use of deployment devices, described in this 

chapter. The use of a deployment device reduces the physical handling of juveniles through the 

stages required to process them from a hatchery facility to a release location. Further, the use of 

devices to release large numbers of juveniles substantially reduces the time it would otherwise 

take to place them throughout a release location. However, the use of devices does result in 

small aggregations of juveniles at sites distributed throughout a release location. The effect of 

this heterogeneous distribution of juveniles on the precision and accuracy of sampling methods 

to assess long-term survival requires consideration (as addressed in Chapter 5), although it is 

unlikely that this initial distribution would influence assessment over long periods of time 

(years). The use of a PVC device to release juveniles, as described in this chapter, provides a 

simple, cost effective and efficient method to successfully release large numbers of juveniles to 

large areas of natural reef that other methods of release do not provide. 

The standard protocol for the handling and release of juveniles included the anaesthesia of the 

batch of juveniles using benzocaine at 1.0 ml.L-1 in seawater for 10 minutes (or 0.5 ml.L-1 if 

ambient seawater was ≥20oC; section 4.2.2.1). Juveniles were rinsed, weighed and measured 

and equal quantities were divided amongst PVC devices that were capped with 1 mm mesh. 

Devices were placed in a tank of flowing seawater and seawater was directed into each device 

for 12-18 hours (section 4.2.2.2). After recovery from anaesthesia, devices were transported to a 

release location packed between layers of damp foam in 68 L plastic bins and swum to the reef 

by divers (section 4.2.2.2, or as described for extended-transport, section 4.4.2.2). Divers 

haphazardly distributed devices to sites throughout a release location, or as specifically 

described for each release. They were positioned horizontally with the access holes directed 

downwards, firmly secured within the substrata and the mesh capping removed (section 

4.2.2.2). Devices were recovered from the reef during surveys to assess long-term survival to 

reduce the impact of releases on natural reefs.  

 

 106



Chapter 5 – Development of a monitoring strategy for released Haliotis rubra larvae & juveniles 

5. DEVELOPMENT OF A MONITORING STRATEGY FOR RELEASED HALIOTIS 

RUBRA LARVAE AND JUVENILES 

5.1. INTRODUCTION 

One of the fundamental requirements of a stock enhancement program is the ability to measure 

the success of its objectives (Blankenship & Leber 1995, Munro & Bell 1997, Hilborn 1998, 

Howell 1998, Lorenzen 2005). An important objective of many of these studies is to accurately 

measure the survival rates of released individuals. Thus, the development of an effective 

monitoring strategy to quantify the number of released individuals surviving is critical. 

Patterns of small-scale (<10 m) distribution and abundance of the different life history stages of 

abalone vary through time. Different life history stages exhibit different preferences for niche 

habitats, in addition to numerous other processes affecting patterns of distribution (Shepherd 

1973, Connell 1985, Tegner & Butler 1985, 1989, Naylor & McShane 1997, Shepherd 1998, 

Dixon et al. 2006). For example, the larvae of several haliotid species show a preferential 

settlement response to crustose coralline algae and different growth forms of these species, as 

well as other specific alga (Shepherd & Daume 1996, Daume et al. 1999, Daume et al. 2000, 

Roberts et al. 2004, Huggett et al. 2005). Many of these habitats occur on exposed surfaces of 

solid substratum. As early juveniles develop and their diet habit changes from grazing on 

micro-algae to trapping and feeding on drift alga, they develop a more cryptic nature, inhabiting 

interstitial spaces under and between boulders, and in cracks and fissures in otherwise planar 

solid substratum (Shepherd 1973, Prince & Ford 1985, Shepherd & Turner 1985, McShane & 

Smith 1988, McShane 1991, Tarr 1995, Sasaki & Shepherd 2001, Dixon et al. 2006). Larger 

individuals are commonly found on more exposed areas of reef than juveniles, although adult 

H. rubra are generally more cryptic than a number of other species. 

Methods to develop cost-effective surveys to quantify the abundance of subtidal, sedentary 

marine organisms are well established and widely accepted (Andrew & Mapstone 1987, 

Underwood 1997, Drummond & Connell 2005). The sample units allocated for surveying 

subtidal habitats can vary considerably but have traditionally consisted of areas defined within 

square (quadrat) or rectangular (transect) shapes, distributed randomly, haphazardly or 

systematically within a strictly defined habitat type (e.g. Barrens, sensu Underwood et al. 1991), 

or among defined strata within locations.  

A number of sampling methods have been used to estimate the abundance of different life 

history stages of abalone. These methods have included a venturi-lift (McShane & Smith 1988), 

the collection and washing of small boulders (Prince & Ford 1985, Schiel 1992) and visual 

inspection of the substratum, with or without its disturbance e.g. turning over boulders, among a 
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range of sample units and defined strata (Sainsbury 1982, Shepherd 1985, Peck & Culley 1990, 

Andrew & Underwood 1992, McShane 1994, Schiel et al. 1995, Andrew et al. 1996, Gorfine et 

al. 1998, Cook & Sweijd 1999, Tarr et al. 2000, Chick et al. 2006, Mundy et al. 2006). The 

sampling method used, and its accuracy is, in part, influenced by the type of habitat being 

sampled. Each of the methods used has a range of limitations that restrict the ability to reliably 

and consistently estimate the abundance of abalone. For example, a venturi-lift requires the 

physical removal of settled larvae from the substratum using a combination of physical 

dislodgement and suction. The physical principles of this sampling method (i.e. the Venturi 

effect and Bernoulli's principle) dictate that its efficiency is reduced at shallower depths. In 

addition, the physical process of sampling and the delicate structure of settled larvae suggest that 

a proportion of them would be damaged, and unidentifiable after sampling. Given the limitations 

and restrictions in sampling methods it is difficult to maintain reliable estimates of the 

abundance of a population using similar methods where the majority of individuals progress 

through their life history (from settled larvae and early juveniles, to juveniles, early adults and 

adults), and as different niche habitats are utilised by these different developmental stages. 

The development of a robust strategy to monitor the survival and persistence of released abalone 

is complicated by interactions between: 1) changes in the distribution of abalone among habitat 

types through their life history; and 2) differences in size as they grow. Moreover, comparing 

multiple methods through time is further complicated by the conflict between the needs for: 

1) regular and representative estimates of the abundance of released individuals; 2) sampling so 

as not to significantly affect subsequent estimates (particularly long-term estimates ultimately 

used to determine the success of a release); and 3) resource limitations.  

Furthermore, the release of juveniles using deployment devices (defined in Chapter 4) to sites 

that are evenly distributed within a release location, means that the initial distribution of 

juveniles within the location is not homogeneous (Plate 5.1). Gaining a greater understanding of 

the distance and time taken by juveniles to disperse from devices and into the habitat within a 

release location is critical in the development of an effective sampling strategy to estimate rates 

of survival through time (Saito 1984, Werner et al. 1995, de Waal et al. 2003). It is essential that 

a sampling strategy 1) account for the initial heterogeneous distribution of juveniles within a 

location if sampling is within short periods of time after release; 2) determine a distance to 

separate deployment devices within a location, so that the distribution of juveniles is relatively 

homogeneous throughout a release location over time (Plate 5.1) and hence estimate the time 

from release when, 3) long-term sampling strategies, that assume a homogeneous distribution of 

juveniles within a location, can be used to support accurate estimates of abundance and survival, 

as reported in Chapter 6. 
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Finally, the large-scale disturbance of habitat can significantly affect the abundance of abalone 

(Sainsbury 1982, Schiel 1993, Worthington et al. 1998, Tegner et al. 2001, this study). For 

example, significant storm events and rough seas can move boulders and/or increase 

sedimentation and destroy established habitat and thus result in the high mortality of individuals 

within it, either directly through physical damage or indirectly through the loss of habitat and/or 

food. Where these events occur the survival of individuals is likely to be less on the margins of 

the disturbed area. Developing a flexible monitoring strategy to continue to obtain representative 

estimates of survival beyond these events is critical for accurate assessments of survival within a 

release location. 

The objective of this chapter was to develop a monitoring strategy to enable estimates of the 

abundance of abalone, of different sizes, released to natural reefs, to be made though time. This 

was critical to assess the long-term success of releasing abalone to natural reefs, as described in 

Chapter 6. A series of experiments were done to determine a) the most suitable method for 

monitoring successful settlement and early, post-settlement establishment of released larvae 

(1<60 days); b) determine the dispersal of juveniles from a point of release so that approaches to 

long-term monitoring could be established; and c) the most appropriate approach for measuring 

abundance of released H. rubra over periods of weeks to years.  

 

Plate 5.1 The idealised distribution of juveniles (grey shading) in uniform habitat shortly 
after release (e.g. hours; A) in deployment devices at 15 sites (small, solid black 
squares), regularly distributed within a release location (dashed box), allowing 
for their relatively even, theoretical distribution (circles) from each release site 
after a period of time (e.g. days; B), noting some migration from the survey 
location into surrounding area (solid box), not to scale. 
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5.2. MATERIALS AND METHODS  

The approach and design of each experiment presented in this chapter was developed to 

determine an accurate monitoring strategy to quantify the settlement, early establishment and 

abundance of tagged and released abalone through time (Table 5.1). The reference to larvae, 

juveniles, and abalone throughout this chapter refers to larvae, juveniles or abalone that have 

been batch-tagged (see Chapter 3) and positively identified to be of hatchery origin, unless 

otherwise stated in the text. The methods used were a venturi-lift, the collection of small 

boulders, visual survey of the substrata in situ with no, low and high levels of substrata 

disturbance and stratified sampling within strata, based on the physical attributes of the habitat 

within a release location e.g. boulder field or solid habitat. Details of sampling techniques and 

standard protocols used are outlined below in Section 5.2.5 and 5.26, respectively. 

5.2.1. Venturi-lift 

Experiment 1 

Experiment one was designed to investigate the effectiveness of the venturi-lift (Section 5.2.5 

Sampling techniques) among different depths, to validate its use for sampling in subsequent 

larval settlement experiments. As the mechanism for generating lift was the expansion of 

compressed air at depth it was predicted that the venturi-lift would not generate equivalent 

suction at different depths and would sample more effectively at deeper depths. It was 

hypothesised that greater proportions of early juveniles would be sampled from a standard 

substrata at increasing depths using the venturi-lift. 

A number of early juveniles (~2 mm; the maximum size estimated to be sampled using this 

method) were anaesthetised and 30 individuals were placed on each of 15 standard substrata, i.e. 

paving block (300 x 160 mm) and allowed to recover. Groups of five blocks were placed at 

depths of 2.5, 5 and 8 m (i.e. the likely range of depths over which samples would be taken from 

field locations using this method) and sampled immediately with the venturi-lift; n = 5 blocks. 

The number of juveniles on each block was counted prior to and after sampling. Numbers of 

juveniles in samples were compared with counts of juveniles on blocks before and after 

sampling to ensure no individuals were lost from the system. 

5.2.2. Monitoring released larvae 

Experiment 2 

Experiment two was designed to compare two sampling methods to assess the short-term 

(~2 months) success of releasing larvae to a natural reef as determined by measures of density 

(number.m-2) of settled larvae and early juveniles within the release location through time. The 
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two sampling methods were a venturi-lift and the collection of boulders (Section 5.2.5 Sampling 

techniques). 

Given the limitations of the venturi-lift (reduced efficiency with decreasing depth and its 

potential to damage settled larvae), it was hypothesised that the density of settled larvae and 

early juveniles sampled using the collection of boulders would be greater than that using the 

venturi-lift, and that this would be consistent among sampling times. Further, that the density of 

settled larvae would decrease through time and this would be consistent among the sampling 

methods used. 

Two million larvae were released in the location using the deployment pump (Chapter 4, Section 

4.2.1 Handling and release of larvae). The location (~240 m2) consisted of relatively loose 

boulders interspersed between areas of solid substratum within the Fringe habitat (Underwood et 

al. 1991, Andrew & Underwood 1992), that was not dominated by articulated coralline alga and 

other turfing alga, or containing large quantities of sediment among boulders (sensu boulder 

field). Venturi-lift samples and boulders were collected 1, 14 and 55 days after the release of 

developed larvae; n = 5 venturi-lift samples and boulders. As the efficiency of the venturi-lift 

differed with depth (Experiment 1) all samples taken using this method were restricted to a 

narrow depth range (4.5 m ± 0.5 m). 

Experiment 3 

Experiment three was designed to investigate the generality of results obtained in Experiment 2. 

It was hypothesised that the results of Experiment 2 would be consistent at three locations. 

Larvae (1.1 million) were released into three locations each ~375 m2, consisting of a boulder 

field. Sampling was conducted as outlined for Experiment 2 with samples collected 2, 14 and 56 

days after the release of larvae; n = 5 venturi-lift samples and boulders. 

5.2.3. Monitoring released juveniles 

Experiment 4 

Experiment four was designed to investigate the dispersal of juveniles (~2 mm SL) from their 

point of release. This was done to inform the method of releasing juveniles in deployment 

devices and the likely distance to separate devices at release locations. It was predicted that the 

density of juveniles (number.m-2) in the strata close to the point of release would be greater than 

that further away and that this pattern would be consistent among sites and through time (i.e. to 

42 days). It was also predicted that the proportion of juveniles recovered in strata further from 

the point of release would increase as juveniles dispersed through time and this would be 

consistent among sites but that the total proportion of juveniles recovered would decline through 

time. 
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A CCA-rock deployment device (holding ~600 juveniles; ~2 mm SL) was placed at each of 20 

sites within the release location (~150 m2), with each site separated by at least 3 m. The release 

location consisted of a uniform area of solid habitat at a regular depth of about 6 m. At each time 

(1, 2, 10 and 42 days after release) three sites were randomly sampled. Sampling consisted of 

three replicate venturi-lift samples, haphazardly placed within each of two distance strata 

(0-0.3 m and 0.3-0.6 m). Each site was sampled only once throughout the experiment.   

Experiment 5 

Results from Experiment 4 provided evidence of the dispersal of 2 mm juveniles to at least 0.6 m 

within one day of release. This and observations of released juveniles (7 mm SL) moving up to 

2 m within 1 day in a pilot experiment supported a larger scale investigation to define the spatial 

scale over which juveniles disperse and to determine the best spatial arrangement for juvenile 

releases to locations that would allow an even distribution within the location over time.  

Experiment 5 was designed to investigate the dispersal of juveniles (11 mm SL) up to 10 m from 

their point of release through time. It was predicted that the proportion of juveniles recovered in 

distance strata encompassing the release point (0 - 2 m) would decrease through time and this 

would be consistent among sites. It was also predicted that the proportion of juveniles recovered 

among distance strata would become more homogeneous through time and this would be 

consistent among sites. 

Eight PVC-deployment devices (holding a total of ~5 500 juveniles; 11 mm SL) were positioned 

within 0.5 m2 of the centre point at each of three sites (~314 m2; 10 m radius from release point). 

Locations were separated by ~150 m. Sampling consisted of visual surveys (Section 5.2.5 

Sampling techniques) along four transects (10 x 0.5 m) that radiated from the centre of the 

release site (Gorfine et al. 1998). Each transect began from the centre of the site, with the first 

laid along a random bearing. Subsequent transects were offset from the first by 90o. The total 

number of juveniles was counted in concentric distance strata, 0-2, 2-3, 3-5 and 5-10 m along 

each transect (see Plate 5.2), with the exception of the distance strata 0-2 m at 1 day post-release, 

where the numbers of juveniles were high (>200) and estimated to the nearest 50. The percent of 

area sampled within each distance strata was 8, 10 , 5 and 2, respectively. The small difference 

in representative area sampled among the distance strata was assumed to be negligible. This 

assumption was supported by the consistent detection of abalone within strata among sites 

through time. Further, to reduce variation in the number of abalone surveyed among sites and 

through time (Gorfine et al. 1998, Mundy et al. 2006) one diver completed all surveys. 

Deployment devices were left undisturbed for the duration of the experiment. Sites were 

sampled 1, 4 and 8 days post-release; n = 4 transects. 
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Plate 5.2 Sampling design within a release location where the dispersal of juvenile abalone 
was investigated within concentric distance strata 0-2, 2-3, 3-5 and 5-10 m from 
the central release site, as described in Experiment 5. Transect survey areas 
(10 x 0.5 m) are presented as hashed rectangles radiating from the central release 
site, offset at a 90o compass bearing, not to scale. 

5.2.4. Long-term sampling 

Results from Experiments 4 and 5 identified the rapid dispersal of juveniles into the surrounding 

habitat from their point of releases, such that the release of juveniles to sites separated by small 

spatial scales (~6 m) within a location would provide substantial overlap in their distribution 

after a relatively short period of time (<1 month). This relatively even distribution within the 

location would then enable efficient and effective monitoring of their abundance over long 

periods of time. 

Experiments done to estimate the long-term (>2 month) survival of abalone within release 

locations were designed from experience quantifying the abundance of natural abalone 

populations and knowledge gained from the literature. Comparisons of the precision and relative 

accuracy of different sampling methods were done within replicated fixed area quadrats. The 

outcome of these comparisons was used in the development of a long-term monitoring strategy 

for releases of abalone in Chapter 6.  

Experiment 6 

Experiment six was designed to compare the precision and relative accuracy of the sampling 

methods, visual surveys (VQ), boulder sampling in situ (Bis) and boulder sampling with 

disturbance (BQ; Section 5.2.5 Sampling techniques) in a boulder field. It was hypothesised that 

more consistent and greater number of juveniles would be sampled using methods employing 

more thorough search techniques (i.e. BQ>Bis>VQ). Precision was measured as the standard 
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error as a percentage of the mean. The mean precision of each method was generated from 

twenty samples, taken with replacement, from the set of 15 replicates using each method. 

Thirty-two deployment devices (each holding ~780 juveniles; 14 mm SL) were evenly 

distributed within a location consisting of a boulder field (~240 m2). Sampling, using each of the 

three methods was done 93 days after the release of juveniles using quadrats (600 x 600 mm; for 

each method) haphazardly cast within the location; n = 15 quadrats.  

Experiment 7 

Abalone become less cryptic as they become larger and after longer periods of time the accuracy 

of visual survey methods, that do not require habitat disturbance, should increase. However, 

factors confounding the accuracy of these visual surveys include the size of individuals and 

habitat type, as smaller individuals and more complex habitat would potentially reduce the 

likelihood of detection. Experiment seven was designed to investigate the generality of results 

obtained using visual surveys (VQ) and boulder sampling with disturbance (BQ) in 

Experiment 6, with larger juveniles (40 mm SL). It was hypothesised that there would be no 

significant difference in the number of large juveniles surveyed three months post-release using 

visual surveys and boulder sampling with disturbance, and this would be consistent among 

locations. 

At each of four locations (~250 m2) about 700 juveniles (40 mm SL) were haphazardly released 

by divers hand placing individuals on substrata within a boulder field, ensuring each individual 

was attached. Sampling, using each of the two methods, was done ~122 days after the release of 

juveniles using quadrats (1 x 1 m) haphazardly and independently cast for each method, within 

the location; n = 5 quadrats. 

Experiment 8 

Experiment 8 was designed to investigate the accuracy of using disturbed boulder sampling 

within two strata of a release location to determine the abundance of released abalone after 

boulder field habitat had undergone substantial natural disturbance (within about 4 months, 

inferred from a lack of substantial algal growth on the surface of disturbed boulders). The two 

strata consisted of disturbed boulder field and solid habitat (Section 5.2.5 Sampling techniques, 

Stratified sampling). It was predicted that the density of abalone sampled within solid habitat 

would be greater than that in disturbed boulder field habitat, and that this would be consistent 

between locations within areas. 

At each location (~100 m2) within each area about 1 000 and 9 000 juveniles (~15 mm SL) were 

released using deployment devices, respectively. Sampling was done ~770 days post-release 

using quadrats (1 x 1 m and 600 x 600 mm at locations within areas 1 and 2, respectively) 

haphazardly cast within each stratum at each location; n = 5 quadrats.  
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Sampling techniques 

Venturi-lift 

A venturi-lift can be used to estimate the abundance of settled larvae and early juveniles 

(McShane & Smith 1988, Wahle & Steneck 1991). The venturi-lift used in these studies was 

adapted from that described by McShane and Smith (1988) and consisted of; (1) a 1500 mm 

length of 40 mm diameter PVC tube; (2) a high pressure hose fitting with a ball-valve fitted near 

the end of the tube, to control the introduction of air (from a SCUBA tank) and to generate 

air-lift suction; (3) a length of 45 mm diameter hose with a brush attachment; and (5) a mesh 

(180 µm) bag fitted to the end of the PVC tube, to retain the material lifted after brushing the 

substratum (Plate 5.3). 

Samples taken using the venturi-lift consisted of opening the air inlet valve on the venturi-lift 

and brushing all substrata that could be reached within a sample quadrat (250 x 250 mm) 

haphazardly placed within a location (with the exception of samples taken in Experiment 1 from 

a standard substrata). Brushing of the area within each quadrat was for ~30 seconds (in small 

circular movements), allowing the area within the quadrat to be covered with 2 passes of the 

brush. Immediately following sampling the air flow was stopped and the mesh sample bag was 

inverted, removed and sealed inside a labelled jar in situ.  

The contents of each sample bag was thoroughly rinsed and sieved (180 µm) in the laboratory 

and stored prior to sorting (Section 5.2.6.1 Laboratory protocol). A quadrat was not sampled if 

the habitat lying within it contained more than a sparse, single layer of sediment, or if it 

contained large foliose or geniculate algae. Where a quadrat was located in poor habitat it was 

moved to the nearest suitable habitat. 

1 2
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1 2
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Plate 5.3 Venturi-lift consisting of: 1) 1 500 mm length of 40 mm dia. PVC tube; 
2) ball-valve; 3) high pressure hose to SCUBA tank; 4) length of 45 mm dia. 
plastic flexible hose with brush attachment; and 5) 180 µm mesh sample bag with 
Velcro® strap. Arrows indicate direction of air-flow. Not to scale. Modified from 
McShane and Smith (1988). 
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Visual surveys 

Visual surveys are a long established method for measuring the abundance of wild abalone 

populations, including H. rubra, without disturbing the habitat or the abalone (Shepherd 1985, 

Andrew & Underwood 1992, McShane 1994, Andrew et al. 1996, Hart et al. 1997, Worthington 

et al. 1999). Although limitations of visual methods to sample juvenile abalone have been 

acknowledged they do provide a means of obtaining repeatable measures of the abundance of 

juvenile abalone, particularly those greater than ~20 mm in length (Prince & Ford 1985, 

McShane & Smith 1988, Shepherd 1998).  

Visual census of the sample area within a release location, either along a transect (Experiment 5) 

or within a quadrat (Experiments 6 and 7) consisted of the thorough visual inspection of the 

substratum by an experienced diver trained in the observation of small abalone. During this 

inspection no substratum was disturbed and all abalone were counted. Where any part of an 

abalone fell within the plane above or below the defined survey area it was counted. 

Boulder sampling 

A variety of methods of sampling boulders have been used to estimate the abundance of wild 

abalone from newly settled larvae through to large juveniles. These include the collection and 

washing of boulders in alcohol, the visual inspection of individual boulders in situ by lifting and 

replacing them, and the sampling of fixed areas within boulder habitats through the 

deconstruction of the boulder field within the fixed area (Sainsbury 1982, Prince & Ford 1985, 

McShane & Smith 1988, Prince et al. 1988b, Schiel 1993). 

The boulders sampled were representative of those within a boulder field and had a maximum 

diameter of ~300 mm. Where boulders were sampled from a location without the use of a 

quadrat to define a sample area, such as the boulder collection method and the general 

application of the boulder in situ method (see below), the mean density of boulders was 

measured by casting quadrats (1 x 1 m or 600 x 600 mm) within the release location; n = 5-15 

quadrats (as described for each experiment). The density of abalone within a location was 

calculated for each replicate as the number of abalone on the boulder multiplied by the mean 

density of boulders within each location.  

Sampling in a fixed area (quadrat) within a boulder field required relocation of the quadrat when 

it included an area of habitat that could not be sampled, unless otherwise stated for specific 

experiments (see below, Stratified sampling). Where this was necessary the quadrat was moved 

to the nearest available area to allow a complete sample.  

Samples taken using these boulder sampling methods were assumed to be representative of the 

entire release location, (with the exception of samples taken within disturbed boulder and solid 

habitat at a release location as described below, Stratified sampling). This assumption was 
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supported by choosing locations that minimised the area that was not boulder field habitat and 

observations within areas of solid habitat e.g. among large boulders, generally unable to be 

sampled using this method, that supported individual and small aggregations of abalone within 

locations, similar to those observed within the boulder field.  

Boulder collection 

Where boulder collections were done single boulders were collected from the top layer of 

boulders only (where there was more than one layer) and placed in a plastic bag and sealed in 

situ. Bags containing boulders were placed on a layer of sponge in a plastic bin. Bins were swum 

to a support vessel and samples returned to the laboratory for processing within about four hours. 

Boulders were removed from the plastic bag, soaked and rinsed in 70% alcohol for between 

10-15 mins and the surface gently brushed before being discarded. Each plastic bag, associated 

with each sample, was rinsed using 70% alcohol and discarded. The sample (particulate matter 

and 70% alcohol) was sieved (180 µm) and all particulate matter stored in clean 70% alcohol 

prior to being sorted (Section 5.2.6.1 Laboratory protocol).  

Boulder sampling in situ 

The use of sampling boulders in situ was done where juveniles were able to be visibly assessed 

(>~7 mm). This method involved the visual inspection of a haphazardly sampled boulder, from 

within the top layer of boulders only (where there was more than one layer) or from the top layer 

of boulders within a fixed area (see Experiment 6). Boulders were picked up, the abalone on 

them were counted, and the boulders were then replaced in their original position. Where 

epiphytic or other growth obscured the spire of the abalone shell and hence the identifying tag, it 

was removed to enable identification of the abalone, otherwise abalone were not removed. 

Boulder sampling with disturbance 

The sampling of boulder habitat with disturbance consisted of all boulders within the sample 

replicate being systematically picked up, inspected and temporarily removed from the immediate 

sample area until sampling was complete. Abalone on all of the rocks within the defined area 

were counted. Boulders were then replaced within the immediate sample area once sampling was 

complete.   

Stratified sampling 

A number of locations within this study were exposed to large-scale disturbances caused by 

rough seas. To obtain comparable estimates of the minimum number of juveniles surviving 

within a location through time, after the occurrence of one or more of these episodes, a stratified 

sampling approach was undertaken. Two strata were defined, stratum one consisted of boulder 

field habitat as previously defined. Stratum two, consisted of habitat that could not be physically 
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disturbed, i.e. boulders cemented together, immovable boulders and patches of solid bedrock 

with cracks and fissures (sensu solid habitat). Sampling within both strata was done using the 

method described for boulder sampling with disturbance (see above). However, in stratum two 

this method was modified so that a quadrat consisted of between 25 - 50% of solid habitat, with 

the remaining area within the quadrat sampled. 

Samples taken within stratum two were assumed to be representative of that area defined as solid 

habitat within the release location. The proportion of abalone surviving was calculated as the 

quotient of the mean number.m-2 of abalone within sample replicates multiplied by the area of 

solid habitat within the release location (m2; dividend) and the original number of abalone 

released (divisor). This area of solid habitat was calculated by multiplying the total area of the 

release location by the proportion of quadrats required to be randomly cast to obtain the required 

number of sample replicates that contained >25% solid habitat within each release location.  

5.2.5. General protocols 

5.2.5.1. Laboratory protocol  

Samples taken from the field were stored in 70% alcohol. Where samples were taken from 

locations where larvae were released they were stored in the dark (to prevent the decay of the 

calcein labelled larval shell from UV light). Samples containing abalone estimated to be 

< ~7 mm were sorted using a dissecting microscope. The sample (or proportions of it, until the 

entire sample was sorted) was washed into a glass petri dish and the dish positioned under the 

microscope on a sheet displaying a 10 mm grid. The sample was thoroughly inspected and all 

abalone (or sub-samples, if samples consisted of large numbers of individuals) from samples 

taken in the field were positively identified as being tagged through identification of the calcein 

tag in the larval shell or the green-blue juvenile shell in the spire (described in Chapter 3).  

Elutriation of samples 

Samples collected using either the venturi-lift or the collection of boulders contained up to 

~200 g of sediment and other material. The processing of these samples could take between 6 

and 10 hours, using the methods described above. To reduce this time, a method of elutriation 

was tested using samples containing sediment, spiked with a known numbers of early juveniles  

(newly settled; 0.5 - 1 mm SL) and larger juvenile (1 - 2 mm) abalone. 

Three treatments were used. The first had a known high number (~100) of early juveniles. The 

second, a known, low (~ 20) number of early juveniles and the third a known number (~50) of 

larger juveniles. Three replicate samples of each treatment were made up and sorted. Samples 

consisted of 15 g of sand and finer sediment in addition to the known number of abalone. The 
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treatment type and exact number of abalone in each replicate was unknown to the sorter. Each 

replicate was elutriated prior to sorting. This process involved the sample to be rinsed into a 2 L 

glass container that was suspended over a 180 µm sieve. The container was then filled with 

water from a 10 mm diameter hose at a flow rate of ~5 L.min.-1. The flow of water was used to 

mix the sample, whilst overflowing the beaker. After ~1 minute flow was stopped and the 

contents of the sieve were rinsed into a sorting tray and the number of abalone counted using 

methods described above. The mean (± SE) proportion of small abalone from treatment 1 was 

0.96 (± 0.02), treatment 2 was 0.83 (± 0.02) and treatment 3 was 0.99 (± 0.01). 

Elutriation, prior to the standard sorting of samples, reduced sampling time by between 40 and 

60% (to 2.5 – 3.5 hr per sample) whilst not substantially reducing the numbers of abalone 

detected. Elutriation of samples that contained large quantities of sediment (as determined by the 

sorter) was adopted as part of the standard laboratory sorting protocol. 

5.2.5.2. Calculations of density and proportion survival 

Where samples were taken from within a fixed sample area (quadrat) the mean (SE) number.m-2 

within a location was calculated from the product of the number.m-2 from each replicate, the 

proportion of the release location sampled and the total area of the release location. Where 

samples were taken via the collection of boulders or the inspection of individual boulders in situ 

the mean (SE) number.m-2 of abalone within a location was calculated from the product of the 

number of abalone on each boulder (n) and the mean number of boulders.m-2 within the sample 

area. The mean number of boulders.m-2 at each location was generated from counts of the 

number of boulders in independently cast quadrats.  

The proportion of abalone surviving was calculated as the quotient of the mean number.m-2 of 

abalone multiplied by the total release area (m2) (dividend) and the original number of abalone 

released (divisor) (unless otherwise stated in the experimental methods). 

5.2.5.3. Data analysis 

Analysis of variance (ANOVA) was used to test for differences among treatments. All analyses 

consisted of orthogonal designs. In all models factors were analysed as fixed factors, with the 

exception of the factor Location in experiments 3 and 7, where it was analysed as a random 

factor. Cochran's C-test was used to test for homogeneity of variances and data were transformed 

as described in the text. Where data were heterogeneous after transformation ANOVA was still 

performed on transformed data, as the method is robust to heterogeneity of data. Results were 

conservatively interpreted with p<0.01 (Underwood 1997).  

 

 



Table 5.1 Outline of field experiments to investigate sampling methods and juvenile dispersal. Treatments for each factor are shown in brackets and 
described in the text. Common letters with experiment numbers are used to indicate experiments completed with the same batch of abalone, as 
described within this chapter only. Sampling methods, described in the text include the venturi-lift (V), visual surveys along transects (VT), 
visual surveys within quadrats (VQ), boulder collection (BC), boulder sampling in situ (Bis), disturbed boulder sampling (BQ) and disturbed 
boulder samples in boulder field (B) and solid (S) habitat.   

Expt. Factors [and treatments]   Size at   Estimated size  Days sampled Sample method Habitat type Locations Replicates Strata sampled as distance
No. in analyses   release (mm)   at sampling (mm)  after release from release point (m)

1a Depth (m)  [2.5, 5, 8] 2 2 NA V standardised substrata 1 5 NA

2b Method [V & BC]
Days [1, 14, 55] Larvae (0.3) 0.3-2  1-55 V & BC boulder field & solid 1 5 NA

3c Method [V & BC]
Days [2, 14, 56]
Location [1, 2, 3] Larvae (0.3) 0.3-2  2-56 V & BC boulder field & solid 3 5 NA

4d Days [1, 2, 10, 42]
Site [1, 2, 3]
Distance (m) [0.3, 0.6] 2  2-5  1-42 V solid 1 3 0-0.3, 0.3-0.6

5e Days [1, 4, 8]
Site [1, 2, 3]
Distance (m) [2, 3, 5, 10] 11 11  1-8 VT solid 3 4 0-2, 2-3, 3-5, 5-10

6f Method [VQ, Bis , BQ] 14 35 93 VQ, Bis  & BQ boulder field & solid 1 15 NA

7g Method [VQ, BQ]
Location [1, 2, 3, 4] 40 45 122 VQ & BQ boulder field & solid 4 5 NA

8h Area [1, 2]
Location [1, 2]
Strata [1, 2] 15 70 ~770 B & S boulder field & solid 2 5 NA
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5.3. RESULTS 

5.3.1. Venturi-lift 

Experiment 1  

Depth significantly affected the number of early juveniles sampled from standard substrata 

using the venturi-lift (Figure 5.1, Table 5.2). An average of 92% of juveniles were removed 

from the substrata at 8.5 m. Samples taken at 2.5 and 5 m recovered 68% and 84% of juveniles, 

respectively, i.e. 74% and 91% of those at 8 m. (Figure 5.1). Variation among replicate samples 

was low among treatments, at less than 8% of the mean.  

5.3.2. Monitoring released larvae 

Experiment 2 

Very high densities of settled larvae were detected on the substratum immediately after release 

(>600 m-2; Figure 5.2). Densities of settled larvae were consistently greater in the boulder 

collection (BC) treatment at each time post-release. However, the magnitude of differences in 

the mean number of settled larvae.m-2 differed between the two sampling methods among 

sampling times, resulting in a significant interaction between the factors Method and Time 

(Table 5.3). Despite this, the density of settled larvae decreased through time and this was 

consistent among samples collected using the venturi-lift (V) and the collection of boulders 

(Figure 5.2). Venturi-lift samples recovered 4 - 26% of those taken using boulder collections 1 

and 14 days after the release of larvae and none were detected at 55 days post-release. Variation 

among replicate samples was generally low for both treatments at between 3 - 31% of the mean. 

Experiment 3 

High densities of settled larvae were detected on the substratum early after release at each 

location (>80 m-2; Figure 5.3). Analyses indicated that there was an inconsistent number of 

settled larvae.m-2 sampled by each method through time (Table 5.4). This was likely due to low 

and inconsistent densities detected between methods 56 days post-release. Within 14 days 

post-release the densities of settled larvae were greater in samples using boulder collections and 

consistently decreased through time among locations (Figure 5.3). Venturi-lift samples 

recovered 6 - 32% of boulder collections 2 and 14 days post-release. Variation among replicates 

was higher for samples taken using the venturi-lift (41 - 100 % of the mean) than the collection 

of boulders (32 - 47%) 2 and 14 days post-release, among locations.  
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5.3.3. Monitoring released juveniles 

Experiment 4 

Mean densities of juveniles were generally higher close to the point of release (0.3 m) within the 

first 10 days of sampling and this was consistent among the independent sites sampled; with the 

exception of Site 4 after two days (Figure 5.4). Densities of juveniles were in excess of 30 m-2 

and 10 m-2 in the inner (0 - 0.3 m) and outer (0.3 - 0.6 m) strata, respectively, within the first 10 

days, with the exception of Site 8 after 10 days. Low densities (<11 abalone.m-2) of juveniles 

were detected at Sites 10 and 12, with no juveniles detected at Site 11, 42 days after release. No 

formal analysis was done to describe differences among treatments. 

The proportion of juveniles in the outer strata (0.6 m) was greater than that closer to the point of 

release within the first two days, with the exception of that at the third site at each time (Sites 3 

and 6; Figure 5.4). The mean proportion of juveniles within both strata combined (dashed line, 

Figure 5.4), within the first two days among sites, was ~5% of the 600 juveniles released at each 

site. Within the first two days of release 41% and 27% of juveniles remained within deployment 

devices, respectively. After 10 and 42 days the mean percent of juveniles surviving was 3.5% 

and 1.1%, respectively (dashed line, Figure 5.4), with <5% of the 600 released juveniles 

remaining within deployment devices from 10 days post-release. 

Experiment 5 

Within eight days of release, juveniles were detected between 5-10 m from their release point, 

with a portion of those individuals being close to the outer margin of this strata (Figure 5.5 and 

personal observation). A greater proportion of juveniles was detected on the substratum within 

2 m of the release point at all locations and this was consistent through time. No juveniles were 

detected on the substratum beyond 2 m of the release point one day after release, or beyond 5 m 

of the release point four days after release. At each of the three locations, after eight days, the 

proportion of juveniles detected on the substratum among the four distance strata ranged 

between 8.6 x 10-2 and 0.8 x 10-2 of the ~5 500 juveniles released. After eight days of being 

released juveniles were more evenly distributed among the distance strata at each location, 

particularly within distance strata beyond 2 m from the point of release. The summed total of 

juveniles detected within all 4 distance strata within each of the three locations, eight days after 

release, represented between 9 and 13% of the ~5 500 juveniles released at each location. 

5.3.4. Long-term sampling 

Experiment 6 

The density of juveniles 93 days post-release was greatest in samples where layers of boulders 

were disturbed (BQ) (Figure 5.6a). The mean density of juveniles were greatest in treatments 
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with high levels of habitat disturbance, i.e. BQ (Figure 5.6a, Table 5.5); an average of 

49 abalone.m-2 were detected in the BQ treatment. Visual surveys (VQ) and the inspection of 

boulders in situ (Bis) recovered 3% and 33% of samples taken where boulders were disturbed 

(BQ), respectively. Variation among replicate samples was generally low for all treatments, 

between 18-30% of the mean, and lowest within the treatment where boulders were disturbed 

(BQ). 

The precision of samples obtained where boulders were disturbed (BQ) was greater than 

alternative methods at all levels of replication (Figure 5.6b). The standard error of samples 

obtained where boulders were disturbed represented an average of ≤0.2 of the mean where the 

sample size (n) was greater than 10 (Figure 5.6b). Similarly, the precision of samples obtained 

through the inspection of boulders in situ (Bis) was greater than that where substrata was 

visually inspected without its disturbance (VQ) at all levels of replication (Figure 5.6b).  

Experiment 7 

The density of juveniles was greatest in the treatment where layers of boulders were disturbed 

(BQ) and this was consistent among locations (Figure 5.7, Table 5.6). Juveniles were detected 

on the substratum at all locations where the boulder disturbance (BQ) treatment was used and at 

two locations using visual surveys (VQ) (Figure 5.7). Visual surveys recovered less than 33% of 

samples using boulder disturbance, where juveniles were detected using both treatments. 

Variation among replicate samples was generally high for both the visual survey and disturbed 

boulder treatments, ranging between 61-100% and 31-61% of the mean, respectively. 

Stratified sampling  

Experiment  8 

Densities of juveniles were consistently greater in the solid habitat treatment at all locations 

(Figure 5.8). Samples within the disturbed boulder field habitat recovered 15% and 29% of 

those samples from the solid habitat at Locations 1 and 2 respectively, at Area 2. No juveniles 

were detected in the disturbed boulder field habitat at Area 1. Variation among replicate 

samples was higher within the disturbed boulder field treatment at both locations at Area 2, 

ranging between 47% and 61% of the mean. Greater densities of juveniles detected at locations 

at Area 2 are likely due to a combination of factors including the greater numbers of juveniles 

released to each of these locations. No formal analysis was done to describe differences among 

treatments. 

 123



Chapter 5 – Development of a monitoring strategy for released Haliotis rubra larvae & juveniles 

Depth (m)

Pr
op

or
tio

n 
re

m
ov

ed
 fr

om
 

st
an

da
rd

 su
bs

tra
ta

0.0

0.2

0.4

0.6

0.8

1.0

2.5 5 8

 

Figure 5.1 Experiment 1. Mean proportion of juveniles (+ SE) sampled from a standard 
substrata (paving block) at 3 depths using the venturi-lift (n = 5 blocks). 
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Figure 5.2 Experiment 2. Mean number of larvae.m-2 (+ SE) from samples taken using the 
venturi-lift (V) within 250 x 250 mm quadrats and the collection of boulders 
(BC), at one location 1, 14 and 55 days post-release (n = 5 quadrats and 
boulders). 
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Figure 5.3 Experiment 3. Mean number of larvae.m-2 (+ SE) from samples taken using the 
venturi-lift (V) within 250 x 250 mm quadrats and the collection of boulders 
(BC), at three locations 2, 14 and 56 days post-release (n = 5 quadrats and 
boulders). 
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Figure 5.4 Experiment 4. Mean number of 2 mm juveniles.m-2 and proportion of total 
number surviving (+ SE), sampled by the venturi-lift within 300 mm, and 
between 300 - 600 mm of three sites, 1, 2, 10 and 42 days post-release (n = 3 
quadrats). Dashed line indicates the mean total proportion of juveniles among 
sites at each time (calculated from the sum of both distance strata within each 
site). Numbers indicate the mean number and percentage (± SE) of the original 
600 juveniles remaining on deployment devices at each time. 

number surviving (+ SE), sampled by the venturi-lift within 300 mm, and 
between 300 - 600 mm of three sites, 1, 2, 10 and 42 days post-release (n = 3 
quadrats). Dashed line indicates the mean total proportion of juveniles among 
sites at each time (calculated from the sum of both distance strata within each 
site). Numbers indicate the mean number and percentage (± SE) of the original 
600 juveniles remaining on deployment devices at each time. 
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Figure 5.5 Experiment 5. Mean proportion (+ SE) of 11 mm juveniles surviving at three 
sites 1, 4 and 8 days post-release. Samples were taken using visual surveys 
within distance strata along transects (10 x 0.5 m) (n = 4 transects). Percentages 
represent the estimated total number of the ~5 500 released juveniles within each 
site at each time. 
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Figure 5.6a Experiment 6. Mean number of 14 mm juveniles.m-2 (+ SE) 93 days after release 
using three survey methods, visual quadrat (VQ), boulder inspection in situ (Bis) 
and disturbed boulder quadrats (BQ), within 0.36 m2 quadrats (n = 15 quadrats). 
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Figure 5.6b Experiment 6. Relationship between the precision (SE/Mean) of three sampling 
methods, visual survey (VQ), boulder inspection in situ (Bis) and disturbed 
boulder sampling (BQ) and the number of 0.36 m2 quadrats used to estimate the 
mean number of 14 mm juveniles.m-2, 93 days post-release (n = 20). 

Figure 5.6b Experiment 6. Relationship between the precision (SE/Mean) of three sampling 
methods, visual survey (VQ), boulder inspection in situ (Bis) and disturbed 
boulder sampling (BQ) and the number of 0.36 m2 quadrats used to estimate the 
mean number of 14 mm juveniles.m-2, 93 days post-release (n = 20). 
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Figure 5.7 Experiment 7. Mean number of 40 mm juveniles.m-2 (+ SE) 122 days after 
release using visual surveys (VQ) and disturbed boulder quadrats (BQ) within 
1 m2 quadrats (n = 5 quadrats). 
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release using visual surveys (VQ) and disturbed boulder quadrats (BQ) within 
1 m2 quadrats (n = 5 quadrats). 
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Figure 5.8 Experiment 8. Mean number of juveniles.m-2 (+ SE) ~770 days after release at 
two locations within two areas. Samples were taken in two stratum; boulder field 
habitat (B) and solid habitat (S), using disturbed boulder sampling within 
1.0 and 0.36 m2 quadrats at Areas 1 and 2, respectively (n = 5 quadrats). 

Figure 5.8 Experiment 8. Mean number of juveniles.m-2 (+ SE) ~770 days after release at 
two locations within two areas. Samples were taken in two stratum; boulder field 
habitat (B) and solid habitat (S), using disturbed boulder sampling within 
1.0 and 0.36 m2 quadrats at Areas 1 and 2, respectively (n = 5 quadrats). 
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Table 5.2 Experiment 1. Summary of analysis of variance in the number of 2 mm juveniles 
removed from a standard substrate at 3 depths using the venturi-lift (n = 5). 
Abbreviations used: degrees of freedom (df), Mean square (MS), F-ratio (F), row 
of mean square denominator (F vs), significance of the F test: P<0.01 (**), 
P<0.05 (*) and not significant (ns) (Cochran's C = 0.5684 ns; variances 3, df 4). 

Source df       MS    F F vs

1 Depth, D 2 0.076 5.90 * 2
2 Error 12 0.013
3 Total 14

 

Table 5.3 Experiment 2. Summary of analysis of variance in the number of abalone 
sampled.m-2 using the venturi-lift and boulder collection, 1, 14, and 55 days after 
their release as larvae at one location (n = 5). Abbreviations used: degrees of 
freedom (df), Mean square (MS), F-ratio (F), row of mean square denominator 
(F vs), significance of the F test: P<0.01 (**), P<0.05 (*) and not significant (ns) 
(Cochran's C = 0.9716*†; variances 6, df 4). †Square root (x + 1) transformed). 

Source df      MS   F F vs

1 Method, M 1 433.57 19.33 ** 4
2 Time, T 2 465.81 20.76 ** 4
3 M x T 2 256.66 11.44 ** 4
4 Error 24 22.43
5 Total 29

 

Table 5.4 Experiment 3. Summary of analysis of variance in the number of abalone 
sampled.m-2 using the venturi-lift and boulder collection, 2, 14, and 56 days after 
their release as larvae at three locations (n = 5). Abbreviations used: degrees of 
freedom (df), Mean square (MS), F-ratio (F), row of mean square denominator 
(F vs), significance of the F test: P<0.01 (**), P<0.05 (*) and not significant (ns) 
(Cochran's C = 0.1667† ns; variances 18, df 4). †Square root (x + 1) transformed). 

Source df       MS    F F vs

1 Method, M 1 153.76 435.93 ** 3
2 Time, T 2 172.33 119.40 ** 6
3 M x T 2 51.10 14.56 * 7
4 Location, L 2 7.36 0.80 ns 8
5 M x L 2 0.35 0.04 ns 8
6 T x L 4 1.44 0.16 ns 8
7 M x T x L 4 3.51 0.38 ns 8
8 Error 72 9.22
9 Total 89
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Table 5.5 Experiment 6. Summary of analysis of variance in the number of 14 mm 
juveniles.m-2 within 0.36 m2 quadrats, sampled after 93 days using the sampling 
methods, visual inspection (VQ), boulders in situ (Bis) and disturbed boulders 
(BQ) (n = 15). Abbreviations used: degrees of freedom (df), Mean square (MS), 
F-ratio (F), row of mean square denominator (F vs), significance of the F test: 
P<0.01 (**), P<0.05 (*) and not significant (ns) (Cochran's C = 1.9391*†; 
variances 3, df 14). †Square root (x + 1) transformed. 

Source df      MS   F F vs

1 Method 2 101.81 27.81 ** 2
2 Error 42 3.66
3 Total 44

 

Table 5.6 Experiment 7. Summary of analysis of variance in the number of abalone 
sampled.m-2 within 1 m2 quadrats at four locations using visual inspection (VQ) 
and disturbed boulders (BQ) (n = 5). Abbreviations used: degrees of freedom (df), 
Mean square (MS), F-ratio (F), row of mean square denominator (F vs), 
significance of the F test: P<0.01 (**), P<0.05 (*) and not significant (ns) 
(Cochran's C = 0.3910*†; variances 8, df 4). †log (x + 1) transformed. 

Source df       MS    F F vs

1 Method, M 1 0.505 14.19 * 3
2 Location, L 3 0.117 2.75 ns 2
3 M x L 3 0.036 0.84 ns 2
4 Error 32 0.042
5 Total 39
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5.4. DISCUSSION 

The development of a monitoring strategy to accurately measure the abundance of released 

individuals through time is essential to measure the success of a release program (Caddy & 

Defeo 2003, Bell et al. 2005, Lorenzen 2005). This success may be measured by the 

contribution of survivors to support the stability and persistence of local populations or their 

recruitment to a fishery. The objective of this chapter was to develop a monitoring strategy to 

accurately estimate the abundance of released H. rubra within release locations. Methods 

investigated in this chapter enabled quantitative estimates of the abundance of H. rubra to be 

measured at points in time ranging from days and weeks to months and years, after their release 

to natural reefs as larvae or juveniles. Conclusions and recommendations for long-term 

monitoring of released abalone to natural reefs are provided (Section 5.4.4). 

5.4.1. Monitoring released larvae 

Methods used to monitor the settlement, establishment and early survival of released larvae 

were successful in measuring the abundance of settled larvae and early juveniles at release 

locations within at least the first 14 days. The collection of boulders provided greater and more 

precise estimates of the number of settled larvae and early juveniles than could be achieved 

using a venturi-lift, within 14 days of the release of larvae. Samples taken using a venturi-lift 

detected less than 32% of those using the collection of boulders within the same period of time. 

The planar sample area described for samples taken using the venturi-lift (250 x 250 mm 

quadrat) regularly included areas of boulder habitat or bedrock that consisted of undulations and 

cracks such that the exposed areas of reef sampled by this method and the collection of boulders 

were comparable. That the areas sampled by each method could not be standardised, as 

described by McShane and Smith (1988), does not substantially detract from the differences in 

densities observed in this study. However, it is clear that the venturi-lift was most effective at 

sampling exposed substrata where its brush could effectively maintain contact with the reef. 

Boulder collections and the associated sampling of interstitial space supported a model for 

higher initial larval settlement and short-term survival on less exposed surfaces.  

Only abalone less than the size of early juveniles (~2 mm) were reliably sampled using the 

venturi-lift in this study. This maximum length is similar to the results presented by McShane 

and Smith (1988, 1991), McShane (1991) and Nash et al. (1995) for wild H. rubra larvae. 

Further, the sampling efficiency of the venturi-lift increased with depth, with ~85% of 2 mm 

abalone sampled at 8 m. This is in contrast to claims by other authors that the venturi-lift could 

be used to sample all recruits of H. rubra up to 12 mm in length (McShane 1991, McShane & 

Smith 1991). This difference is possibly an artefact of the venturi-lift being used at slightly 
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greater depths by other authors (6-10 m reported by McShane and Smith (1991); thereby 

increasing its sampling efficiency). It is also possible that specific differences in the hardware 

and precise methodology could have contributed to these contrasting findings, as also described 

by Nash et al. (1995). 

The complex boulder habitat and relatively shallow depth (<8 m) at locations could have limited 

the efficiency of these methods to accurately measure the abundance of released abalone, 

particularly at times after 14 days. This is possible as after 14 days early juveniles would likely 

have been more cryptic and their distribution more even throughout the topographically 

complex substrata, where there was greater than one layer of boulders. The small and 

inconsistent numbers of juveniles sampled after 55 and 56 days in Experiments 2 and 3, 

respectively, indicated high rates of mortality, limitations in the methods used to detect abalone 

estimated to be ~5 mm SL, or a combination of both of these and other factors affecting their 

abundance and distribution.  

In contrast to other studies using a venturi-lift to survey settled H. rubra of similar size to those 

reported in this study, larvae that I collected were often damaged, and only positively 

identifiable as released individuals through observation of the fluorescent tag in the crushed 

larval shell. It is possible that numbers of settled abalone larvae in previously reported studies 

could have been under-reported due to the possibility of physical damage rendering a proportion 

of individuals in samples difficult or impossible to positively identify. 

More precise estimates of the number of settled larvae were obtained where a greater number of 

larvae were released into a smaller area (Experiment 2), compared with estimates using the 

same sampling methods at locations where fewer larvae were released to a greater area 

(Experiment 3). It was possible that density-dependent effects influenced settlement, with larvae 

settling more consistently where space was more limited and in areas of less favoured substrata.  

Alternatively, preferred settlement substratum at the location in Experiment 2 may have been 

more uniformly distributed, resulting in reduced variation among samples. The identification of 

algal species preferred for larval settlement, and quantified estimates of their cover within larval 

release locations, would aid interpretation of the likely variation in abundance observed through 

time among future locations. 

Alternative means of measuring short-term (<1 week) abalone larval settlement and survival 

could include the placement of artificial substrata within locations of interest (Davis 1995, 

Keesing et al. 1995, Nash et al. 1995, McShane & Naylor 1996, Kiyomoto et al. 2006). Pilot 

experiments within this study used conditioned settlement plates, evenly distributed throughout 

release locations prior to the release of larvae. Settlement of larvae on these plates was 

negligible and inconsistent (mean: 0 - 0.6 larvae.plate-1, n = 5 plates). Where measures of 
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short-term larval settlement and survival are required to ensure the competency of larvae 

released to field locations, or to examine process likely to affect their initial settlement and 

survival, it is likely that settlement plates, inoculated with algal species known to provide high 

settlement preference (Daume et al. 1999, Kiyomoto et al. 2006), or other natural substrata 

(Huggett et al. 2005), could be used to provide more reliable and consistent measures. However, 

the cost of gaining short-term measures of settlement success is unlikely to provide substantial 

long-term benefit, particularly for large-scale releases of larvae. 

Limitations of the venturi-lift demonstrated in results presented in this chapter (including its 

reduced effectiveness in shallow water, or as a consequence of the size of individuals being 

sampled), the potential to damage fragile structures (larval shell) and the effort required to 

obtain and sort samples does not support its continued use in the general monitoring of released 

larvae. Use of the venturi-lift to monitor released abalone would be best employed where 

alternate sampling methods are not possible, where sampling depth is >8 m and abalone are 

predicted to be <2 mm.  

The cost effectiveness of accurately sampling field locations to measure initial settlement and 

early survival of released larvae is considerably affected by the small scale variation in 

settlement within locations and the labour intensive means of isolating and identifying newly 

settled larvae to be of hatchery origin in the laboratory. Even with the use of methods developed 

and described in this chapter to significantly reduce the time required to process samples (by up 

to 60%), and potentially complementary methods advocated by other authors (Hamilton 1969, 

McShane & Smith 1991), the costs of obtaining estimates of successful settlement and 

establishment of released larvae are substantial and opportunity costs are likely to be 

prohibitive. This is particularly the case for the monitoring of larvae released at large scales. It is 

possible that long-term sampling at locations where larvae are released could employ methods 

described for monitoring juveniles that would require substantially less investment in field and 

laboratory effort. 

5.4.2. Monitoring released juveniles 

Results from experiments in this study demonstrated that juveniles can move distances of up to 

5-10 m within 8 days from their point of release, on natural reefs. The distance that juveniles 

disperse has important implications on defining the boundaries of a release location and the 

spatial scale of a monitoring strategy to assess their long-term survival. Rates of dispersal in this 

study manifest as a more homogeneous distribution of juveniles throughout the habitat 

surrounding the points of release within a relatively short period of time (8 days). This dispersal 

throughout the release location supported methods of long-term monitoring that assumed a 

homogeneous distribution of juveniles. Greater and more accurate estimates of the number of 
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juveniles surviving were detected using methods that disturbed the habitat within a release 

location. Experiments describing the dispersal of juveniles in habitat that could not be disturbed, 

and hence where sampling methods to obtain more accurate estimates of abundance could not 

be used, employed consistent methods among locations through time allowing relative estimates 

of abundance to be compared. 

Juvenile dispersal  

The potential of individuals within a population to move beyond the boundaries of a release and 

survey area can have significant implications on the accuracy of estimates of survival and hence 

the conclusions drawn from these data (Schwarz & Seber 1999, Schwarz 2005). The movement 

of abalone has been described by a number of authors in response to their ontogeny (Hines & 

Pearse 1982, Tegner & Butler 1989, Tarr 1995, Shepherd & Daume 1996, Kiyomoto & 

Yamasaki 1999) and levels of disturbance including that during the process of tagging (Poore 

1972, Ault & DeMartini 1987, Day & Fleming 1992, Tarr 1995, Dixon et al. 1998, Guzman del 

Proo et al. 2004), habitat disturbance (Poore 1972), fishing (Dixon et al. 1998, Officer et al. 

2001), food availability (Hines & Pearse 1982, Werner et al. 1995, Kiyomoto & Yamasaki 

1999), density (Davis 1995, Tarr 1995) and release from a hatchery (Saito 1984, Tegner & 

Butler 1985, de Waal et al. 2003, Dixon et al. 2006). Distances moved by individuals reported 

in these studies range from <1 m and up to 100s m over timescales of ~1 month to 3 years.  

Determining the scale of dispersal of juvenile abalone from their point of release is a critical 

component of developing a strategy to release individuals to natural reefs and to efficiently and 

accurately monitor their abundance as part of a stock enhancement program (Saito 1984, Tegner 

& Butler 1985, Tegner 1992, Schiel 1993, Werner et al. 1995, Tegner 2000, de Waal et al. 

2003). That juveniles disperse into the surrounding habitat from a deployment device holding a 

large number of individuals is not unexpected. However, understanding the scales over which 

juveniles disperse can inform the structured release of aggregations of juveniles (in deployment 

devices) to sites within a release location so that the distribution of juveniles within the location 

becomes relatively even within a short period of time (Plate 5.4). The even distribution of 

juveniles within a release location can then support an efficient sampling design to accurately 

measure abundance whilst reducing negative affects of higher densities on survival e.g. pressure 

form roving predators. Moreover, a greater understanding of the scale of dispersal can inform 

the possible loss of individuals from a location due to migration and, where quantified, provide 

a means of providing less conservative, higher estimates of long-term survival, despite the fact 

not all survivors would be contributing from within a survey location (e.g. Glazer 2005). Habitat 

heterogeneity, behaviour and a number of other factors will ultimately influence the final pattern 

of distribution within and beyond a release location. However, the initial distribution of 
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juveniles within a release location and their dispersal does provide a more homogeneous 

distribution within a short period of time and supports more efficient sampling in the long-term. 

Plate 5.4 Representation of a release location (dashed box) containing a regular 
distribution of release sites (black squares), providing a distance of ~10 m 
between sites, allowing for the relatively even, theoretical, distribution of 
juveniles (circles) from a deployment device at each release site throughout the 
location after ~8 days, accepting a level of migration from the survey location 
into surrounding area (solid box), not to scale. 

 

In this study hatchery-reared juveniles in experiments 4 (~2 mm SL) and 5 (11 mm SL) 

dispersed from their point of release up to 600 mm in one day and between 5-10 m in eight 

days, respectively. The rate of dispersal described for larger juveniles is similar to that described 

by Saito (1984) for H. discus hannai (8-50 mm SL) within 1-2 months. In contrast, de Waal et 

al. (2003) described the limited active dispersal (<3 m) of H. midae (12 and 24 mm SL) and 

significant differences in dispersal among locations, and suggested more active dispersal was 

due to increased exposure to intensive wave action. Locations in this study were on natural reef 

at a depth of ~6 m and were not subject to substantially different or extreme sea conditions 

during the survey periods. Moreover, the release locations provided an abundance of seemingly 

preferred habitat, including stable cryptic habitat and a diverse algal cover, suggesting a 

tendency for reduced dispersal activity (Tarr 1995, Dixon et al. 1998, de Waal et al. 2003, 

Dixon et al. 2006). Further, the disturbance of habitat and juveniles during sampling was 

negligible in each experiment and is unlikely to have contributed to the patterns of dispersal. 

For example, in Experiment 4 each site was sampled only once, and sampling in Experiment 5 

consisted of visual surveys, where no habitat or individuals were disturbed. However, relatively 

high initial densities of juveniles (Davis 1995) and associated factors including reduced food 
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availability (Werner et al. 1995) in concert with processes involved in handling and release  

(Saito 1984) could have resulted in a greater tendency for active dispersal.   

The scale of the distance strata surveyed to monitor the dispersal of larger juveniles (11 mm SL) 

was adequate to detect dispersal within the time periods surveyed. This was demonstrated by no 

juveniles being detected beyond 2 and 5 metres after 1 and 4 days, respectively and the 

detection of juveniles in this more distant strata after 8 days. Further, that the spatial distribution 

of larger juveniles became relatively consistent among the distance strata through time, beyond 

2 m from their point of release, indicated reduced active dispersal over the same period. These 

results support the conclusion that an array of release sites separated by up to 5-10 m within a 

location can result in the substantial overlap of abalone dispersed from different sites within a 

short period of time, and can facilitate sampling within the location to obtain representative 

estimates of density and monitoring of long-term survival. 

Despite results from Experiment 4 and 5 indicating that the methods used were adequate to 

describe juvenile dispersal and provide relative measures of abundance through time, the total 

number of abalone detected within sites at any time indicated that >50% and >80% of those 

juveniles released were unaccounted for, respectively (with the exception of Site 1, after 1 day 

in Experiment 5). Further, results from both experiments indicate that it was unlikely that 

migration from the survey area was a substantial contributing factor in these findings. For 

example, in Experiment 4 there were reliable averages of 41%, 27% and <5% of juveniles 

remaining on deployment devices after 1, 2 and 10 days, respectively; small proportions (<5%) 

of juveniles were detected within both distance strata from the release point and; <3% of 

juveniles were detected in the most distant strata (600 mm) at any time. This suggests that 

migration through the most distant strata was unlikely to have substantially contributed to the 

50% of juveniles unaccounted for and indicates the importance of devices to act as a source of 

juveniles. In Experiment 5, 6 - 14% of the 5500 juveniles released to each site were detected at 

any time (with the exception of Site 1, one day after release) and the dispersal distances 

surveyed were demonstrated to adequately detect dispersal during the survey period. However, 

it is likely that migration from the release location could occur during longer periods of time. 

For example, Saito (1984) described the final uniform dispersal of released H. discus hannai (8-

50 mm SL) after 1 year, over an area of 50 m from their release point. Extending the sampling 

effort beyond the immediate release area to obtain quantitative estimates of the abundance of 

released individuals was not possible within the resource constraints of this thesis. However, an 

assessment of the contribution and impact released individuals could have beyond the 

immediate release area would require consideration particularly where any large-scale release of 

individuals was planned. 
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It was concluded that the sampling methods used to assess dispersal were inaccurate at sampling 

absolute abundance. This is likely to have been due to topographically complex and solid 

habitat that could not be disturbed for sampling, and the behaviour of released juveniles (to seek 

more cryptic habitat). Other processes likely to have affected estimates of the absolute 

abundance include predation (Hines & Pearse 1982, Tegner & Butler 1985, 1989, Shepherd et 

al. 2000, Dixon et al. 2006) and mortality associated with  the process of handling and release, 

particularly within short periods of time after release (Tegner & Butler 1989, Schiel 1993, 

McCormick et al. 1994). Predation of hatchery-reared and released abalone can be high (Tegner 

& Butler 1985, McCormick et al. 1994, Shepherd et al. 2000). Tegner and Butler (1985) 

describe annual estimates of mortality, measured as the percent of recaptured shells within a 

release location, of up to 42%. Further, through investigation of the type of damage to the 

recovered shell, they attributed equal proportions of mortality to predation by octopus, predation 

by crustaceans and processes related to handling and release. However, accurately estimating 

mortality associated with predation, through the collection of discarded shells and typing of 

shell damage, is problematic. This is not only because some predators may destroy the shell 

beyond recognition (Schiel & Welden 1987) but also because some predators, including fishes, 

may consume the whole animal, leaving no evidence in the form of a discarded shell 

(McCormick et al. 1994, Shepherd & Clarkson 2001). However, it was concluded that processes 

associated with mortality were unlikely to have made a relatively substantial contribution to the 

large underestimates of absolute abundance, compared with that of the complex topography 

combined with the behaviour of juveniles to seek cryptic habitat. This is because there was no 

indication of high mortality of abalone within 24 hours of release. For example, there was no 

observation of high numbers of empty or broken shells or high rates of intensive predation 

within short periods of time after release (personal observation).  

5.4.3. Long-term sampling 

The abundance of juvenile and early adult haliotids, particularly H. rubra, is difficult to 

accurately assess because of their cryptic distribution often among complex topography in rocky 

habitat. The physical attributes of this habitat restrict the methods available to carry out 

assessments within it. Habitat unable to be disturbed and thoroughly sampled, including that 

consisting of boulders cemented together by a cover of encrusting algae and concreted sediment, 

and bedrock with cracks and fissures, provides many niche areas similar to those provided by 

similar habitats that can be disturbed, such as boulder fields. Methods to obtain the most 

accurate estimates of the abundance of juveniles and early adults requires samples to be taken 

from the entire habitat supporting their distribution. To determine the best methods for assessing 
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long-term abundance of released juveniles, estimates of abundance were compared among 

methods employing different levels of habitat disturbance within boulder fields.  

I demonstrated that different methods provide significantly different measures in the accuracy 

and precision of samples to estimate density, and consequently abundance over long periods. 

Disturbance of the substrata was a key issue. Samples obtained where substrata was disturbed 

provided greater, more precise and more accurate estimates of the density of juveniles released. 

Boulder sampling in situ detected about 33% of samples where boulders were disturbed but 

provided consistently greater estimates of the density of juveniles than visual surveys, whilst 

only minimally disturbing the habitat and the abalone within it. Visual surveys, where no 

substrata was disturbed, detected 0-5% and consistently <33% of juveniles where boulders were 

disturbed. Visual surveys provided the lowest precision of each of the methods tested and 

Boulder sampling in situ provided measures of precision similar to those of visual surveys. 

The relative imprecision and inaccurately low estimates of density obtained using visual surveys 

and boulder sampling in situ indicates these methods are unlikely to provide rigorous data to 

assess the success of releasing abalone to natural reefs. However, that abalone become less 

cryptic as they become larger suggests it is possible that visual surveys may support measures of 

abundance after longer periods of time that are more precise and accurate than those provided 

within months of release. This is more likely to be the case where surveys are done in habitat 

that is not topographically complex and where abalone have grown to a length where they 

become emergent. It is also likely that visual surveys can provide adequate measures of relative 

abundance (Andrew et al. 1996, Hart et al. 1997, Gorfine et al. 1998, Tarr et al. 2000, Mundy et 

al. 2006), particularly of emergent and adult abalone populations.  

Thorough sampling of boulder habitat, including multiple layers of boulders, provided the 

greatest, most precise and accurate measures of abalone density. In particular, where abalone 

had been released for >3 months, this method consistently detected the presence of abalone 

where methods employing visual surveys did not (Experiment 7). That more reliable and 

consistent estimates of the number of abalone surviving though time could be obtained using 

sampling methods that employed increasing levels of disturbance of the substratum was not 

surprising, considering the niche cryptic habitats preferred by the different life history stages of 

H. rubra. 

Where boulder field habitat within release locations had been substantially disturbed by natural 

processes (rough seas) after the release of individuals, long-term measures of abalone 

abundance can be more precisely and accurately determined where a stratified sampling 

approach is used to account for observed unequal densities among two physically defined areas. 

For example, where juveniles had been released to natural reefs for >2 years and where release 
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locations had been exposed to episodes of habitat disturbance caused by rough seas, samples 

taken from disturbed boulder habitat recovered <30% of samples taken in more solid habitat 

(Experiment 8).  

Greater numbers of smaller replicates provided greater levels of precision in the density of 

abalone detected at a release location, although comparative samples were not obtained from the 

same locations (Experiments 6 and 7). Despite this, the precision of a number of methods was 

low, reflecting the small scale patchy distribution of abalone within locations as well as the 

number of replicate samples taken. Moreover, larger sample units were often required to obtain 

measurements of density using the stratified sampling approach as boulders were required to be 

located within a quadrat that also contained between 25 - 50% of solid habitat  (Section 5.2.5, 

Stratified sampling). Juveniles were conspicuous and sampling was undertaken by divers that 

were experienced and trained to observe small abalone underwater. Further, sampling was 

generally undertaken during calm conditions with good underwater visibility. It is unlikely that 

observer error could have substantially affected differences among times or between the 

methods tested. 

5.4.4. Conclusion and recommendations 

A number of methods used to measure the abundance of settled larvae and juvenile abalone 

indicated that accuracy and precision is affected by a number of factors including depth, size of 

individuals and habitat type in addition to the specific sampling method and level of replication. 

That sampling methods that did not disturb the substrata returned less precise, less accurate and 

lower estimates of the numbers of individuals surviving meant that the potential effects of 

sampling disturbance on successive estimates were required to be accepted as part of the 

monitoring strategy to estimate the abundance of abalone released as larvae or juveniles to 

natural reefs though time. Importantly, as most factors affecting the accuracy of sampling 

methods resulted in underestimates of recaptured abalone and that only positively identified 

individuals were assessed, estimates of survival derived from these methods are likely to be 

conservative and constitute minimum values. 

Sampling released larvae within the period of time before they grow to early adults can be 

prohibitively costly in terms of field sampling and laboratory sorting time. Further, the use of 

the venturi-lift described in this study to measure larval settlement and persistence through to 

early juveniles (~2 mm) has limitations including depth related inefficiencies. Use of this 

method in shallow water and on individuals estimated to be in excess of ~2 mm would likely 

provide results biased towards an underestimation of abundance. Where the abundance of 

individuals sourced from the release of larvae are sought within timeframes of 0-3 months, 

sampling via the collection of boulders is likely to provide more precise and accurate estimates. 
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The monitoring strategy to measure the abundance of abalone released as larvae in Chapter 6 

employed boulder collections within the first 2 months after release.  

Investigation of the dispersal of juveniles released among complex habitat was critical for 

subsequent releases (Chapter 6). Juveniles, released in deployment devices to sites separated by 

up to 5-10 m within a release location, can disperse into the surrounding habitat and become 

relatively evenly distributed within relatively short periods of time (<1 month). This distribution 

of juveniles supports efficient sampling designs involving the haphazard placement of sample 

units within a release location to obtain representative estimates of the number of juveniles 

surviving rather than having to stratify the survey area by distance from each release site.  

Disturbed boulder sampling within boulder field habitat resulted in more precise and accurate 

estimates of abundance of released juveniles through time compared with alternative methods 

tested. Further, sampling effort enabling greater numbers of smaller replicates resulted in more 

precise estimates of density for equivalent effort. However, where boulder habitat within release 

locations showed signs of substantial disturbance, indicated by boulders being rumbled clean of 

algae or with algal growth on the underside of boulders, stratified sampling within the boulder 

field and solid habitat would be necessary to provide more accurate estimates of the number of 

released individuals surviving. Long-term sampling within release locations should employ 

methods enabling high levels of replication and support the disturbance of the substrata so that 

the habitat supporting the population can be thoroughly sampled.  

Using sampling methods that enable the most accurate measures of the abundance of released 

juveniles to be made over long periods of time (~18 months - 2 years), will allow the utility of 

releasing H. rubra to enhance local populations to be determined. Further, tagged individuals 

recaptured after long periods of time will enable estimates of the rate of growth to be included 

in assessing the bio-economic feasibility of releasing juveniles. In conclusion, multiple 

approaches are required if assessments of abundance are required from the settlement of larvae 

in the field to abalone of commercial length. Most assessments may more simply focus on the 

release of larger individuals and thus their assessment only requires a sampling strategy where 

individuals can be quickly and easily identified in the field using sampling methods that 

thoroughly survey the habitat supporting them. The indelible tagging of released individuals 

(Chapter 3) is critical for their identification throughout the assessment process. The results of 

long-term releases and a bio-economic assessment of a stock enhancement program for H. rubra 

in NSW are presented in Chapter 6.
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6. LONG-TERM SURVIVAL AND GROWTH OF RELEASED HALIOTIS RUBRA AND 

A BIO-ECONOMIC ASSESSMENT OF ITS STOCK ENHANCEMENT IN NSW 

6.1. INTRODUCTION 

The primary objective of a stock enhancement program is to add value to a population, either 

through the contribution of individuals to support its viability or to support the harvest of 

released individuals and provide positive economic returns (Hilborn 1998, 1999, Bell et al. 

2005, Lorenzen 2005, Bell et al. 2008). Estimates of long-term survival and growth of released 

individuals are critical to assess this objective, and form the basis of the biological component 

in a bio-economic assessment of such a program to determine its financial viability. Further, the 

impact of releasing individuals on the abundance of the wild population is an important factor in 

determining the value of a release program. If released individuals replace, rather than 

supplement, processes that enable the growth of a wild population, the value of a release 

program is likely to be negligible (Hilborn 1998, Bell et al. 2005). 

Spatial and temporal variation in demographic processes affecting the population size of many 

marine organisms are well documented (Keough & Downes 1982, Olafsson et al. 1994, Caley et 

al. 1996, Eckman 1996). Further, depensatory processes affecting population size can have 

significant consequences on the persistence of a local population (Myers et al. 1995, Dulvy et 

al. 2003, Gardmark et al. 2003). Abalone exhibit demographic characteristics that make local 

populations vulnerable to depensatory effects, over exploitation and decline (Prince et al. 1987, 

Prince et al. 1988a, Babcock & Keesing 1999). The long-term persistence of ecologically 

functional abalone populations at spatial scales where abundance has declined due to processes 

such as disease and overfishing has not been formally assessed (although see Hobday et al. 

2001, Miner et al. 2006). However, the loss or decline of abalone populations that have 

supported more viable commercial fisheries has been widely described (Breen 1986, Guzman 

del Proo 1992, Haaker et al. 1992, Tegner et al. 1992, Masuda & Tsukamoto 1998, Shepherd et 

al. 2001, Branch & Clark 2006, Appleford et al. 2008). The decline in abundance of local 

populations of H. rubra in NSW, Australia has been wide spread with declines of over 75% of 

historical levels in areas at the northern expanse of the fishery, due in substantial part to disease 

(Anon 2005c). There has been limited recruitment to these populations after declines were 

observed up to eight years previously, with the populations continuing to reflect levels of 

substantial depletion (Anon 2005c, 2008b). 

Research into the use of hatchery-reared abalone to enhance local populations has a history 

dating back to the 1960s (Ino 1966, cited in Tegner & Butler 1985, Gutierrez-Gonzalez & 

Perez-Enriquez 2005, Tauchi 1984, cited in Hamasaki & Kitada 2008). Since then, the release 
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of abalone, primarily as juveniles, has been trialled at numerous scales in many countries 

including Australia (Preece et al. 1997, Shepherd et al. 2000, Dixon et al. 2006, Goodsell et al. 

2006, James et al. 2007), Japan (Saito 1984, Kojima 1995, Masuda & Tsukamoto 1998, Seki & 

Taniguchi 2000, Hamasaki & Kitada 2008), Mexico (Guzman del Proo et al. 2004, Gutierrez-

Gonzalez & Perez-Enriquez 2005), New Zealand (Schiel 1992, 1993, Roberts et al. 2007b), 

South Africa (Sweijd et al. 1998, de Waal et al. 1999) and the United States of America (Tegner 

& Butler 1985, 1989, Ebert & Ebert 1991, Rogers-Bennett & Pearse 1998, Tegner 2000). These 

studies have demonstrated substantial differences among species, along with spatial and 

temporal variation in success; as measured by the proportion of released individuals surviving 

through time. This variability highlights the difficulty and risk in developing and applying 

generalities across species and scales (see summary tables in McCormick et al. 1994, Shepherd 

1998, Stoner & Glazer 1998, Bell et al. 2005, Hamasaki & Kitada 2008). The commercial-scale 

release of abalone has only been supported and continued in Japan, where between 6.9-83.5% of 

the abalone released at local scales have been recaptured to the commercial fishery (Hamasaki 

& Kitada 2008). However, review of these expansive release programs, that have continued 

over recent decades, highlight significant spatial variation in value, dominated by variation in 

survival, and a need for rationalisation to improve efficiencies and effectiveness (Masuda & 

Tsukamoto 1998, Seki & Taniguchi 2000, Hamasaki & Kitada 2008). 

The release of larvae as a means to enhance local populations of abalone has been investigated 

at small scales and at few locations (Tegner et al. 1986, Tong et al. 1987, Schiel 1992, Preece et 

al. 1997, Shepherd et al. 2000, Tegner 2000). The motivations for these investigations have 

predominately included the relatively low cost of producing larvae (Schiel 1992, Tegner 2000, 

Gutierrez-Gonzalez & Perez-Enriquez 2005), failure of juvenile releases and recruitment 

limitation (Tegner et al. 1986, Tegner 2000) and the possibility of increased fitness of surviving 

individuals compared with hatchery-reared and released juveniles (Tong et al. 1987). However, 

despite rates of survival reported by Tong et al. (1987; ~0.4% at 2-3 mm) and Schiel (1992; 

0.06% at 4-5 months, ~5 mm), the release of abalone larvae has been described as of limited 

value, compared with the release of juveniles. This has been due to the interaction of a number 

of factors including comparative value, high rates of mortality, proposed logistic difficulties in 

their release and increased uncertainty of results (Schiel 1992, Shepherd et al. 2000). Despite 

this, the practice has continued, without quantitative assessment, in Mexico since the 1960s and 

regularly since the 1980s (Gutierrez-Gonzalez & Perez-Enriquez 2005). There has been no 

long-term (>18 months) quantitative assessment of the contribution released, batch-tagged 

larvae may provide to enhance local populations of abalone. 

Abalone released on to natural reef suffer high rates of mortality soon after release (Tegner & 

Butler 1985, 1989, Schiel 1992, Osumi 1999, Shepherd et al. 2000, Tegner 2000). Some of the 
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proposed mechanisms by which this occurs have included disproportionately higher rates of 

predation and/or competition for limiting resources where they have been released in dense 

aggregations within small areas (Tegner & Butler 1989, Shepherd et al. 2000, Tegner 2000, 

Heasman 2006). However, a number of studies have described relatively high rates of survival 

of juvenile abalone released at high densities within small areas (McCormick et al. 1994, 

Sweijd et al. 1998, Seki & Taniguchi 2000, de Waal & Cook 2001, Roberts et al. 2007b). It is 

likely that where dense aggregations of juvenile abalone have been released at small spatial 

scales, rates of dispersal (this study; Chapter 5, Saito 1984, Seki & Taniguchi 2000, de Waal et 

al. 2003) may negate or limit processes driving potential differences in mortality associated 

with high release densities. That juvenile abalone released in fewer dense aggregations may 

suffer higher rates of mortality than if released in more aggregations of lower density has 

obvious and important implications for initial and long-term estimates of survival, as well as the 

logistic management of abalone through the process of their release and therefore the value of a 

stock enhancement program.  

The rates of survival of released juvenile abalone have also been described as being 

substantially affected by their length at release, with rates of survival increasing with length, 

although spatial  variation among rates of survival is high (Saito 1984, Inoue 1976, cited in 

Tegner & Butler 1989, Roberts et al. 2007b). There are also several studies where the length at 

release of juvenile abalone has had no effect on survival, commonly where survival has been 

very low among all length classes (Tegner & Butler 1985, 1989), or where differences in 

survival have been primarily attributed to either disturbance (Schiel 1993) or differences (Seki 

& Taniguchi 2000) among habitats. Schiel (1992) also describes the increased likelihood of 

larger abalone being exposed to detrimental conditions within a hatchery rendering them more 

susceptible to mortality once released. Further, Seki and Taniguchi (2000) and Roberts et al. 

(2007b) describe substantially increased value in the release of juveniles <30 mm and ~10 mm, 

respectively, into specifically defined habitats. The length of hatchery-reared abalone has 

important implications for the value of a release program, including the costs of production, 

because larger abalone cost more to produce than smaller abalone. Costs associated with larger 

individuals include production limiting costs such as reduced space to grow individuals and 

greater financial inputs of food and maintenance for longer periods of time. Although it is 

generally accepted that increases in size at release are commensurate with increased rates of 

survival, there is a point where production costs outweigh likely returns from improved rates of 

survival (Tegner & Butler 1989, Schiel 1992, Roberts et al. 2007b, Hamasaki & Kitada 2008). 

The lengths of H. rubra juveniles (7-15 mm SL) used in this study represent lengths at which 

instantaneous rates of natural mortality decline rapidly from ~2.5 (Shepherd & Breen 1992) and 
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lengths at which rates of production within a hatchery allow substantial numbers of individuals 

to be produced.  

Rates of growth of released abalone are important as they, in association with estimates of 

survival, enable estimates of the time required for released abalone to contribute to important 

demographic (maturity) and fishery (minimum legal length; MLL) length-classes in a local 

population. Further, faster growing abalone will survive at greater rates where length-related 

processes affecting survival operate. High rates of growth and other demographic processes that 

interact to result in a more productive population have important implications for the value of a 

release program. Greater rates of growth and survival translate to greater proportions of larger 

length classes and greater financial returns as more abalone reach harvestable size within shorter 

time periods.  

Despite the importance of assessing the impact of releasing individuals on wild populations and 

the consequent effect on the value of a release program (Hilborn 1998, Caddy & Defeo 2003, 

Hilborn 2004, Bell et al. 2005), few studies within the marine environment describe any 

assessment of wild populations in association with releasing individuals (but see Leber et al. 

1995, Crowe et al. 2002, Seitz et al. 2008). Unless appropriate resources such as food and space 

are available for released individuals and/or the natural population is not recruitment limited, it 

is unlikely that released individuals will provide a net increase to population growth or future 

harvests (Hilborn 1998, Caddy & Defeo 2003, Hilborn 2004, Bell et al. 2005). In fact, the 

release of individuals may precipitate negative impacts on wild populations through increased 

pressure on natural resources thereby limiting the growth of the wild population, increasing 

levels of predation through the attraction of itinerant predators, replacement of natural recruits 

and reduced genetic integrity of future populations. There have been no reported studies 

describing the monitoring of wild and released individuals at multiple release and control 

locations to assess the long-term impact of releasing individuals on the abundance of wild 

populations. 

Following from this, the value of many stock enhancement programs has been criticised for a 

lack of accountability and the determination of targets to facilitate assessment (Hilborn 1998, 

Caddy & Defeo 2003). Bio-economic assessment and determination of investment choices will 

be intrinsically tied to the management objectives of a stock enhancement program (Lorenzen 

2005) as well as the management policy developed to control and guide the returns to investors 

and stakeholders (Arnason 2008). 

Important drivers of any bio-economic assessment of a stock enhancement program are accurate 

estimates of biological parameters including survival and growth of released individuals in 

association with estimates of economic inputs and returns. Further, the decision to invest in a 
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stock enhancement program requires an understanding of the biological system being 

manipulated and the financial capacity of the fishery. The nature of the population depletion is 

an issue with respect to the projected and realised success of an enhancement program. 

Populations depleted through disease are likely to result in lower rates of enhancement success 

than those depleted through overfishing. Finally, investment in a financially viable stock 

enhancement program requires comparison against alternative investment opportunities. A 

means of assessing this is through analysis of the Net Present Value (NPV) of the investment 

against the opportunity cost of an alternative, providing a declared rate of return (Caddy & 

Defeo 2003).  

The objectives discussed in this chapter were to: 1) quantify the long-term (>2 years) survival 

and growth of batch-tagged H. rubra larvae and juveniles released to natural reefs; 2) determine 

the impact of releasing H. rubra on the abundance of wild populations; 3) provide a 

bio-economic analysis of a stock enhancement strategy for H. rubra in NSW; and 4) provide 

recommendations for the implementation of a stock enhancement management strategy for the 

NSW abalone fishery.  

A series of six field experiments were done to determine: a) the long-term (>2 years) survival 

and growth of abalone, released as larvae, to replicated locations; b) the effect of releasing 

juveniles in a diffuse array or as a concentrated group on their long-term (>2 years) survival and 

growth; c) the impact of releasing juveniles on the abundance of the total and wild abalone 

populations at multiple locations, through the monitoring of released and wild abalone at release 

and control locations through time; d) the long-term (>2 years) survival and growth of abalone, 

released as juveniles, to replicated and individual locations across the geographic distribution of 

the NSW abalone fishery; and e) provide data to support a bio-economic assessment of the 

financial viability of an abalone stock enhancement program. 
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6.2. METHODS 

All measures of abalone survival and growth described in this chapter are derived from the 

recapture of hatchery-reared, batch-tagged and released abalone larvae and juveniles using the 

methods and recommendations described in Chapters 4 and 5, that are summarised in sections 

4.4.3 (Chapter 4) and 5.4.4 (Chapter 5), respectively and in Table 6.1. All releases and the 

monitoring of released and wild abalone populations were done at locations consisting of areas 

of natural reef that had not been manipulated or disturbed prior to sampling. Locations extended 

from Fingal Island, Port Stephens, on the lower north coast to Disaster Bay on the south coast of 

New South Wales, Australia (Figure 6.1). Reference to larvae, juveniles and abalone throughout 

this chapter refers to those that have been batch-tagged and positively identified as of hatchery 

origin, unless otherwise stated in the text. The term 'survival' is used conservatively in the 

context of the total number of positively identified abalone recovered during sampling from 

within a defined release location only and therefore constitutes minimum survival rates. General 

protocols describing location selection criteria, the general sampling strategy, including that 

within solid habitat are outlined below in Section 6.2.4. 

6.2.1. Long-term survival and growth of larvae 

Experiment 1 - survival and growth of released larvae 

Experiment one was designed to measure the spatial and temporal variation in survival of 

released larvae. The shell length of recaptured abalone was measured to describe variation in the 

rates of growth among individuals released as larvae. It was predicted that the total number of 

abalone within locations would decline rapidly within the first 60 days post-release and that 

survival of abalone through time would be consistent among locations.  

At each of three locations  (A, B and C) along the north coast of Fingal Island, Port Stephens, 

NSW (Figure 6.1; Section 6.2.4.1 Location selection) 1.1 million larvae were released. 

Locations were sampled at 7 times up to 553 days post-release (1.5 years; Table 6.1, Section 

6.2.4.2 Sampling strategy). Sampling methods included the collection of boulders (BC), boulder 

sampling in situ (Bis) and boulder sampling with disturbance (BQ; Chapter 5, Section 5.2.5; 

levels of replication and sample unit size are detailed in Table 6.1). All abalone that were 

sampled were collected and examined for positive identification of a calcein labelled, 

batch-tagged, larval shell (as described in Chapter 3, Section 3.2.1). All positively identified 

abalone collected at 196 and 553 days post-release had their total shell length (SL mm) 

measured (Table 6.1; Section 6.2.4.3 Growth). 
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An additional 2 million larvae were mistakenly added to each location 237 days after the initial 

release. The differentiation between abalone sampled 553 days after the initial release with 

those released 237 days later was determined by inferring the rates of growth required to reach 

the length of those individuals recaptured. All of those positively identified abalone recaptured 

553 days after the initial release were allocated to have survived from the initial release. This 

decision was based on the improbable growth rates of between 110 - 180 μm.day-1 (average 

130 μm.day-1) required if they had originated from those larvae released 237 days after the 

initial release.  

6.2.2. Long-term survival and growth of juveniles 

6.2.2.1.  Replicated locations   

Experiment 2 - diffuse and concentrated release of juveniles 

Experiment two was designed to test the hypothesis that the number of juveniles surviving after 

>2 years at locations where they were released in a diffuse array (10 deployment devices, 

hereafter called devices, of 100 juveniles) would not be significantly different from the number 

surviving at locations where they were released in a concentrated group (one device holding 

1 000 juveniles). Further, it was hypothesised that there would be no significant difference in 

the mean rate of growth (mm.yr-1) of abalone released in a diffuse array or in a concentrated 

group after >2 years. 

Six locations were defined along the northern coast of Disaster Bay, NSW (Figure 6.1; Section 

6.2.4.1 Location selection). At each location 1 000 abalone (15 mm SL) were released either in 

a diffuse array of devices (Locations A-C) or a single concentrated group (Locations D-F; Table 

6.1). Within 'diffuse' locations the 10 devices were evenly distributed among the habitat within 

an area of ~115 m2. Where abalone were released to 'concentrated' locations a single device was 

placed at the centre of an area defined by a 6 m radius (113 m2). 

Within the first 363 days, sampling within 'diffuse' locations consisted of disturbed boulder 

sampling within quadrats haphazardly distributed throughout each location at each time (n = 25; 

Table 6.1; Section 6.2.4.2 Sampling strategy). Similarly, sampling within 'concentrated' 

locations, within the first 363 days, utilised the same total number of quadrats and disturbed 

boulder sampling method. However, sampling at 'concentrated' locations was done within 

specific distance strata from the device so that concentric rings of area radiating from the centre 

of the site were sampled in equal proportion. The distance strata were increments of 0-2, 2-3, 

3-5 and 5-6 m from the release point. The number of quadrats sampled within each stratum was 

3, 3, 11 and 8 respectively. Quadrats were haphazardly distributed within each stratum at each 

location. This sampling design provided the same sample area to survey area ratio within and 
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among all locations and strata, i.e. ~8% of each location and 8% of each distance strata in 

'concentrated' locations was sampled at each time. Earlier work indicated that juveniles would 

be well dispersed into the surrounding habitat within 8 days (Chapter 5, Experiment 5). 

However, this sampling design enabled distance strata to be equally proportionally sampled at 

each time and estimates of the mean total number of abalone to be made without relying on the 

assumption of their even distribution. This design also enabled all locations to be sampled 

within one day using a three person dive team at each sampling time. Sampling at each location 

at 769 days post-release was within solid habitat, due to the substantial disturbance of boulder 

habitat within about 4 months of sampling (inferred from clean rock surfaces and lack of algal 

growth on disturbed boulders), and utilised 1 m2 quadrats haphazardly cast within each location 

(n = 5; Table 6.1; Section 6.2.4.2 Sampling strategy).  

The mean total number of abalone at each 'concentrated' location, prior to 769 days post-release, 

was calculated as the sum of the total number of abalone within each of the distance strata. The 

standard error for the total number of abalone within each location was calculated as the sum of 

the standard errors from samples taken within each distance stratum multiplied by the 

proportion of the total area occupied by each stratum. Abalone collected during sampling at 363 

and 769 days post-release were measured for growth (Table 6.1; Section 6.2.4.3 Growth). 

Experiment 3 - replicated and controlled release of juveniles 

Experiment three was designed to measure the impact of releasing juvenile abalone on 1) the 

total number of abalone surviving; 2) the total number of all wild abalone; and 3) the number of 

wild abalone in four length classes (very-small (0<30 mm); small (30<60 mm); medium 

(60<115 mm); large (≥115 mm)), within a naturally depleted wild population, through time for 

>2 years. It was hypothesised that the total number of all abalone (released and wild) at release 

locations would be significantly greater than at control locations and this would be consistent 

through time, for >2 years. It was also hypothesised that the total number of all wild abalone 

and wild abalone in each of the four length classes would not be significantly different at release 

or control locations through time, for >2 years. Finally, as locations were within relatively close 

proximity and there was no differentiation between abalone released among locations, it was 

hypothesised that there would be no significant difference in the mean length (mm) of abalone 

released among release locations after >2 years. It was predicted that juveniles released to 

locations would survive and grow at similar rates through time, their number would 

significantly enhance those of wild stocks and that the release of abalone would not have a 

negative impact on the number of wild conspecifics. 

Four release and control locations were identified along a 5 km length of coast immediately 

south of Kiama, NSW, Australia (Locations A-D and E-H, respectively, Figure 6.1). The 
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abundance of wild H. rubra within locations was not quantitatively assessed prior to the release 

of abalone. Qualitative assessment during surveys to define location boundaries identified low 

abundances (<10 emergent individuals) of extant populations of H. rubra within all locations 

(personal observation). At each of the four release locations (A-D) 9 000 abalone (14 mm SL) 

were released in eleven devices, each holding approximately 820 abalone.  

Sampling at the release and control locations 108 and 280 days post-release consisted of 

disturbed boulder sampling within quadrats haphazardly distributed throughout each location 

(n = 10; Table 6.1; Section 6.2.4.2 Sampling strategy). Sampling at 777 days post-release was 

within solid habitat only (n = 5; Table 6.1; Section 6.2.4.2 Sampling strategy). Sampling within 

solid habitat at this time was done for reasons described in Experiment 2 i.e. substantial 

disturbance of boulder habitat within about 4 months of sampling. At each time the number of 

released abalone and the number of wild abalone in the four length classes was counted. The 

length class of wild abalone was determined by comparison of the shell length with known 

lengths marked on the diver's slate. At 108 days post-release, up to the first ~50 individuals 

observed were collected and measured for growth from each location. All abalone observed at 

subsequent sampling times were collected and measured for growth (Table 6.1; Section 6.2.4.3 

Growth). 

6.2.2.2. Single locations  

A number of batches of abalone were released at single locations. The release of abalone in 

experiments 4-6 was done with the objective to obtain estimates of the variation in survival and 

growth of released abalone through time at locations separated by large distances. It was 

predicted that the total numbers of juveniles would decline through time and that rates of 

survival would decline such that they became similar among locations after long periods of time 

(>1 year).  

Experiment 4 - Fingal Island - South, Port Stephens 

One location (1 025 m2) was defined on the south side of Fingal Island, Port Stephens, NSW 

(Figure 6.1). At this location 80 000 abalone (7 mm SL) were released in 43 devices (Table 6.1). 

Short-term sampling (<60 days post-release) was done at four times (1, 9, 23 and 57 days 

post-release) with samples from boulder collections or boulder sampling in situ, taken from 

within 3 m of five devices, together with the number of abalone remaining on devices counted 

at each time (n = 5; Table 6.1). Sampling after 60 days was by boulder sampling with 

disturbance within haphazardly cast 1 m2 quadrats (n = 10; Table 6.1). The total number of 

juveniles within the location at <60 days post-release was calculated as the mean number of 

abalone.m-2 within a 3 m radius of each of the five devices, multiplied by the number of devices 

released to the location (n = 43). Sampling at times >60 days post-release consisted of disturbed 
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boulder sampling within quadrats haphazardly distributed throughout each location (n = 10; 

Table 6.1; Section 6.2.4.2 Sampling strategy). The number of abalone sampled and removed 

from the location during sampling at 1 and 9 days were subtracted from the total number 

released to calculate the percent of abalone surviving after 60 days. All abalone collected at 

407 days post-release were measured for growth (Table 6.1; Section 6.2.4.3 Growth). No 

abalone were observed at 794 days post-release. 

Experiment 5 - Red Point, Eden 

One location (136 m2) was defined approximately 500 m south of Red Point, Eden, NSW 

(Figure 6.1). At this location 32 000 abalone (7 mm SL) were released in 20 devices (Table 6.1). 

These abalone were released using CCA-devices as this batch of juveniles was among the first 

produced from the hatchery and methods for their release were not fully tested. The effect of 

rough seas on the survival of released abalone was advantageously observed within 10 days 

after the release of these abalone (Table 6.1). Sampling at 154 and 463 days post-release was by 

boulder sampling with disturbance within haphazardly cast 1 m2 quadrats (n = 10 and 5, 

respectively). Sampling at 916 days post-release was by the same method within 0.36 m2 

quadrats (n = 10; Table 6.1; Section 6.2.4.2 Sampling strategy). Levels of replication varied 

through time as resources for long-term sampling changed. All abalone collected at 463 and 

916 days post-release were measured for growth (Table 6.1; Section 6.2.4.3 Growth). 

Experiment 6 - Steam Trawler Bay, Eden 

One location (240 m2) was defined approximately 500 m south of Mowarry Point, Eden, NSW 

(Figure 6.1). At this location 25 500 abalone (14 mm SL) were released in 32 devices. Sampling 

was done 93, 274 and 455 days post-release (Table 6.1). Sampling at each time was done by 

boulder sampling with disturbance within haphazardly cast 0.36 m2 quadrats (n = 15, 10 and 15, 

respectively; Table 6.1; Section 6.2.4.2 Sampling strategy). Levels of replication varied through 

time as resources for long-term sampling changed. All abalone collected at 455 days 

post-release were measured for growth (Table 6.1; Section 6.2.4.3 Growth). 

6.2.3. Bio-economic assessment of a stock enhancement  program 

A deterministic model was constructed to investigate the economic returns of a simulated 

abalone release program, using parameters described in Table 6.3. The model considered the net 

present value (NPV) per year, for ten years, of investing in the release of 100 abalone per year 

for the first 5 years of a program. The release of a nominal 100 abalone was chosen as the inputs 

and results could be simply scaled up via a linear scale. A discount rate of 10% p.a. was used as 

an alternate investment opportunity to reflect the uncertainty in returns from the enhancement 

program (Caddy & Defeo 2003). Abalone were theoretically released at two lengths, 7 and 
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15 mm. These lengths were used to reflect those released in experiments 2-6 (this study) and 

represent lengths at which natural mortality rates decline rapidly from ~2.5 (Shepherd & Breen 

1992), whilst also providing a contrast in production costs. The cost of producing abalone was 

calculated at $AUD 0.02 mm-1, with the understanding that economies of scale for these 

production costs would not be generated from the production of 100 abalone each year but 

likely 3-4 orders of magnitude more (Hart et al. 2007). The length of legal size abalone was set 

at the NSW state-wide minimum legal length of 117 mm (as at July 2008). Mean weight of 

legal size abalone was 0.259 kg (Andrew et al. 1996). The beach price ($AUD kg-1 paid to 

shareholders in the NSW commercial abalone fishery by processors) was $AUD 34.kg-1 

(D. Worthington, Abalone Council of NSW, personal communication, 2009) and within 

$AUD 2 kg-1 of that paid between 2003-04 (Anon 2005c). Beach prices of $AUD 24 and 

$AUD 44.kg-1 were used to provide pessimistic and optimistic contrast in potential financial 

returns, respectively. Growth rates used were an average from locations displaying relatively 

slow (GI) and fast (GIII) growth rates from Experiment 3 and Experiment 2 (this study; Table 

6.5), respectively, and were combined with an average of the two highest growth rates described 

for tagged and recaptured H. rubra in NSW in Worthington et al. (1995) (GII). The average of 

the highest two growth rates from Worthington et al. (1995) was used, given that a release 

program targeting economic return is likely to favour areas of faster growth rather than areas of 

reef that demonstrate less productive growth characteristics, indicated by Worthington et al. 

(1995). Survival regimes included instantaneous rates of natural mortality (M) adapted from 

Shepherd and Breen (1992), results of survival after 2 years (4%; Experiment 2, this study; 

Table 6.3) and survival after 2 years corrected for sampling efficiencies (x1.5 to 6%; Table 6.3; 

after Shepherd 1998, Guzman del Proo et al. 2004, Dixon et al. 2006). 

The model progressed in annual time steps applying investment inputs (expenses) at the 

beginning of each year, i.e. the cost of releasing 100 abalone at $AUD 0.02 mm-1 for the first 

5 years. Rates of growth and mortality were applied at each time step as outlined for each 

scenario (Table 6.3). The proportion of legal size abalone surviving at a given year were 

harvested. The total number of abalone harvested each year was multiplied by the mean weight 

of a legal size abalone and the beach price, to generate an annual income. The expenses and 

income for each year were summed to generate an annual cash flow. The NPV of the initial 

investment and annual cash flows were calculated for each year, from the second year of the 

program, at a discount rate of 10% (Caddy & Defeo 2003, Roberts et al. 2007b). For example, 

in scenario 5, for 7 mm abalone, one hundred abalone were released in the first year, and at each 

subsequent year for the next 4 years at an investment input cost of $AUD 14 yr-1. These abalone 

grew at 35.1 mm.yr-1 for the first two years after release, and 23.4 mm.yr-1 for the third year to 

reach legal size in the fourth year. As the abalone reached at or above legal size in the fourth 
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year, the proportion of those surviving in that year were harvested. The total number of abalone 

available for harvest in each year was multiplied by the mean weight and beach price. This 

provided an income for each year that abalone survived to legal size, i.e. for years 5-9 of the 

program. Given these expenses and income statistics the annual cash flow of the release 

program was used to calculate the NPV each year over the term of the program (10 years). 

6.2.4. General protocols 

6.2.4.1. Location selection 

Each location consisted of an area of reef physically dominated by boulder field habitat with 

smaller areas of solid habitat (see List of Terms; Table 6.1) with a primary cover of crustose 

coralline alga and other encrusting alga and stands of brown foliose alga, commonly either 

Ecklonia radiata or Phyllospora comosa. Areas dominated by articulated coralline alga and 

other turfing alga, or containing large quantities of sediment among boulders and habitat less 

likely to support abalone, including Barrens (Underwood et al. 1991, Andrew & Underwood 

1992), were avoided. Locations known to have supported commercially fished populations, that 

had subsequently declined, and locations known to be heavily fished and productive (NSW 

abalone industry members, personal communication) were preferred. To minimise emigration, 

all release locations were selected with some natural boundaries of inappropriate or less 

preferred abalone habitat (e.g. sand, Barrens or inter-tidal areas). 

6.2.4.2. Sampling strategy  

A general sampling strategy was determined for the long-term temporal sampling of release 

locations. Standard sampling times to obtain long-term estimates of survival and growth were 

maintained within windows of between 3-6, 9-15 and either ≥18 or ≥24 months, for released 

larvae and juveniles, respectively (Table 6.1). Estimates of density derived from sampling 

within boulder field habitat, using disturbed boulder sampling (BQ; Chapter 5, Section 5.2.5 

Sampling techniques) were assumed to be representative of the whole release location. This 

assumption was made as solid habitat provided similar physical habitat attributes and abalone 

(released and wild) could be observed within the complex, concreted substratum commonly 

making up solid habitat within locations. The mean (+ SE) total number of abalone surviving 

within a location was calculated as the mean (+ SE) of the product of the density estimate from 

each replicate sample (abalone.m-2) and the total area of the location (m2; or the reduced total 

area, for samples taken within solid habitat; Table 6.1), unless otherwise stated in the text. 

Sampling within solid habitat was done due to large-scale natural physical disturbance of 

boulder field habitat, by rough seas, and the inaccuracy of measures of density within locations 

derived from sampling within severely disturbed boulder field habitat (Chapter 5, Experiment 
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8). Where sampling within solid habitat was done the total area of each location was reduced to 

that of the solid habitat only. The area of solid habitat within a location was calculated as the 

total area of the location minus that of boulder field habitat. The area of boulder field habitat 

was calculated as the product of the total area of the location and the proportion of quadrats able 

to be sampled, using disturbed boulder sampling, from the total number required to be 

haphazardly cast to obtain the required sample size, determined from previous sampling times. 

6.2.4.3. Growth 

The total shell length (SL mm), and that of the green tagged shell in the spire of abalone 

recaptured after release as juveniles, was measured to the nearest 0.5 mm using vernier calipers. 

The green tagged shell was used to describe the length of each individual at release (see Chapter 

3). All abalone collected during sampling were cleaned of any bio-fouling on the spire to enable 

the tagged green shell to be easily seen and measured. Rates of growth were derived from the 

difference in the length of the green tagged shell, the total shell length and the number of days 

post-release that individuals were recaptured (Table 6.1). All abalone observed during sampling 

after ~1 year were collected and measured except where otherwise stated in the text and with the 

exception of very few individuals that were damaged during collection or could not be collected 

or measured in situ.  

6.2.4.4. Data analysis 

Analysis of variance (ANOVA) was used to test for differences among treatments (Table 6.2). 

All analyses consisted of orthogonal designs. In all models, factors were analysed as fixed 

factors, with the exception of the factor Location in experiments 2 and 3, where it was analysed 

as a random factor. Cochran's C-test was used to test for homogeneity of variances and data 

were transformed as described in the text. Where data were heterogeneous after transformation 

ANOVA was still performed on transformed data, as the method is robust to heterogeneity of 

data, and results were conservatively interpreted with P<0.01 (Underwood 1997). Where 

repeated analyses were performed on the same series of data, i.e. Experiment 3, the significance 

levels of the tests were corrected for multiple comparisons using the standard Bonferroni 

adjustment. The use of ANOVA to test for significant differences in mean lengths of abalone 

among locations (Experiment 3) was done on unbalanced data (n ranged between 12 and 16; 

Table 6.5) at 777 days post-release.
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Figure 6.1 Map of Australia and the NSW coast showing survey locations. Insets are not to 
scale. 
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Table 6.1 Locations and an outline of release and sampling methods used at each location through time. Sampling methods include boulder collection 
(BC), boulder sampling in situ (Bis), disturbed boulder sampling (BQ) and disturbed boulder samples in solid habitat (S) (for method details see 
Chapter 5). 'Reduced area' describes the re-defined total area of the release location after habitat loss for each sampling time. 

Expt Location name Length at Number released Habitat type Area of Growth (mm) Sample Replicates Area sampled 
No. release (mm) (Lav. x 106) (percentage of locations (m2) (tag & shell length) method (n) per replicate (m2)

(Juv. x 103) solid substrata) (reduced area)  (see Table 6.5)
Larvae 
   1 Fingal Is. North A Lav. 1.10 boulder field & solid 375 1 BC 5 0.05 (boulder)

Fingal Is. North B  (38%) 2 BC 5 0.05 (boulder)
Fingal Is. North C 14 BC 5 0.05 (boulder)

56  (0.2) BC 5 0.05 (boulder)
196  (0.5) Yes Bis 20 0.05 (boulder)
412  (1.1) (no abalone) Bis 10 0.05 (boulder)
553  (1.5) Yes BQ 5 1.00

Juveniles
   2 Disaster Bay A - diffuse 15 1.0 boulder field & solid 115 7 BQ 25 0.36

Disaster Bay B - diffuse  (42%) 63  (0.2) BQ 25 0.36
Disaster Bay C - diffuse 183  (0.5) BQ 25 0.36

363  (1) Yes BQ 25 0.36
 (54) 769  (2.1) Yes S 5 1.00

Disaster Bay D - concentrated 15 1.0 boulder field & solid 113 7 BQ 25 0.36
Disaster Bay E - concentrated  (41%) 63  (0.2) BQ 25 0.36
Disaster Bay F - concentrated 183  (0.5) BQ 25 0.36

363  (1) Yes BQ 25 0.36
 (54) 769  (2.1) Yes S 5 1.00

   3 Kiama A 14 9 boulder field & solid 97 108  (0.3) Yes BQ 10 0.36
Kiama B  (34%) 280  (0.8) Yes BQ 10 0.36
Kiama C  (34) 777  (2.1) Yes S 5 0.36
Kiama D
Controls (Kiama E , F, G, H) 0 (46%) 89 (41) as above

   4 Fingal Is - South 7 80.0 boulder field & solid 1025 1 BC 5 0.27 (boulders)
 (30%) 9 BC 5 0.27 (boulders)

23 Bis 5 0.27 (boulders)
57  (0.2) Bis 5 0.27 (boulders)

407  (1.1) Yes BQ 10 1.00
794  (2.1) (no abalone) BQ 10 1.00

   5 Red Point 7 32.0 boulder field & solid 136 20 Bis 5 0.24 (boulders)
 (22%)  (64) 154  (0.4) BQ 10 1.00

 (64) 463  (1.3) Yes BQ 5 1.00
 (64) 916  (2.5) Yes BQ 10 0.36

   6 Steam Trawler Bay 14 25.5 boulder field & solid 240 93  (0.3) BQ 15 0.36
 (41%) 274  (0.8) BQ 10 0.36

455  (1.2) Yes BQ 15 0.36

Days sampled
post-release
(and years)
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Table 6.2 Design of analyses investigating the long-term (769 days) survival of juveniles 
after diffuse or concentrated release (Experiment 2) and the difference in i) total 
number of abalone (released and wild); ii) total number of all wild abalone; 
iii) very-small (<30 mm) wild abalone; iv) small (30<60 mm) wild abalone; and 
v) medium (60<115 mm) wild abalone at release and control locations through 
time (Experiment 3). Treatments for each factor are shown in brackets and 
described in the text. 

Expt. Factors [and treatments] Length at Replicates   Response variable
No. in analyses release (mm) (n )

2 Release [Diffuse, Conc.]
Location [1, 2, 3] 15 5 Total number of released abalone

3 Time [1, 2, 3]
Treatment [Release, Control]
Location [1, 2, 3, 4] 14 5 Total number of all abalone (released and wild)

Total number of all wild abalone
Total number of wild abalone (<30 mm)
Total number of wild abalone (30<60 mm)
Total number of wild abalone (60<115 mm)

3 Location [1, 2, 3, 4] 14  12-16 Total length of released abalone
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Table 6.3 Parameters used to determine net present value (NPV) of a program of releasing 
abalone for 5 years, calculating NPV each year for 10 years. Common parameters 
and scenarios describing different growth and survival regimes are shown as GI-III 
and SI-III, respectively and described in the text. Annual growth rates at 65, 90 and 
115 mm are shown as g65, g90, g115, respectively. Growth rate for GI g65 and GIII g65 
and GIII g90 are from means among locations in Experiments 3 and 2 in this study, 
respectively. Other growth rate data are modified from Worthington et al. (1995) 
as described in the text.  

Discount rate Length at Production cost Legal size Mean weight Beach price
(% p.a) release ($AUD.mm-1) (mm) legal size (live abalone)

(mm) (kg) ($AUD.kg-1)

Common parameters 10 7, 15 0.02 117 0.259 24, 34, 44

Growth rate (mm.yr-1) Survival
g 65 g 90 g  115

Scenario 1 G I 25.6 23.4 11.7 S I Linear decline in M from 2.5 to 0.3 for 3 years 
M  = 0.2 for subsequent years 

Scenario 2 G I 25.6 23.4 11.7 S II 4% survival at 2 years
M  = 0.2 for subsequent years 

Scenario 3 G I 25.6 23.4 11.7 S III 6% survival at 2 years
M  = 0.2 for subsequent years 

Scenario 4 G II 35.1 23.4 11.7 S I Linear decline in M from 2.5 to 0.3 for 3 years 
M  = 0.2 for subsequent years 

Scenario 5 G II 35.1 23.4 11.7 S II 4% survival at 2 years
M  = 0.2 for subsequent years 

Scenario 6 G II 35.1 23.4 11.7 S III 6% survival at 2 years
M  = 0.2 for subsequent years 

Scenario 7 G III 43.3 41.8 11.7 S I Linear decline in M from 2.5 to 0.3 for 3 years 
M  = 0.2 for subsequent years 

Scenario 8 G III 43.3 41.8 11.7 S II 4% survival at 2 years
M  = 0.2 for subsequent years 

Scenario 9 G III 43.3 41.8 11.7 S III 6% survival at 2 years
M  = 0.2 for subsequent years 

Investment 
(No. released / year
for the first 5 years)

100
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6.3. RESULTS 

6.3.1. Long-term survival and growth of larvae 

Experiment 1 - survival and growth of released larvae 

The mean total number of abalone surviving within locations at Fingal Island (FI) - North A-C 

declined rapidly within 60 days post-release (Figure 6.2). Two days after release, the mean total 

number of settled larvae among locations was 33 450 (Table 6.4; range 30 600 - 38 250), 

indicating <5% of larvae successfully settled within each location. At 56 days post-release the 

mean total number of abalone at location FI - North B was 1 275 individuals. No abalone were 

observed at the other two locations at this time. From 56 days post-release no abalone were 

observed at location North A. The mean total number of abalone at locations North B and C was 

637 and 1 500 individuals, respectively after 196 days post-release. No abalone were detected at 

any of the three locations after 412 days. At 553 days post-release the mean total number of 

abalone within a location was 125 individuals (range 0 - 300; Figure 6.2 and Table 6.4; note: all 

reference to abalone refers to positively identified, batch-tagged abalone only, unless otherwise 

stated). Variation among replicate samples was high, ranging between 25-100% of the mean, for 

samples taken after 56 days. All abalone sampled within 60 days post-release and six (from a 

total of seven) and five (from a total of nine) sampled at 196 and 553 days post-release, 

respectively, were positively identified from the calcein labelled larval shell visible in the spire 

of the recaptured individuals. The mean growth of abalone from settlement to 196 and 553 days 

was 32.6 and 27.2 mm.yr-1, respectively (Table 6.5). 

6.3.2. Long-term survival and growth of juveniles 

6.3.2.1. Replicated locations   

Experiment 2 - diffuse and concentrated release of juveniles 

There was no significant difference in the mean percent survival of abalone released in a diffuse 

array compared with those released in a concentrated group at locations in Disaster Bay after 

769 days. However, there was significant variation in the mean percent survival of abalone 

among locations (Figure 6.3 and Table 6.6 ). The mean percent survival of abalone among 

locations ranged between 0-9% at 769 days post-release. Variation among replicate samples was 

high, ranging between 51-100%.   

The mean total number of abalone surviving among locations and within the diffuse and 

concentrated treatments at Disaster Bay ranged between 0-83 and 11-91 individuals, 

respectively, at 769 days post-release (Figure 6.4). The mean percent survival of abalone within 
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diffuse and concentrated treatment locations declined to between 10-20% and 7-38% within 183 

days, respectively. At 363 days post-release the mean percent survival of abalone within diffuse 

treatment locations (A-C) was 12.8% compared with 3.8% within concentrated treatment 

locations (D-F; Table 6.5). However, there was substantial variation among locations within the 

diffuse treatment, with the mean percent survival within locations (A-C) ranging between 5-23% 

(Figure 6.4). High mean total numbers of abalone detected 6 days post-release at concentrated 

treatment locations (D-F) was a consequence of high numbers of abalone  (up to 86) detected 

within replicates within 2 m of devices, and single replicates at 3-5 m or 5-6 m, where a small 

aggregation of between 2-3 individuals was detected.     

Equal total numbers of abalone were recaptured within diffuse and concentrated treatment 

locations, respectively, at 769 days post-release (Table 6.5). There was a significant difference in 

the total length (t(2) = 2.37, p=0.05, df = 18) and annual growth rate (t(2) = 2.96, p=0.05, df = 18) 

of abalone among diffuse and concentrated treatments at 769 days post-release (Figure 6.5 and 

Table 6.5). Abalone recaptured within concentrated treatment locations had a mean shell length 

of 107.3 mm (range: 100-116 mm) compared to 99.1 mm (range: 84-112 mm) for those in 

diffuse treatment locations at 769 days post-release. The difference in mean length among 

treatments after 363 days was ~10 mm (63.1 mm and 54.0 mm at concentrated and diffuse 

treatment locations, respectively). The mean rate of growth of abalone released in a concentrated 

group (43.8 mm.yr-1) was ~4 mm.yr-1 greater than those released in a diffuse array 

(39.7 mm.yr-1) after 769 days post-release (Table 6.5). The mean growth among all locations was 

43.3 mm.yr-1 and 41.8 mm.yr-1, after 363 and 769 days post-release, respectively (as used in 

growth scenario GIII in the bio-economic assessment; Table 6.3).  

Experiment 3 - replicated and controlled release of juveniles 

Long-term total abundance within release and control locations 

There were significantly greater numbers of all abalone (released and wild) among release 

locations at Kiama compared with control locations, where abalone had not been released, and 

this pattern was consistent among sampling times (Figure 6.6 and Table 6.7). There was little 

difference in the mean total number of all abalone among release locations within sampling 

times, with the exception of Location C at 108 days post-release. The mean total number of all 

abalone among release locations was 1 825 (range 200-2800), 1 423  (range 1080-1875) and 528 

(range 329-628) at consecutive sampling times, respectively (Figure 6.6, dashed lines). 

Similarly, the mean total number of all abalone among control locations within sampling times 

was consistent, averaging 49 (range 45-55), 175 (range 135-275) and 178 (range 150-200) 

individuals at consecutive sampling times, respectively (Figure 6.6, dashed lines). Released 

abalone comprised between 88 - 99%, 75 - 88%, and 42 - 58% of the total abalone population at 
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each time, respectively. No released abalone were found at any control locations. A reduction in 

total area of 65% (97 m2 to 34 m2) and 54% (89 m2 to 41 m2) for release and control locations, 

respectively, at 777 days post-release (Table 6.1), coincided with an increase in mean density of 

small and medium wild abalone among all locations (see below for wild abalone). This increase 

in density, despite the reduction in total area, contributed to similar total numbers of wild 

abalone within control locations between 280 and 777 days post-release. The mean percent of 

wild abalone at release locations increased from 17% (range 12-25%) at 280 days post-release to 

50% (range 42-58%) at 777 days post-release (Figure 6.6, shaded bars within release locations). 

At Location C at 108 days post-release there was a mean total of 200 individuals detected, an 

order of magnitude fewer individuals than at the other three release locations and ~1 600 less 

than detected at this location at 280 days post-release. Large north-easterly swell conditions at 

108 days post-release, poor visibility and reduced daylight during sampling likely contributed to 

this estimate.    

Long-term abundance of wild populations at release and control locations  

There was no significant effect of releasing abalone on the mean total number of all, very-small, 

small and medium size wild abalone among locations at Kiama through time (Figure 6.7 and 

Table 6.8). No large abalone were observed within locations at any sampling time. The mean 

total number of all wild abalone increased significantly through time and this was consistent 

among treatments (release and control) and locations (Figure 6.7 and Table 6.8). At 108 days 

post-release the mean total number of all wild abalone among locations was 47 (range 25-70) 

individuals (Figure 6.7, dashed lines). There was little difference in the mean total number of all 

wild abalone among locations between 280 days (203 individuals; range 135-292) and 777 days 

post-release (222 individuals; range 137-343; Figure 6.7).  

There was a significant effect of time on the mean total number of medium size wild abalone 

(Table 6.8). However, this analysis was done on transformed data displaying heterogeneous 

variances and as such this result is interpreted with caution (Underwood 1997). The mean total 

number of medium size wild abalone increased among locations at successive sampling times 

from 10 (range 0-55) to 52 (range 0-110) and 125 (range 69-247) individuals, respectively 

(Figure 6.7). The increase in abundance of medium size wild abalone from 280 to 777 days 

post-release was the consequence of an increase in mean density of medium size wild abalone 

within release (0.2 to 4.3 m-2) and control (0.6 to 3.2 m-2) locations, respectively. This increase in 

density was coincident with, or related to, a mean reduction in total area of release and control 

locations of 65% (97 to 34 m2) and 54% (89 to 41 m2), respectively (Table 6.1).  

There was a pulse of very-small wild abalone detected among locations at 280 days post-release 

where the mean total number of this length class was 68 (range 0-125; Figure 6.7, dashed line). 
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Similarly, the mean total number of small wild abalone increased between 108 days (30; 

range 0-50) and 280 days (125; range 45-240) post-release (Figure 6.7, dashed lines). Together 

with the pulse increase in very-small and small length classes at 280 days post-release, the 

increase in mean total number of medium size wild abalone between 280 and 777 days 

post-release indicated the progression of a cohort from a natural recruitment event likely to have 

occurred prior to the release of abalone. From the almost complete lack of detection of 

very-small wild abalone at 108 days post-release it is likely that individuals from this 

recruitment pulse were too small to detect underwater at this time. However, it seems that this 

event subsequently contributed numbers of wild abalone to the very-small (<30 mm) and small 

(30-60 mm) length classes, detected at 280 days post-release. In turn these individuals grew 

through to the medium (60-115 mm) length class at 777 days post-release (Figure 6.7). Variation 

among replicate samples was high among treatments through time for each size class and ranged 

between 42-100%, 61-100%, 61-100% and 45-100% of the mean within all, very-small, small 

and medium size classes, respectively (Figure 6.7). 

Long-term survival of released abalone  

The mean total number of abalone (released abalone only) surviving among release locations at 

Kiama 777 days after the release of 9 000 juvenile abalone to each location, was 260 (range 192-

357; Table 6.4 and Figure 6.8). The mean percent survival among locations declined steadily 

through time and was similar among locations within sampling times, ranging ≤10%, with the 

exception of that estimated at Location C 108 days post-release (Figure 6.8). Sampling at 108 

and 280 days post-release provided estimates of between 2-31% and 9-18% abalone surviving 

within locations, respectively (Figure 6.8). At 777 days post-release the mean percent of abalone 

surviving among locations was 2.6% (range 2.1-4.0%; Table 6.4 and Figure 6.8). 

Long-term growth of released abalone 

There was a significant difference in the mean length of abalone among locations at Kiama, 777 

days post-release (Figure 6.9 and Tables 6.5 and 6.9). At 777 days post-release the largest 

difference in mean length of abalone among locations was ~17 mm, between Locations A 

(77.3 mm) and B (60.1 mm), that were separated by ~300 m (Table 6.5 and Figure 6.1). The 

mean rate of growth of abalone recaptured at 777 days post-release was 25.6 mm.yr-1 (range 

22.9-30.1 mm.yr-1, Table 6.5; as used in growth scenario GI in the bio-economic assessment, 

Table 6.3). Differences in the mean length of recaptured abalone varied among locations and 

increased through time, although minimum and maximum mean lengths at each time differed 

among locations, with the exception of the maximum mean length at Kiama A, from 280 days 

post-release (Table 6.5).  
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6.3.2.2. Single locations  

Experiment 4 - Fingal Island - South, Port Stephens 

Sampling within 60 days of the release of abalone at Fingal Island - South revealed a decline in 

the abundance of abalone to ~37 000 (46%; Figure 6.10 and Table 6.4). At 407 days post-release 

the total number of abalone within the location was ~2 500 (3.2%). Sampling at 794 days 

post-release did not detect any abalone. The mean length of abalone collected and measured at 

407 days post-release was 32.0 mm, representing a mean growth rate of 22.7 mm.yr-1 (Table 

6.5).   

Experiment 5 - Red Point, Eden 

Sampling within 30 days of the release of abalone at Red Point revealed a decline in the 

abundance of abalone to ~5 500 (17.5%; Figure 6.11 and Table 6.4). Rough seas and associated 

habitat disturbance affected the survival of juveniles within 10 days post-release, with a small 

number of juveniles crushed between small boulders (personal observation). Sampling at 154 

days post-release provided an estimate of ~1 800 (6%) abalone remaining. After 463 and 916 

days post-release the total number of abalone surviving within the location was 205 (1.4%) and 

59 (0.4%), respectively (Figure 6.11 and Table 6.4). The mean length of abalone recaptured at 

463 and 916 days post-release was 46.2 and 82.9 mm, representing mean growth rates of 28.5 

and 29.7 mm.yr-1, respectively (Table 6.5). At each time the mean rate of growth varied among 

individuals by up to 19.4 and 11.2 mm.yr-1, respectively.  

Experiment 6 - Steam Trawler Bay, Eden 

Sampling at 93 days post-release at Steam Trawler Bay revealed a decline in the abundance of 

abalone to ~11 600 (46%; Figure 6.12 and Table 6.4). Sampling at 274 and 455 days post-release 

provided estimates of ~1 700 (7%) and 267 (1%) abalone surviving, respectively. The mean 

length of abalone recaptured at 455 days post-release was 34.3 mm, representing a mean growth 

rate of 17.8 mm.yr-1 (Table 6.5). 

6.3.3. Bio-economic assessment of a stock enhancement  program 

Sustained negative rates of NPV were generated for all scenarios within the initial years where 

all released abalone were at lengths below the minimum legal length (MLL) and hence no 

income from their harvest was generated (Figure 6.13). Rates of NPV turned positive where 

annual income, from harvesting released abalone that had grown to legal length, exceeded 

annual investment (releasing abalone). Where release scenarios were assessed against the 

slowest growth rates (GI), rates of NPV were negative throughout the release phase (first 5 

years) as released individuals took 5 years to reach the MLL and hence no financial returns were 

received until the sixth year. Changes in annual rates of NPV varied among scenarios where 
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growth regimes (GII and GIII) interacted with the different survival regimes (SI, SII, SIII). 

Increasingly positive cumulative cash flows and increasing NPVs resulted where growth and 

survival rates increased through time, and greater proportions of released individuals survived to 

reach the MLL and were harvested (Figure 6.13 and Table 6.3). Given the parameters described 

for the model, no positive NPVs could be gained from the release of  7 or 15 mm SL abalone 

given rates of survival described in survival regime I (SI ; Figure 6.13; Scenarios 1, 4 and 7).  

Positive NPVs of investing in a long-term (10 year) abalone release program were achieved with 

a beach price of $AUD 34.kg-1 where the combination of rates of survival and growth in 

scenario 8, or where survival was described in SIII, irrespective of growth rates, with the release 

of 7 mm abalone (Figure 6.13; Scenarios 3, 6 and 9). There were positive financial returns where 

7 mm juveniles were subject to rates of survival described for SIII, at a beach price of 

$AUD 34.kg-1. Moreover, increasing growth rates (GI, GII and GIII) resulted in released abalone 

reaching the minimum legal length (MLL) after 5, 4 and 3 years, respectively (Figure 6.13; 

Scenarios 3, 6 and 9). The reduced time to reach the MLL resulted in positive annual cash flows 

at the same respective times after the release of abalone and faster positive cumulative cash 

flows resulting in subsequently higher positive NPVs through time. NPV increased through time 

until all surviving abalone released in the fifth year were harvested. Once the surviving 

proportion of abalone that had been released in the fifth year had reached the MLL and been 

harvested, NPVs plateaued (Figure 6.13; Scenarios 6 and 9). This occurred as cumulative cash 

flow stopped increasing as there were no additional abalone growing to the MLL. Positive NPVs 

were gained within 9, 8 and 6 years where the beach price set at $AUD 34.kg-1 and 7 mm SL 

abalone were released and subject to survival rates described in SIII and growth rates described in 

GI, GII and GIII, respectively (Figure 6.13; Scenarios 3, 6 and 9). The more optimistic beach price 

of $AUD 44.kg-1 provided positive investment scenarios for all 7 mm SL abalone released and 

subject to survival regimes SII and SIII, irrespective of growth rates. However, NPVs became 

positive within shorter periods of time as growth rate increased and annual cash flow increased 

with increasing survival (Figure 6.13; Scenarios 2, 5, 8 and 3, 6, 9).  

Investing in the release of 15 mm SL abalone provided positive NPVs where the beach price was 

set at the more optimistic $AUD 44.kg-1, survival rates were as described for SIII and where the 

two faster growth rates (GII and GIII) were used (Figure 6.13; Scenarios 6 and 9). In both of these 

cases released abalone reached the MLL at 3 years. This provided positive rates of NPV from 

that year (although the NPV was still negative). These positive rates of NPV continued even 

while investment continued with the release of abalone in years 4 and 5. The maximum positive 

rate of NPV occurred as investment stopped in year 5 and abalone continued to be harvested as 

they reached the MLL, up to year 8. NPV plateaued from year 8 as all abalone released in year 5 

grew to a length ≥MLL and were harvested in this year (Figure 6.14; Scenarios 6 and 9).
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Figure 6.2 Experiment 1. Mean total number of larvae released (+ SE) and number of 
abalone at Fingal Island - North A - C, at release (Time 0) and through time 
(days post-release). Samples were collected using boulder collections (BC), 
boulder sampling in situ (Bis) and disturbed boulder quadrats (BQ) within 1 m2 
(n = 5, 20, 10 and 5 at days 1-56, 196, 412 and 553, respectively). Note, these 
data represent batch-tagged abalone only.  
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Figure 6.3 Experiment 2. Mean percent survival of abalone (+ SE) at Disaster Bay release 
locations, using diffuse (Locations A - C) and concentrated (Locations D - F) 
release of juveniles, 769 days after release. Sampling was by disturbed boulder 
sampling in solid habitat within 1 m2 quadrats (n = 5). Note, these data represent 
batch-tagged abalone only. 
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Figure 6.4 Experiment 2. Mean total number of abalone (+ SE) at Disaster Bay release 
locations (A - F) at release (Time 0) and through time (days post-release). 
Juveniles were released at locations A - C using a diffuse release method (hashed 
bars; 10 devices, each holding 100 juveniles, evenly placed throughout each 
location), and at locations D - F using a concentrated release (open bars; one 
device holding 1 000 juveniles, placed at the centre of each location). Sampling 
up to 363 days was done by disturbed boulder quadrats (BQ) within 0.36 m2 
(n = 25). Sampling at 769 days was by disturbed boulder sampling in solid 
habitat (S) within 1 m2 quadrats (n = 5). Numbers indicate mean percent survival 
at each time. Note, these data represent batch-tagged abalone only. 
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Figure 6.5 Experiment 2. Mean length (mm) (± SE) of abalone recaptured at Disaster Bay 
release locations, 363 and 769 days post-release (diffuse: -○- A; -◊- B; -□- C and 
concentrated: -●- D; -▲- E; -■- F; n varies among locations through time, see 
Table 6.5). Numbers below and above lines indicate mean growth rates (mm.yr-1) 
at diffuse and concentrated release locations, respectively. Note, these data 
represent batch-tagged abalone only. 
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Figure 6.6 Experiment 3. Mean total number (+ SE) of all abalone (batch-tagged; open bars 
and wild; hashed bars) at four release (A - D) and four control (E - H) locations 
at Kiama. Sampling was done within 0.36 m2 quadrats by disturbed boulder 
sampling at 108 and 280 days post-release (n = 10 and 5 for release and control 
locations, respectively) and disturbed boulder sampling in solid habitat at 
777 days after release (n = 5). Shading within release locations represents the 
mean total number of wild abalone. Dashed lines indicate mean total numbers of 
all abalone among locations within each treatment. 
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Figure 6.7 Experiment 3. Mean total number (+ SE) of all, very-small (<30 mm), small 
(30<60 mm), medium (60<115 mm) and large (≥115 mm) wild abalone at four 
release (A - D; dense hashed bars) and control (E - H; light hashed bars) 
locations at Kiama, 108, 280 and 777 days after the release of juveniles to 
locations A - D (all released abalone are excluded from these data). Sampling 
was done by disturbed boulder sampling (BQ) at 108 and 280 days after release 
(n = 10 and 5 for release and control locations, respectively) and disturbed 
boulder sampling in solid habitat at 777 days after release (n = 5), within 0.36 m2 
quadrats. Dashed lines indicate mean numbers of abalone among locations. 
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Figure 6.8 Experiment 3. Total number of abalone (+ SE) at four release locations at Kiama 
at release (Time 0) and through time (days post-release). Sampling was done by 
disturbed boulder sampling (BQ) and disturbed boulder sampling in solid habitat 
(S) within 0.36 m2 quadrats (n = 10 and 5, respectively). Numbers indicate mean 
percent survival at each time. Note, these data represent recaptured batch-tagged 
abalone only.  
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Figure 6.9 Experiment 3. Mean length (mm) (± SE) of abalone recaptured at Kiama release 
locations after each sampling time (-●- A; -▲-  B; -□- C; -○- D; n varies among 
locations through time, see Table 6.5). Numbers above lines indicate mean 
growth rates (mm.yr-1). Note, these data represent batch-tagged abalone only. 
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Figure 6.10 Experiment 4. Mean total number of abalone (+ SE) at Fingal Island - South 
through time. Sampling was done using boulder collections (BC) (n = 6 at 1 and 
9 days after release), boulder sampling in situ (Bis) (n  = 6 at 23 and 57 days 
post-release) and disturbed boulder sampling (BQ) within 1 m2 (n = 10 at 407 
and 794 days after release). Numbers indicate mean percent survival at each time. 
Note, these data represent batch-tagged abalone only. 
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Figure 6.11 Experiment 5. Mean total number of abalone (+ SE) at Red Point through time.  
Sampling was done using boulder sampling in situ (Bis) (n  = 6 at 20 days after 
release) and disturbed boulder sampling (BQ) within 1 m2 (n = 10 and 5 at 154 
and 463 days after release, respectively) and within 0.36 m2 (n = 10 at 916 days 
post-release). Numbers indicate mean percent survival at each time. Note, these 
data represent batch-tagged abalone only. 
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Figure 6.12 Experiment 6. Mean total number of abalone (+ SE) at Steam Trawler Bay 
through time.  Sampling was done using disturbed boulder sampling (BQ) within 
0.36 m2 (n = 15, 10 and 15 at 93, 274 and 455 days post-release, respectively). 
Numbers indicate mean percent survival at each time. Note, these data represent 
batch-tagged abalone only. 
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Figure 6.13 Net Present Value of releasing 100 abalone.year-1 for 5 years at a length of 7 mm 
(black lines) and 15 mm (red lines) at beach prices of 24 (…..), 34 (___) and 
44 (---) $AUD kg-1 at a discount rate of 10%, given scenarios described in the 
text and outlined in table 6.3. The dotted line indicates a neutral investment 
strategy, 'break even point', against a relative investment returning 10% p.a. 
Results above and below the dotted line indicate a more or less profitable 
investment strategy compared with an alternative returning 10% p.a., 
respectively. 
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Table 6.4 The number released and number.m-2, total number, survival (percent) and mortality (M.yr-1) of released abalone through time, shown as the 
average from among locations at each time (total number and survival (percent) of abalone at individual locations through time is presented on 
respective figures and described in the text). 'Reduced area' indicates the altered total area of the location at respective times after release, due to 
a reduction in the physical habitat at locations as a result of rough seas. 

Expt Location name Length at Number released Area of Number.m-2 Total number Survival (%) Instantaneous
No. release (mm) (Lav. x 106) locations (m2) mortality

(Juv. x 103) (reduced area) (M .yr-1)

Larvae 
   1 Fingal Island - North A Lav. 1.10 375 1 38.53 14450 1.31 1581.3

Fingal Island - North B 2 89.20 33450 3.04 637.5
Fingal Island - North C 14 40.13 15050 1.37 111.9

56 (0.2) 1.13 425 0.04 51.2
196 (0.5) 1.90 713 0.06 13.7
412 (1.1) 0.00 0 0.00  -
553 (1.5) 0.33 125 0.01 6.0

Juveniles
   2 Disaster Bay A - difuse 15 1.0 115 7 5.74 660 66.0 21.7

Disaster Bay B - difuse 63 (0.2) 2.26 260 26.0 7.8
Disaster Bay C - difuse 183 (0.5) 1.37 158 15.8 3.7

363 (1) 1.11 128 12.8 2.1
 (54) 769 (2.1) 0.67 36 3.6 1.6

Disaster Bay D - concentrated 15 1.0 113 7 15.26 1726 172.6 -28.5
Disaster Bay E - concentrated 63 (0.2) 2.67 302 30.2 6.9
Disaster Bay F - concentrated 183 (0.5) 1.96 222 22.2 3.0

363 (1) 0.33 38 3.8 3.3
 (54) 769 (2.1) 0.73 39 3.9 1.5

   3 Kiama A 14 9 97 108 (0.3) 18.26 1772 19.7 5.5
Kiama B 280 (0.8) 12.57 1219 13.5 2.6
Kiama C  (34) 777 (2.1) 7.64 260 2.9 1.7
Kiama D

   4 Fingal Island - South 7 80.0 1025 1 73.10 74893 93.6 24.1
9 61.68 63187 79.0 9.6

23 74.19 76006 95.0 0.8
57 (0.2) 35.93 36806 46.0 5.0

407 (1.1) 2.50 2561 3.2 3.1
794 (2.1) 0.00 0 0.0  - 

   5 Red Point 7.3 32.0 136 20 41.14 5595 17.5 32
154 (0.4) 13.42 1825 5.7 7

 (64) 463 (1.3) 3.20 205 0.6 4
 (64) 916 (2.5) 0.93 59 0.2 3

   6 Steam Trawler Bay 14 25.5 240 93 (0.3) 48.52 11644 45.7 3.1
274 (0.8) 6.94 1667 6.5 3.6

Days sampled
post-release
(and years)

455 (1.2) 1.11 267 1.0 3.7
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Table 6.5 Mean shell length (mm) (± SE) of the tagged shell (from the spire of recaptured abalone), total shell length, growth rate and number of 
batch-tagged, recaptured abalone measured at individual locations and pooled among locations (Totals), at sampling days post-release. 
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Expt Location name Tagged shell length (mm) Total shell length (mm) Growth rate (mm.yr-1) Number of individuals
No. measured per time

Larvae Days post-release 196 412 553 196 412 553 196 412 553 196 412 553

   1 Fingal Island - North A larvae larvae larvae  -  -  -  -  -  - 0 0 0
Fingal Island - North B larvae larvae larvae 18.0 ±  2.0  - 41.8 ± 5.5 33.5 ± 3.7  - 27.6 ± 3.6 2 0 4
Fingal Island - North C larvae larvae larvae 17.3 ± 0.3  - 39.0 32.1 ± 0.5  - 25.7 4 0 1

Total (all locations pooled) 17.5 ± 0.6 - 41.2 ± 4.3 32.6 ± 1.1 - 27.2 ± 2.8 6 0 5

Juveniles
Days post-release 363 769 363 769 363 769 363 769

   2 Disaster Bay A - difuse 15.1 ± 0.5 - 59.8 ± 2.8 - 45.0 ± 2.4 - 8 0
Disaster Bay B - difuse 15.1 ± 0.6 15.1 ± 0.8 52.4 ± 1.3 98.8 ± 3.7 37.7 ± 1.2 39.7 ± 1.5 18 8
Disaster Bay C - difuse 14.0 ± 1.1 17.0 ± 2.0 49.3 ± 1.3 100.5 ± 6.5 35.5 ± 0.8 39.6 ± 2.6 4 2

Total (locations pooled) 14.9 ± 0.4 15.5 ± 0.7 54.0 ± 1.3 99.1 ± 3.1 39.4 ± 1.1 39.7 ± 1.2 30 10

Disaster Bay D - concentrated 16.8 ± 0.9 16.0 64.3 ± 6.4 106.0 47.9 ± 5.9 42.7 4 1
Disaster Bay E - concentrated 16.0 ± 0.7 15.0 ± 0.8 62.0 ± 3.9 107.1 ± 2.0 46.4 ± 3.5 43.7 ± 0.8 4 8
Disaster Bay F - concentrated - 14.0 - 110.0 - 45.60 0 1

Total (locations pooled) 16.4 ± 0.6 15.0 ± 0.6 63.1 ± 3.5 107.3 ± 1.6 47.1 ± 3.2 43.8 ± 0.7 8 10

Days post-release 108 280 777 108 280 777 108 280 777 108 280 777

   3 Kiama A 13.0 ± 0.5 12.5 ± 0.6 13.3 ± 0.9 21.3 ± 0.8 33.1 ± 1.2 77.3 ± 2.2 28.2 ± 1.3 26.2 ± 1.2 30.1 ± 0.9 63 30 12
Kiama B 14.8 ± 0.5 12.4 ± 0.6 11.3 ± 0.6 22.3 ± 0.7 29.0 ± 1.1 60.1 ± 2.3 25.2 ± 1.6 21.2 ± 1.0 22.9 ± 0.9 60 45 16
Kiama C 11.6 ± 1.0 12.4 ± 0.5 10.5 ± 0.6 20.7 ± 2.5 30.7 ± 0.8 68.5 ± 1.9 30.8 ± 6.0 23.3 ± 0.8 27.2 ± 0.7 5 55 13
Kiama D 14.6 ± 0.5 12.6 ± 0.6 12.6 ± 0.9 21.1 ± 0.7 24.8 ± 0.9 62.4 ± 3.5 22.1 ± 1.5 15.6 ± 0.7 23.4 ± 1.3 53 40 14

Total (all locations pooled) 14.0 ± 0.3 12.4 ± 0.3 11.9 ± 0.4 21.6 ± 0.4 29.3 ± 0.5 66.4 ± 1.5 25.5 ± 0.8 21.5 ± 0.5 25.6 ± 0.6 181 171 55

Days post-release 407 794 407 794 407 794 407 794

   4 Fingal Island - South 6.6 ± 0.3  - 32.0 ± 0.7  - 22.7 ± 0.5  - 20 0

Days post-release 463 916 463 916 463 916 463 916

   5 Red Point 10.0 ± 0.5 8.4 ± 0.3 46.2 ± 2.0 82.9 ± 4.6 28.5 ± 1.6 29.7 ± 1.8 16 5

Days post-release 455 455 455 455

   6 Steam Trawler Bay 12.2 ± 0.7 34.3 ± 1.2 17.8 ± 0.8 6
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Table 6.6 Experiment 2. Summary of analysis of variance in the percent survival of abalone 
at locations at Disaster Bay using the diffuse (Locations A - C) and concentrated 
(Locations D - F) release methods, 769 days post-release. Abbreviations used: 
degrees of freedom (df), Mean square (MS), F-ratio (F), row of mean square 
denominator (F vs), significance of the F test: P<0.01 (**), P<0.05 (*) and not 
significant (ns) (Cochran's C = 0.3726‡, ns; variances 6, df 4). ‡sin-1 √x 
transformed. Note, these data represent batch-tagged abalone only. 

Source df       MS    F F vs

1 Release method, M 1 0.003 0.26 ns 3
2 Location, L 2 0.098 4.08 * 4
3 M x L 2 0.011 0.45 ns 4
4 Error 24 0.024
5 Total 29

 

Table 6.7 Experiment 3. Summary of analysis of variance in the number of all abalone 
(released and wild) through time at release and control locations at Kiama. The 
number of sample replicates at release locations at 108 and 280 days was reduced 
to 5, by random allocation, to enable a balanced design. Abbreviations used: 
degrees of freedom (df), Mean square (MS), F-ratio (F), row of mean square 
denominator (F vs), significance of the F test: P<0.004 (**), P<0.022 (*) and not 
significant (ns). Probability values of the F statistic were Bonferroni adjusted to 
account for 5 multiple comparisons. (Cochran's C = 0.1307†, ns; variances 24, 
df 4). †sqrt (x + 0.1) transformed. 

Source df MS F F vs

1 Time (T) 2 1.743 2.577 ns 5
2 Treatment (Tm) 1 29.005 224.180 ** 6
3 T x Tm 2 0.446 0.574 ns 7
4 Location (L) 3 0.327 0.548 ns 8
5 T x L 6 0.676 1.133 ns 8
6 Tm x L 3 0.129 0.217 ns 8
7 T x Tm x L 6 0.777 1.301 ns 8
8 Error 96 0.597
9 Total 119
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Table 6.8 Experiment 3. Summary of analysis of variance in the number of all wild abalone; 
wild abalone (<30 mm); wild abalone (30<60 mm) and; wild abalone 
(60<115 mm) through time at release and control locations at Kiama. The number 
of sample replicates at release locations at 108 and 280 days was reduced to 5, by 
their random allocation, to enable a balanced design. Abbreviations used: degrees 
of freedom (df), Mean square (MS), F-ratio (F), row of mean square denominator 
(F vs), significance of the F test: P<0.004 (**), P<0.022 (*) and not significant 
(ns). Probability values of the F statistic were Bonferroni adjusted to account for 5 
multiple comparisons. (Cochran's C: all wild abalone (ns†); wild abalone 
(<30 mm)†*; wild abalone (30<60 mm)†*; and wild abalone (60<115 mm)†*; 
variances 24, df 4). †sqrt (x + 0.1) transformed. 

F vs

Source df MS F MS F MS F   MS  F

1 Time (T) 2 6.334 45.036 ** 0.258 3.484 0.640 3.587 5.122 161.720 ** 5
2 Treatment (Tm) 1 0.713 8.414 0.020 0.259 0.803 35.462 0.007 0.205 6
3 T x Tm 2 0.370 2.968 0.014 0.649 0.096 0.409 0.161 1.433 7
4 Location (L) 3 0.257 0.654 0.027 0.420 0.248 1.171 0.079 0.359 8
5 T x L 6 0.141 0.358 0.074 1.161 0.178 0.842 0.032 0.144 8
6 Tm x L 3 0.085 0.216 0.076 1.184 0.023 0.107 0.034 0.153 8
7 T x Tm x L 6 0.125 0.317 0.022 0.346 0.235 1.108 0.112 0.512 8
8 Error 96 0.393 0.064 0.212 0.219
9 Total 119

Medium (60≤115 mm)
Wild abalone† Wild abalone† Wild abalone† Wild abalone†

all sizes Very-small (<30 mm) Small (30<60 mm)

 

 

Table 6.9 Experiment 3. Summary of analysis of variance in the mean length of abalone at 
release locations (A - D) at Kiama, 777 days post-release. Abbreviations used: 
degrees of freedom (df), Mean square (MS), F-ratio (F), row of mean square 
denominator (F vs), significance of the F test: P<0.01 (**), P<0.05 (*) and not 
significant (ns) (Cochran's C = 0.4742, ns; variances 4, df 11; conservative df from 
unbalanced data). Note, these data represent batch-tagged abalone only. 

Source df       MS    F F vs

Location, L 3 787.05 8.72 ** 2
Error 51 90.28
Total 54
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6.4. DISCUSSION  

Determining the value of a stock enhancement program requires the integration of a range of 

biological, economic and societal measures (Caddy & Defeo 2003, Hilborn 2004, Lorenzen 

2005, Arnason 2008, Bell et al. 2008). Critical biological data needed to assess the value of a 

stock enhancement program are the survival and growth of released individuals. Estimates of 

survival and growth allow measures of the proportion and progression of released individuals 

into key life history (e.g. maturity) and fishery (e.g. MLL) stages. Together with economic data 

reflecting financial inputs and returns, these measures provide essential biological data for a bio-

economic assessment of a stock enhancement program. An additional important objective of a 

stock enhancement program, and an important component in assessing its value, is the impact of 

releasing individuals on the wild population. The value of a stock enhancement program, even 

one that demonstrates high rates of growth, survival and economic return, may be substantially 

diminished if the release of individuals is detrimental to natural population growth that could 

otherwise result in comparable measures of value over time. 

The objectives of the research presented in this chapter were to provide accurate long-term 

estimates of the survival and growth of batch-tagged H. rubra larvae and juveniles released to 

natural reefs, determine the impact of releasing juveniles on the abundance of wild H. rubra 

populations and provide a bio-economic analysis of a stock enhancement strategy for H. rubra in 

NSW. Results from the series of experiments outlined in this chapter demonstrated that 

substantial numbers of released individuals can survive within release locations for long periods 

of time (up to 916 days) and that rates of growth can result in the progression of released 

individuals (15 mm SL) to the commercial fishery within 2.5 - 4.5 years. However, rates of 

survival and growth varied substantially among releases and locations. Few releases provided 

long-term measures of survival and growth required to generate financially viable investment 

options for a stock enhancement program using parameters describing current economic 

conditions. Positive financial returns from a stock enhancement program for H. rubra in NSW 

became apparent only where long-term (>2 years) survival was >4% and this was achieved in 

association with above average rates of growth or moderate increases in economic returns (beach 

price >$AUD 34.kg-1). The release of abalone to locations supporting depleted wild populations 

resulted in a significantly greater abundance of the total abalone population after >2 years. 

Further, the monitoring of released and wild abalone at release and control locations 

demonstrated that releases did not significantly affect the abundance of wild populations through 

time or limit wild recruitment and the growth of recruits to larger size classes in these 

populations. 
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6.4.1. Survival of released larvae and juveniles 

The long-term survival of hatchery-reared and released abalone (this study, Table 6.4 and others, 

Table 6.10), and that of wild abalone (Shepherd & Breen 1992, Shepherd 1998, Worthington & 

Andrew 1998), varies substantially among locations and through time. Shepherd and Breen 

(1992) discuss an estimated average rate of survival through time based on published data for 

wild H. rubra (Figure 6.14, solid reference line). In that study, instantaneous rates of natural 

mortality (M.yr-1) of larval and small juvenile H. rubra were high (M >5), and declined from 

approximately 2.5 at ~6 months of age, to 0.3 after 3 years and 0.2 over the following 2-3 years. 

Most estimates of the survival of released abalone reported in this study were lower than the 

expected estimates for wild abalone (Figure 6.14, points below solid reference line). Some 

estimates of survival suggested mortality rates more than twice that expected for wild 

counterparts (Figure 6.14, below dashed reference line). For example, the survival of released 

abalone at Red Point was many times lower than expected for wild abalone (Figure 6.14). This 

was probably related to the major habitat disturbance caused by rough seas within 10 days of this 

release. However, survival at three locations exceeded expected estimates for that of wild 

abalone after >2 years (Figure 6.14; Disaster Bay B & E and Kiama B). 

The survival of H. rubra larvae released at three locations at Fingal Island - North provide the 

only quantitative estimates of the long-term (>1.5 years) survival of batch-tagged abalone larvae. 

These results demonstrated that the release of larvae can contribute to the total abalone 

population after >1.5 years, and that up to 0.03% of those released can survive (at an average 

length of 41 mm SL when recaptured). Low rates of settlement and estimates of survival within 

56 days of the release of larvae were similar to those reported for the short-term (<60 days) 

survival of hatchery-reared and released H. iris (Schiel 1992), H. rubra and H. laevigata larvae 

(Preece et al. 1997). It is likely that the dispersal of larvae from release locations in this study 

would have been greater than that of studies by Schiel (1992) and Preece et al. (1997) as larvae 

in this study were not released into enclosures. Further, identification of recaptured abalone, 

through positive identification of the batch-tagged larval shell (this study), resolved the issue of 

estimates of survival being confounded by wild recruits, as reported by Preece et al. (1997), 

Shepherd et al. (2000) and Tegner (2000). It is likely that rates of emigration of juveniles from 

release locations through time, and sighting inefficiencies as reported by Preece et al. (1997) and 

Shepherd et al. (2000), would have contributed to more conservative estimates of the number of 

abalone surviving in this study (see discussion below for juveniles). The primary restriction on 

the use of larvae for stock enhancement, apart from low rates of survival, has been the costs 

related to their release which are associated with the methods used, i.e. the construction and 

deployment of shelters and the use of divers to direct the distribution of larvae on the reef. It is 

likely that minor modifications to the methodology used in this study, including a weighted hose 

 182



Chapter 6 – Long-term survival & growth of released Haliotis rubra and a bio-economic assessment  

 183

released from a vessel and towed through a release location to ensure an even distribution of 

larvae close to the reef, would provide a similar distribution of larvae to that obtained by a diver, 

without the associated operational cost. Further, high initial rates of mortality contributed to by 

visual predators may be substantially reduced by the release of larvae at night. However, the net 

effect on survival would require field testing with consideration of factors associated with 

differences in larval behaviour and a likely alternate suite of predators. Although these potential 

improvements in efficiency and survival are unlikely to make the release of larvae a viable stand 

alone option to successfully enhance local populations, they could contribute to their successful 

release and supplement an enhancement program where larval production is in excess of 

requirements. 

The survival of H. rubra juveniles released to locations in this study displayed substantial 

declines soon after release and consistent declines through time. Long-term (>2 years) estimates 

of survival were <10% among locations (Figure 6.15). Of the twelve locations where released 

juveniles were surveyed for >2 years, three demonstrated rates of survival between 4-10% 

(Figure 6.15). These rates of survival are within the lower range of that reported for most other 

hatchery-reared haliotids released for >1 year (Table 6.10). For example, the survival of released 

H. discus hannai has been commonly reported in excess of 20% after >1 year and that of H. iris 

(released at 8 - 12 mm SL) ranged between 1.7 - 25.1% and 7.6 - 53.8%, from two independent 

studies, with survival >15% at the majority of locations (Table 6.10). The survival of 

H. rufescens in California has been variable among different studies. For example, Ebert and 

Ebert (1991) reported survival between 4.2 - 7.5% after 4 years, with some released abalone 

reaching the sport fishing legal size (>178 mm) within this time, while other studies have been 

less successful with survival after 12 months being reported between 0 - 1.2% (Table 6.10). The 

survival of H. rubra in excess of 4% after 2 years at locations in this study becomes increasingly 

important in consideration of the long-term financial viability of a stock enhancement program 

in NSW (see Section 6.4.4 Bio-economic assessment of a stock enhancement program). 

The interpretation and comparison of estimates of abalone survival are complicated by a number 

of factors and their interactions that can change through time. Abalone utilise different habitats 

during their life history (Ault & DeMartini 1987, Sasaki & Shepherd 1996, Shepherd & Daume 

1996, Seki & Taniguchi 2000) and have differential mortality among habitats that changes 

through time. This mortality can be manifest through the physical disturbance of habitat 

(unstable boulders) or exposure to different suites of predators, competitors (reviewed in 

Shepherd & Breen 1992) or commensals, such as urchins (Rogers-Bennett & Pearse 1998, Day 

& Branch 2000a). Further, other natural occurrences, such as disease and rates of emigration, as 

well as release protocols and sampling inefficiencies can affect survival and estimates of it. 
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Table 6.10 Summary of survival and growth for hatchery-reared juveniles released into natural habitat and recaptured after >1 year (not including this 
study). Japanese fishery recaptures have not been included in this table (see reviews in Masuda & Tsukamoto 1998, Hamasaki & Kitada 
2008). †sampling time is estimated; *survival (%) is generated from sighted and non-sighted individuals at each sample time. 

Species Length at Number Area of Number Instantaneous Growth Habitat Comment
Reference release (mm) released location (m2) released.m-2 mortality (μm.day-1) a type

(range) (x 103) (M.yr-1) (mm.yr-1) b

H. discus hannai
Honma & Iioka (1980) 20 - 45 2 (y) 51 - 65 in McCormick (1994)

Takeichi (1981) 20 - 50 2 (y) 25 - 50 in McCormick (1994)

Miyamoto et al.  (1982) <10 491 (d) 10.0 1.7 in Tegner & Butler (1985)
>22 491 (d) 31.0 0.9

Sakamoto et al.  (1982) (15 - 50)  2 - 3† (y) 13.0 <10 0.7 - 1.0 in Tegner & Butler (1985)

Saito (1984) 24.8 (8 - 50) 19.40 50 388.0 364 (d) 10.0 <22 mm 2.3 ~20 b Increased survival with length 
23.0 >22 mm 1.5 Seasonal variation in growth

491 (d) 8.0 <22 mm 1.9
31.0 >22 mm 0.9

Seki & Taniguchi (2000) 24.5 (13 - 35) 100.00 15 853 (d) 26.7 0.6 75 a  'cobble' Survival varied among habitats
16.5 26.00 518 (d) 37.0 0.7 11 - 181 a  'cobble' Seasonal variation in growth

H. fulgens
Guzman del Proo et al.  (2004) 23.5 (16 - 49) 0.53 200 2.7 1 (y) 12.67* 2.1 48.1 b intertidal Compare release and wild

2 (y) 5.67* 1.4 boulders Under-estimated survival
3 (y) 1.13* 1.5 28.1 b Sighting efficiency

H. gigantia
Inoue (1976) 30 - 100 1 (y) >60.0 >40 mm in Tegner & Butler (1985)

H. iris
Schiel (1993) 8.6 (3 - 13) 10.00 507 19.7 23 (m) 53.8 0.3 22.6 b boulders

12.2 (3 - 22) 9.90 280 35.4 12 (m) 9.9 2.3 21.0 b solid, boulders, sand Habitat change (sand)
12.2 (5 - 22) 9.85 150 65.7 19 (m) 7.6 1.6 14.0 b solid, boulders Emigration (50 m)
11.8 (5 - 22) 9.85 340 29.0 19 (m) 24.2 0.9 23.8 b solid, boulders Higher survival in 2nd survey

Roberts et al.  (2007) 11 20.00 400 50.0 17 (m) 1.7 2.9 33.4 b boulders Area derived from densities (50 m-2)
10 6.52 130 50.0 20 (m) 7.3 1.6 29.8 b boulders Habitat change (sand)
10 10.01 200 50.0 20 (m) 25.1 0.8 30.1 b boulders
11 5.00 100 50.0 17 (m) 18.7 1.2 25.0 b boulders
10 2.61 52 50.0 20 (m) 16.2 1.1 25.1 b boulders

H. midae
Sweijd et al.  (1998) 8.2 - 14.8 0.5 - 0.8 6 (m) 25.6 - 39.2 1.9 - 2.7 13 - 17 b sheltered, boulders Cumulative survival at 18 months

H. rubra
Shepherd et al.  (2000) 12.1 (7 - 22) 0.30 672 12 (m) 1.8 30.3 b boulders Number released inferred from densities

H. rufescens
Tegner & Butler (1985) 45 - 71 (40 - 80) 0.67 625 1.1 1 (y) 1.1 - 1.2 >4.4 30 b boulders, flat rock Multiple handling, predation

Ebert & Ebert (1991) (10 - 50) 7.40 1810 13 (m) >8.9 solid, boulders Release shelters, emigration
7882 4 (y) 4.2 - 7.5 <39.6 b few legal size, bar-cut fishing mortality

Rogers-Bennett & Pearse (1998) 8.2 5.0 - 10.0 60 (720) 1 (y) 0.0 - 0.17 >6.4 ~15 b boulders Release shelters and hand planting
2 (y) 0.0 - 0.21 >3.1 ~15 b Increased survival with urchins

(d, m, y)

Time sampled Survival (%)
post-release
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Figure 6.14 Proportion of released juvenile abalone surviving at locations through time. Solid 
line provides a reference of a linear decline in M from 2.5 to 0.3 from 0 to 1 095 
days for wild H. rubra (adapted from Shepherd & Breen 1992). Dashed line 
provides a reference of twice the M of the solid line. Note, the curved lines 
represent linear declines in M, but are plotted as the proportion of abalone 
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Figure 6.15 Frequency distribution of the long-term (>2 years) survival (percent) of released 
juvenile abalone at the twelve locations in this study. 

 185



Chapter 6 – Long-term survival & growth of released Haliotis rubra and a bio-economic assessment  

Natural occurrences including disease and substantial habitat disturbance, as a consequence of 

rough seas, likely contributed to the mortality of released abalone in this study. For example, the 

number of released abalone at Fingal Island - South declined from ~2500 to zero between 407 

and 794 days post-release. Coincident with this decline was a mortality event resulting in a 

decline in local wild populations of >90%, associated with high levels of infection with 

Perkinsus olseni (Anon 2005c). Further, despite declines in local populations of abalone along 

the NSW central coast that have been associated with infections with P. olseni, similar 

disease-related mortality events have generally been rare in wild populations. However, similar 

events have been documented for 'withering syndrome' in California, USA (Haaker et al. 1992, 

Steinbeck et al. 1992), P. olseni in South Australia (Goggin & Lester 1995) and abalone viral 

ganglioneuritis in Victoria, Australia (Appleford et al. 2008). 

The large-scale disturbance of habitat and the negative effect this has on the survival of released 

abalone was evident in this study and has been described in a number of similar studies (Tegner 

& Butler 1989, Schiel 1993, Osumi 1999, Roberts et al. 2007b) and also for wild populations 

(Poore 1972, Sainsbury 1982, Shepherd & Breen 1992). The survival of <20% of released 

abalone within 20 days of release at Red Point (this study) was likely influenced by rough seas 

disturbing boulder habitat and crushing released abalone (personal observation), and subsequent 

partial sand inundation of the location between 0.5 - 1 year after release. Moreover, differences 

in the density of released abalone between disturbed boulder habitat and solid habitat within 

release locations at Disaster Bay and Kiama were demonstrated in this study, and the major 

disturbance of boulder field habitat, by rough seas, at these locations undoubtedly contributed to 

reduced rates of survival. 

The small scale (<10 m) distribution of abalone among habitats can substantially affect estimates 

of survival of released abalone (this study, Seki & Taniguchi 2000, Shepherd et al. 2000). 

Dixon et al. (2006) found significantly greater survival of released H. laevigata among boulder 

habitat consisting of 2 layers of boulders rather than 1 layer and attributed this difference to 

cryptic habitat availability. In this study, solid habitat supported significantly greater densities of 

released abalone than did substantially disturbed boulder habitat, a likely consequence of 

mortality caused by crushing (personal observation) or movement of abalone into solid habitat. 

Differences in density among habitats at small spatial scales and the implications for estimates of 

survival requires further investigation. It is possible that solid habitat, that provides a more stable 

habitat to that of boulder fields, may support a greater density of abalone, even when boulder 

fields are not disturbed. Alternatively, differences in density may be explained by abalone 

moving, or being redistributed by local currents into solid habitat after they detach from 

disturbed substrata (personal observation, Momma et al. 1980, Hooker 1988; cited in Osumi 

1999). If the former is the case, estimates of the total number of abalone and rates of survival 
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reported in this study where solid habitat contributed a substantial proportion of a release 

location, are more conservative than reported. Further, differences in carrying capacity of 

different habitats and the densities with which some juveniles were released to locations in this 

study could have resulted in rates of growth and survival that were lower than could have been 

achieved. Lower densities within locations through time could result in a mean increase in the 

rates of survival and growth (Day & Fleming 1992, Shepherd & Breen 1992, Shepherd 1998, 

Dixon & Day 2004).  

Emigration of individuals from the survey area will contribute to declines and reduced accuracy 

in estimates of survival within the survey location through time. A contribution to substantial 

declines in survival has been attributed to the emigration of abalone after release (Shepherd 

1986a, Ault & DeMartini 1987, Emmett & Jamieson 1989, Ebert & Ebert 1991, de Waal et al. 

2003). Moreover, where resources to accurately determine rates of emigration limit their 

estimation, estimates of survival through time are likely to be increasingly conservative (this 

study, Tegner & Butler 1989, Guzman del Proo et al. 2004). Despite criteria for the selection of 

release locations used in this study being the presence of some form of natural habitat boundaries 

to limit emigration, such as Barrens and vertical walls extending to the intertidal, it is likely that 

these boundaries did not entirely prevent it (Werner et al. 1995). However, habitats within 

release locations did support populations of released and wild abalone for long periods of time 

and ad hoc observations of the area surrounding release locations did not indicate high rates of 

emigration from these locations. Further, in this study devices holding juveniles were placed 

within the boundaries of release locations so that initial movements would have been within the 

location. Sampling designs incorporating methods to explicitly estimate rates of emigration from 

locations would improve the precision and accuracy of survival estimates where individuals 

move from the survey area (Schwarz & Seber 1999, Schwarz 2005). Glazer (2005) describes the 

application of estimating emigration of a slow-moving benthic marine mollusc (Strombus gigas), 

including probabilities of emigration from the survey area, to provide more accurate and greater 

estimates of survival (by 20%) than that generated by recovery data. More accurate and greater 

estimates of survival through the application of these techniques would substantially benefit the 

assessment of value of a stock enhancement program and potentially have a substantial effect on 

estimates of its financial viability.   

Processes involved in the release of individuals to natural reefs including handling and transport 

would have affected rates of survival, particularly within short periods of time after release. 

However, the development and adherence to protocols of handling, transport and release of 

abalone described in earlier chapters would have minimised these impacts. Moreover, there was 

no significant difference in the long-term survival of juveniles released in single dense groups 

compared with that of more numerous less dense groups after >2 years. Similar results were 
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reported by Goodsell et al. (2006), although their study only spanned a short period of time 

(1 month) and employed surveys that did not disturb the substrata. Further, preliminary results of 

more diffuse groups providing greater rates of survival from the experiment done as part of this 

study and reported by Heasman (2006), highlights the necessity to carry out long-term studies on 

the effect release procedures have on survival (and growth, see below). Basing decisions 

regarding the logistics and management of a large-scale program or future research directions on 

relatively short-term results could result in substantially increased and unnecessary costs.  

Estimates of survival would also have been affected by the efficiency of the sampling methods 

used and differences in sighting efficiency through time as abalone increased in size. Shepherd 

(1990, 1998), Guzman del Proo et al. (2004) and Dixon et al. (2006) describe correction factors 

for survival estimated from abalone surveyed at more than one time, and where sampling 

methods included thorough investigation of the habitat. The magnitude of these corrections 

range between 1.25 - 2.8. Where sampling methods are less accurate, such as surveys where 

habitat is not disturbed, survival would be underestimated by factors greater than described by 

these authors. Similarly to those studies where correction factors were used, long-term sampling 

at all locations in this study employed methods that disturbed the substrata (as recommended 

from outcomes in Chapter 5). However, as abalone were not individually tagged in this study no 

estimate of sighting efficiency was possible and no multiplier was used to modify estimates of 

the number of abalone sampled within release locations. Estimates of survival in this study are 

therefore considered conservative. 

A number of other processes, associated with hatchery-reared and released individuals, are likely 

to have contributed to the survival of released abalone in this study. For example, others have 

described the potential impact of naivety on the survival of released abalone. Schiel and Welden 

(1987) demonstrated that hatchery-reared abalone displayed slower responses to seek shelter and 

had higher rates of mortality associated with subsequent predation, although no significant 

differences were observed between hatchery-reared abalone of different size. Osumi (1999) 

described the potential to reduce the impact of some hatchery induced behaviours on the initial 

survival of released abalone through the use of different tanking systems prior to release. No 

behavioural modifications were attempted on the abalone released in this study. However, the 

release of abalone in devices that provided initial protection from predators and reduced 

handling stress and subsequent associated mortality, would limit the effect of these processes on 

early mortality. Further, the transition of early juveniles (~2 mm SL) from a diet of diatoms to 

artificial feed, that provide for increases in juvenile production (Heasman et al. 2004), may have 

affected rates of survival in this study. The transition to an artificial diet in the hatchery at an 

early age may limit the physiological and physical development, including a fully developed 

digestive tract, of early juveniles and limit their ability to gain essential nutrients from a natural 
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diet once released (Kemp 2001). The effect of this husbandry practice on the survival and 

growth of abalone released in this study is unknown. It is possible that early juveniles require 

longer times on diatom diets after settlement as larvae, at the expense of production efficiency, 

or improved artificial diets may be required to provide fully functional physiological and 

physical development of juveniles. Improved husbandry techniques could result in increased 

rates of survival and growth of released abalone, and greater than reported in this study. 

6.4.2. Growth of released larvae and juveniles 

Rates of growth reported for released H. rubra in this study showed substantial variation at 

spatial scales ranging from 100s m to 100s km. This variation in growth at different spatial 

scales is typical of that reported for wild H. rubra populations (Day & Fleming 1992, 

Worthington et al. 1995, Prince 2004, Saunders & Mayfield 2008). Moreover, the variation in 

growth at spatial scales reported for H. rubra is commonly reported among other populations of 

haliotids, with many factors and their interactions proposed to explain this variation. Factors 

reported to contribute to this variation include differences in the supply and quality of food, 

physical oceanography, including wave energy and water temperature, season, population 

density, ontogeny and genetics (Shepherd 1973, Shepherd & Laws 1974, Shepherd & Hearn 

1983, Emmett & Jamieson 1988, McShane et al. 1988b, Prince et al. 1988b, Day & Fleming 

1992, Nash 1992, McShane & Naylor 1995a, Tarr 1995, Worthington et al. 1995, Worthington 

& Andrew 1997, Troynikov et al. 1998, Tegner et al. 2001, Dixon & Day 2004, Prince 2004, 

Naylor et al. 2006a).  

Worthington et al. (1995) reanalysed and compared published annual growth rates for wild 

H. rubra spanning their geographic distribution (Shepherd & Hearn 1983, McShane et al. 1988b, 

Prince et al. 1988b, McShane & Smith 1992) at three length classes (65, 90 and 115 mm SL), 

and reported annual growth rates in the range 7.8 - 38.0, 4.3 - 25.7 and 0.8 - 13.3 mm.yr-1 among 

these three length classes, respectively. Mean rates of annual growth of released H. rubra that 

were recaptured after >1 year in this study ranged from 17.8 - 47.9 mm.yr-1, with mean total 

shell lengths in the range 32.0 - 107.3 mm. At spatial scales of <5km (this study) rates of annual 

growth of released abalone varied significantly after 2 years among locations at Kiama, ranging 

between 22.9 and 30.2 mm.yr-1, with the shell lengths of individuals ranging between 

62 - 77 mm. These results fall within the range, and are among the higher estimates of growth, 

for wild H. rubra of this length as described by Worthington et al. (1995). However, mean 

annual rates of growth from individuals recaptured after 1 (~60 mm SL) and 2 (~100 mm SL) 

years at Disaster Bay (this study) were 43.3 and 41.8 mm.yr-1 among locations, respectively. 

These rates of growth were the highest recorded in this study and the highest among other 

studies for wild H. rubra (Worthington et al. 1995).  
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Rates of annual growth reported for hatchery-reared haliotids released for >1 year commonly 

range between 20 - 30 mm.yr-1, although some studies report rates >35 mm.yr-1 (Table 6.10; Seki 

& Taniguchi 2000, Guzman del Proo et al. 2004). Notably, Ebert and Ebert (1991) describe 

annual growth rates of >30 mm.yr-1 for four consecutive years such that a proportion of released 

H. rufescens had recruited into the legal length for sport fishing in northern California (178 mm; 

Table 6.10). Similarly, in this study a single H. rubra released at 15 mm SL at Disaster Bay and 

recaptured after 2 years had reached 116 mm SL, 1 mm greater than the MLL for the NSW 

commercial fishery at the time of recapture. Further, abalone released in concentrated groups 

among locations at Disaster Bay demonstrated significantly faster growth and larger size 

(mm SL) >2 years post-release, compared with those released in a diffuse array. It is possible 

that initially high numbers of abalone within a small area may proffer some growth advantage 

through individuals trapping drift algae that can provide food to others within close proximity.  

Comparisons of rates of growth among locations separated by large (>5 km) spatial scales in this 

study were confounded by the release of different batches of abalone. This was a necessary 

component of this study as batches of abalone released among local populations (<5 km apart) 

were required to be produced from local broodstock, to provide some protection of the genetic 

integrity of local wild populations. Batches of abalone released to single locations were also 

released at different times of the year, further adding to difficulties in comparisons. Temporal 

comparisons among locations were not done as measures of individuals at different times were 

not assured to be independent and rates of growth can vary though time in association with many 

factors including seasons, water temperature and food supply (Shepherd & Hearn 1983, Day & 

Fleming 1992, Troynikov et al. 1998). Despite these restrictions, the rates of annual growth of 

released H. rubra in this study were generally higher than reported for similar lengths in wild 

populations. This was also reported by Guzman del Proo (2004) for released H. fulgens, and 

similar to those of other species of haliotids released at similar lengths to natural habitats and 

recaptured after >1 year (Table 6.10). It is possible that rates of growth estimated from wild 

populations underestimate rates of growth at smaller lengths. This is likely as samples obtained 

to estimate growth often under-represent smaller, cryptic abalone that are difficult to sample and 

growth of larger individuals may misrepresent possibly faster rates of growth in juveniles before 

they approach maturity (Prince 2004). The use of released juveniles may provide an opportunity 

to test hypotheses regarding processes affecting small-scale differences in patterns of growth and 

other processes affecting wild populations (Miller & Walters 2004).  

The average rates of growth described among locations in this study, in association with data on 

the maturity of H. rubra in NSW (Worthington & Andrew 1997), indicate that abalone released 

at 7-15 mm SL would be expected to reach maturity (>90 mm SL) after 2 - 3 years, and the 

minimum legal length of 117 mm (as at July 2008) after 2.5 - 4.5 years. These predictions have 
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substantial implications for the decisions required to invest in a stock enhancement program for 

H. rubra in NSW, Australia, the management objectives of such a program and an assessment of 

its value (discussed below). 

6.4.3. Impact of stock enhancement on wild populations 

This is the first study to explicitly test the impact of releasing abalone on the abundance of wild 

populations among multiple release and control locations (Experiment 3, this chapter). A small 

number of studies that have released marine animals for stock enhancement have included 

untreated or treatment control locations to assess differences in yield or production of the target 

species (wild and released animals combined; Leber 1999, Crowe et al. 2002). Further, there is 

continued debate regarding the value of stock enhancement due to the uncertainty of its 

contribution to populations. Numerous studies have described changes in yield and ratios of 

released and wild conspecifics in commercial landings as demonstration of the increased value 

of releasing individuals (Kitada 1999, Wertheimer et al. 2004) or alternatively, the failure of 

doing so (Svåsand et al. 2000, Hilborn 2004). The importance of assessing the impact of 

releasing individuals on the wild population through an experimental framework, including 

untreated controls, has been overlooked in most studies describing the release of individuals, 

including those releasing abalone (Bell et al. 2005), and has limited the interpretation of their 

findings. For example, in most instances it is unknown whether released individuals augment or 

replace wild recruits (Hilborn 2004, Bell et al. 2005, Lorenzen 2005, Bell et al. 2006). 

Populations of wild H. rubra at multiple locations within the area of Kiama, NSW, had been 

regularly surveyed as part of a fishery-independent stock assessment program, by the NSW 

Department of Fisheries, for many years (Andrew et al. 1996, Worthington et al. 2001). These 

surveys quantified the decline in abundance of wild populations of H. rubra to below 25% of 

previously recorded levels of abundance over a period of 4 years from 1995 (Worthington et al. 

2001, Anon 2005c). Population declines in this area were coincident with positive results of 

P. olseni infection within wild populations after these declines were first detected (Worthington 

et al. 2001, Anon 2005a). Subsequent to these findings and as an outcome of quantified declines 

in local wild populations, large areas of coast within the vicinity of Kiama were closed to fishing 

by all sectors (Worthington et al. 2001). Testing of wild populations after initial positive results 

for P. olseni indicated low levels (5%) of infection at two of five locations tested within the 

Kiama area (NSW Fisheries unpublished data). 

The release of abalone into multiple locations at Kiama and the monitoring of released and wild 

abalone among four length classes within release and control locations in this study (Experiment 

3) has provided the first investigation into the impact of releasing abalone on the abundance and 
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persistence of wild populations. The release of 9 000 (14 mm SL) abalone into each of the 

release locations resulted in a significantly increased total abundance of abalone after >2 years, 

with the average total number of abalone within release locations being >200% of that in control 

locations. Moreover, released abalone contributed between 42 - 58% to the total population 

within release locations. Surveys of four length classes of wild abalone within release and 

control locations demonstrated the progression of a cohort of wild recruits that dominated the 

30-60 mm length class at 280 days post-release, and then the 60-115 mm length class at 777 

days post-release. Consistent patterns in the abundance of these length classes among release and 

control locations support the hypothesis that the release of abalone does not significantly affect 

natural population growth as determined through wild recruitment and growth. An important 

consideration of this finding is the initially depleted state of natural populations prior to the 

release of abalone. A number of reviews of stock enhancement studies have emphasised the need 

to complement natural population growth processes and have highlighted the likely increased 

value of a program where releases are done among natural populations that have been depleted 

to very low levels and where depensatory population growth processes are likely to operate 

(Hilborn 2004, Leber 2004, Lorenzen 2005, Bartley & Bell 2008, Lorenzen 2008). The 

persistence of natural recruits to populations among release locations at Kiama was only possible 

through the availability of natural resources not capitalised by released individuals, i.e. the 

carrying capacity within release locations was not sufficiently limited by the introduction of 

9 000 (14 mm SL) abalone. Results from this study demonstrate the value of a stock 

enhancement program to complement natural population growth processes and help rebuild 

depleted abalone populations.  

6.4.4. Bio-economic assessment of a stock enhancement program 

The bio-economic analysis of a long-term (10 year) theoretical release program was done using: 

1) estimates of survival and growth derived from releases described in this study; 2) parameters 

for alternate measures of survival (Shepherd & Breen 1992); 3) intermediate measures of growth 

(Worthington et al. 1995); 4) production costs from commercial farms and the literature (Hart et 

al. 2007); 5) economic data from the NSW abalone industry; and 6) opportunity costs derived 

from the literature (Caddy & Defeo 2003). Positive financial investment opportunities were 

gained using current estimates of financial inputs and returns where rates of survival and growth 

of released abalone were above the average of those measures obtained in this study. Similar 

positive returns were reported by Schiel (1992) for H. iris, where rates of survival (24.3% after 3 

years) were derived from above average results gained in field releases and subsequent survival 

was optimistically set at an instantaneous rate of natural mortality (M) of 0.1 (from Sainsbury 

1982). Less optimistic values of M and lower survival within 3 years indicated likely economic 

 192



Chapter 6 – Long-term survival & growth of released Haliotis rubra and a bio-economic assessment  

losses that were sensitive to rates of survival and growth (Schiel 1992). Roberts et al. (2007b) 

demonstrated substantial economic benefit from the release of H. iris using average rates of 

survival from field studies (10 - 15%) and the same optimistic rate of M (0.1) offered by 

Sainsbury (1982), and noted the need to address the potential of released individuals replacing 

rather than supplementing wild recruits. There was little evidence for this in this study 

(Experiment 3). 

In this study, scenarios describing financial returns greater than those from an alternative 

investment opportunity returning 10% p.a. were obtained after 10 years, where 7 mm abalone 

were released and demonstrated high rates of growth (GIII) and intermediate rates of survival 

(SII), or where rates of survival were high (SIII) irrespective of growth rates. Further, positive 

rates of NPV within the first 5 years of the program, i.e. whilst annual investment was still being 

made, indicated that the continuation of the investment strategy beyond the 5 year period 

described in this study would provide increasingly positive NPV through time. 

The factors investigated in this bio-economic assessment all played crucial roles in the projected 

financial outcomes for the scenarios described. Further, interactions among these factors 

substantially altered the economic outcomes. For example, increased rates of growth reduce the 

time taken for individuals to reach the minimum legal length and this reduced time translated to 

a greater proportion surviving, increased harvest, greater annual cash flow and greater rates and 

final values of NPV. A major factor affecting financial return was the rate of survival. Without 

adequate survival to harvestable size, no increase in financial return (reduced production costs or 

increased beach price) would provide financial benefit greater than that of an alternative 

investment returning 10% p.a. (i.e. NPV >0). Where released abalone did survive to the 

minimum legal length, increased rates of growth reduced the time taken to harvestable size and 

resulted in increased NPV.   

The deterministic model used in this study provides an informative guide, at a relatively coarse 

financial scale, to gauge the likely financial feasibility of a stock enhancement program for 

H. rubra in NSW. A number of assumptions were made to generate the outputs reported. Finer 

resolution of these financial outputs could be gained by adding complexity to the model to 

describe additional biological variation and financial inputs not included in this study. The 

model used in this study did not include measures outlined in the points below (an account of 

these issues is described in the following paragraphs of this section):  

1. cost of releasing or harvesting abalone or monitoring survival prior to harvest. 

2. added risk from variation in yield attributable to factors including disease or the loss or 

reduction of habitat or low rates of growth at locations. 
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3. initial capital investment and additional costs in production associated with protocols to 

ensure genetic diversity is maintained within the target population and that released 

individuals are tested to ensure against the introduction of known diseases. 

4. impacts of positive or negative population growth or reduced fitness of future 

populations. For example, the contribution released individuals may make to future 

recruitment or impacts on carrying capacity limitation, density-dependent effects on 

survival or growth, or potentially reduced genetic diversity of wild populations. 

5. costs associated with measuring assessment targets of non-financial returns including 

those of societal, political and environmental requirements. 

6. indirect benefits attributable to stakeholders, including secondary economic benefits to 

the commercial sector, such as adjusted asset value of shares, increased value to the 

recreational and indigenous fishing sectors and added societal value. 

Costs of releasing, harvesting and monitoring abalone were not included in this bio-economic 

assessment on the understanding that releasing abalone to natural reefs in NSW would provide 

increased security to all stakeholders in the resource, with financial benefit flowing primarily to 

the commercial harvest sector. As such, these costs were considered to be an in-kind 

contribution from stakeholders likely to be financial beneficiaries.  

This model did not account for stochastic variation in survival and growth. Spatial and temporal 

variation in rates of survival and growth, and the subsequent financial impacts of this variation 

on a stock enhancement program, require investment decisions regarding an acceptable level of 

risk to be offset against costs of increased replication. For example, a greater number of 

enhanced locations would reduce the likelihood of a substantial proportion of them returning low 

rates of survival due to habitat loss, low rates of growth, or disease. However, greater levels of 

replication would require a greater level of investment. Further, the nature of the population 

depletion will affect the level of risk associated with reduced survival. For example, where 

populations have been depleted by disease it is likely that there would be a greater level of risk 

of reduced survival, unless adequate testing can provide assurances of the remaining population 

being disease free. Alternatively, investment could be made in pilot scale experiments to obtain 

some measure of these factors and hence reduce the level of risk associated with their variation. 

However, pilot scale experiments can not be used to assess some levels of impact, for example 

measures of competitive interactions within the broader ecology of the system (Hilborn 2004). 

The initial capital investment required to build a hatchery to supply abalone to an enhancement 

program would be substantial. Further, the development of a breeding and rearing program to 

support a management strategy to enhance local populations of H. rubra would require the 
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development of protocols for the maintenance of genetic diversity at the scale of local wild 

populations (Ward 2006, Bartley & Bell 2008) and the integrity not to introduce or increase the 

prevalence of disease in local wild populations (Caddy & Defeo 2003, Bartley et al. 2006). 

Whilst initial capital investment costs have been assumed to be incorporated into the commercial 

price paid mm-1, it is likely that existing protocols within commercial hatchery systems, designed 

for the maximum production of abalone for sale are ill-designed for requirements of genetic 

diversity and integrity. Production costs of individual abalone, based on these existing 

commercial protocols are likely to reflect optimistic values for a local population enhancement 

program.  

The release of abalone for the stock enhancement of wild populations has been made under the 

assumption that natural stocks have been depleted to levels below those where natural processes 

of population growth are likely to be affected by the addition of individuals and where released 

individuals contribute to a substantial proportion of recruits (Bell et al. 2005, Lorenzen 2005, 

Bell et al. 2006). Where this occurs, and the magnitude of released individuals is below previous 

abundance levels, there would be a reduced likelihood of exhausting the carrying capacity of 

existing habitats and of having adverse impacts on population growth processes associated with 

density dependence or other depensatory processes affecting population growth. However, the 

potential genetic impacts of releases made under the circumstances of severely depleted natural 

populations requires carefully considered stock management (Lorenzen 2005, Ward 2006, Le 

Vay et al. 2007, Bartley & Bell 2008).  

Important factors that must be considered to complete a thorough assessment of a stock 

enhancement program include those stemming from social and political motivations and 

environmental requirements including genetic and ecological impacts on the target species as 

well as the broader ecological environment (Blankenship & Leber 1995, Munro & Bell 1997, 

Caddy & Defeo 2003). The costs associated with assessing the objectives and targets of these 

factors will be a component of any stock enhancement program (Arnason 2008, Lorenzen 2008). 

The development of these objectives requires inclusive and transparent interaction among 

stakeholders and investors, so that there is confidence that assessment targets of non-financial, as 

well as financial returns, are adequately addressed. A socially, politically and scientifically 

acceptable level of difference in the genetic integrity of the original population against a future 

enhanced population and temporal assessment of the abundance of a suite of co-habiting 

organisms would enable targets against environmental variables to be measured. In addition, 

minimum survival targets for progressive size classes through time would enable an assessment 

of the financial value of releases against investment prior to commercial harvest, and minimal 

commercial harvest targets would support the financial feasibility of a program's continuation. 
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6.4.5. Implementation of a stock enhancement program for H. rubra in NSW  

The decisions required to invest in a stock enhancement program need to be made against a fully 

informed understanding of the current biological and economic status of the extant populations 

and in light of current, complementary and alternative management arrangements that may 

provide comparative increases in value (Hilborn 1998, Caddy & Defeo 2003, Caddy & Agnew 

2004, Bell et al. 2005). A management group consisting of representatives of stakeholders, 

guided by independent and informed specialists, would be required to determine a course of 

action through the development or modification of a management plan to add value to the 

existing wild abalone resource (Bell et al. 2008). The inclusion of a stock enhancement program 

in such a plan would require a series of decision rules to be considered to initiate and implement 

such a plan in the first instance. For example, there would be increased risk to the success of a 

program where local population depletions have been the subject of disease rather than over-

fishing. The decision to implement a stock enhancement program at local scales where disease 

has occurred would, at a minimum, require the testing of remaining populations with resultant 

negligible or nil infection, prior to any introduction of hatchery reared individuals. Further, it is 

critical that objectives of a program be explicitly described and understood by all stakeholders, 

and a series of targets developed, against which the objectives can be assessed, the program 

evaluated and investment or disinvestment decisions made within specified timeframes. Targets 

would likely include levels of increased abundance or harvest within a timeframe and other 

measures of financial and ecological importance. In concert with the development of a program 

for stock enhancement there is a need for policy development to provide an accurate measure of 

risk to investors and stakeholders of the outcomes delivered through the success of a stock 

enhancement program (Caddy & Defeo 2003, Lorenzen 2008, Tringali et al. 2008).  

The cost of a stock enhancement program would be minimised where it does not function 

independently of other potentially collaborative, complementary and supportive ventures. The 

cost of releasing individuals from a hatchery would be significantly reduced through a 

cooperative arrangement with stakeholders likely to benefit from its success and those that have 

invested in the capital and human resources required to support the release of hatchery-reared 

stock (Bell et al. 2008). The most obvious of these parties for the stock enhancement of H. rubra 

in NSW are the commercial harvest and aquaculture sectors. The collaborative involvement of 

these sectors, with their complementary wild harvest operations and hatchery production, would 

provide substantial financial and logistic benefits to a program whilst reducing the need for 

direct cash investment. Other substantial stakeholders are likely to include those managing the 

public value of the resource, such as all levels of government. These stakeholders may also 

complement the necessary commercial costs of a stock enhancement program, given the 

development of objectives and outcomes that support many of the primary principles of their 
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management. For example the 'objects' of the NSW Fisheries Management Act 1994 are to 

conserve, develop and share the fishery resources of the State for the benefit of present and 

future generations and to conserve populations and ecological communities of fish, promote 

viable commercial fishing and aquaculture industries and promote recreational fishing 

opportunities. However, it is likely that investment and financial commitment from stakeholders 

likely to benefit from successful enhancement would be required to facilitate financial support 

from public funding to initiate a program that delivers outcomes to support public institutional 

objectives of population persistence (Bartley & Bell 2008). 

The current 'Environmental Impact Statement on the Abalone Fishery in NSW' has afforded the 

scope to undertake stock enhancement as an objective under the goal to 'Maintain or rebuild the 

biomass of abalone to ensure stock sustainability', noting the need for consideration of articles in 

the Fisheries Management Act 1994 and the need for an environmental impact statement for 

such a venture under the Environmental Planning and Assessment Act 1979 (Anon 2005b). 

Current management of the NSW Abalone Fishery has seen increased spatial restriction within 

the commercial and recreational fisheries, and consecutive and substantial reductions in the total 

allowable commercial catch (Anon 2005c, 2008b). More recent changes have included increases 

in the state-wide MLL and attempts at adaptive management strategies to obtain information to 

inform the status of wild stocks (Anon 2008a, 2008b). The severely depleted condition of many 

local populations and continued limited recruitment (Anon 2005c, 2008b) provides strong 

support for the likelihood of a stock enhancement program to deliver increased value to these 

populations and the fishery.  

6.4.6. Conclusion and recommendations 

Long-term (>2 year) estimates of survival and growth from the release and monitoring of 

abalone in this study demonstrated that released abalone can enhance local populations and that 

they contribute to the mature population within 2 - 3 years, and to the legally harvestable 

population within 2.5 - 4.5 years. The release of abalone among replicated locations did not have 

a negative impact on the abundance of depleted extant populations, compared with control 

locations. Moreover, natural recruitment and the progression of wild recruits to larger length 

classes within wild populations was unaffected by the introduction of hatchery-reared abalone to 

locations more than 2 years earlier. Financial returns in excess of an alternative investment 

strategy returning 10% p.a. were demonstrated for the harvest of released abalone using a 

deterministic bio-economic model (including important investment assumptions – Section 6.4.4) 

where current economic circumstances were used with rates of survival and growth above the 

average of those described in this study. Results from the release of juveniles demonstrated that 

stock enhancement can provide an alternative and complementary management option where 
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extant populations have been depleted and would increase the value of some of the local 

populations of H. rubra in NSW, Australia.  

Quantifying the effect of some pre- and post-release factors on the long-term survival and 

growth of released abalone would provide more accurate and likely greater estimates of both of 

these critical parameters for the assessment of the value of a stock enhancement program. For 

example, confirmation that intensive hatchery production protocols do not compromise the 

fitness of abalone for release to natural reefs and the lessening of potential behavioural 

weaknesses from hatchery-reared individuals would provide greater confidence in the 

investment in this technology for stock enhancement. Further, estimates of rates of emigration 

and sighting efficiency through time would improve estimates of survival pre-harvest and 

improve the potential financial feasibility of a stock enhancement program.  

Spatial and temporal variation in demographic parameters, including the survival and growth, of 

released individuals restricts the use of many generalities gained by other than specific local 

scale experiments. However, studies of the release of all haliotids have reported habitat 

disturbance at some spatial scale as having a negative effect on survival. A greater level of 

consistency and increased estimates of long-term survival would be achieved where abalone 

were released to reef that is temporally stable and not prone to physical disturbance, although 

this would limit the ability to obtain accurate estimates of survival prior to harvest. Further, the 

nature of local population decline would require consideration with respect to the projected and 

realised success of an enhancement program. Populations depleted through disease would be less 

likely to deliver similar relative value from an enhancement program than those depleted through 

over-fishing. 

In conclusion, the decision to implement a stock enhancement program for H. rubra in NSW 

needs to be made among well informed representatives of all stakeholders in the resource with a 

thorough understanding of the current biological structure of the populations and economic 

status of the fishery. Further, this decision needs to be made in light of current and alternative 

management options available to deliver increased value to these populations and the fishery. 

Despite potential financial benefits demonstrated by the bio-economic assessment in this study, 

the greatest value of a stock enhancement program for H. rubra in NSW will be gained where 

the primary management objective is the rebuilding of depleted natural populations, i.e. 

'restocking', rather than optimising commercial yield through releasing individuals to overcome 

recruitment limitation, i.e. 'stock enhancement', or to harvest released individuals at a larger size, 

i.e. 'sea-ranching' (as defined by Bell et al. 2008). 
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7. GENERAL DISCUSSION 

The research described in this thesis has provided the methodology, baseline targets and 

recommendations for the implementation of a stock enhancement management strategy for local 

populations of blacklip abalone in NSW, Australia. It comprises the first body of work to 

develop and test processes and their application for the stock enhancement of local populations 

of H. rubra and one of the first to undertake long-term monitoring of released individuals, 

demonstrating survival to commercial size. The principal findings were that the release of 

hatchery-reared H. rubra juveniles can enhance local depleted populations and that the greatest 

value of a stock enhancement strategy is likely to be gained where its primary objective is 

rebuilding depleted populations, rather than optimising commercial yield through the release of 

individuals to overcome recruitment limitation or to harvest released individuals at a larger size. 

Moreover, low levels of long-term survival of released larvae suggest their large-scale release is 

unlikely to add substantial value to a stock enhancement program and should only be included in 

a program where their production exceeds that required for juveniles and where costs of their 

release are minimal. Recommendations describing the practical implementation of processes 

required for successful stock enhancement are summarised in Table 7.1. 

7.1. STOCK ENHANCEMENT 

Stock enhancement is considered a potentially valuable tool to support existing traditional 

fishery management approaches to add value to local populations of H. rubra in NSW. This is 

particularly the case where local populations have become substantially depleted and where a 

combination of the nature of local depletions, population demography and traditional fisheries 

management has generally been ineffective in aiding population growth. Throughout this thesis 

the term 'stock enhancement' has been used to describe the addition of hatchery-reared larvae 

and/or juveniles to increase the total number of individuals persisting through time, to support a 

sustainable population, harvestable stock, or both. This generic definition has been used as the 

research in this thesis was not designed to prescribe a specific objective of a stock enhancement 

management strategy, be that to support a sustainable ('restocking') or harvestable ('stock 

enhancement') population, as defined by Bell et al. (2005, 2008). 

The implementation of a stock enhancement management strategy, and determination of its 

success, requires a number of integral management structures to be in place and the sound 

development of specific objectives, agreed to among stakeholders (Cowx 1994, Blankenship & 

Leber 1995, Cowx 1998, Caddy & Defeo 2003, Tringali et al. 2008). However, there are a 

number of critical requirements that need to be achieved before a stock enhancement program 

can be implemented and evaluated. Mechanisms for the release of individuals from the hatchery



Table 7.1 Summary of recommendations for the implementation of practical processes required for successful stock enhancement. References refer to 
sections (S) within chapters (C) of this thesis.   

200

Chapter 7 – General Discussion 

 

Protocol Recommendations Reference
   life history stage
     (time period post-release)

Handling and release
  larvaeA ● handling ; estimate total number and concentrate to 1 L C2 - S 2.2.5

● storage and transport ; cool storage in thermally insulated container, minimise refrigeration (<24 hr.) and buffer from temperature shock (<10oC) C2 - S 2.4.5
● release ; acclimate to ambient seawater temperature (~20 mins), add to deployment pump, treat with GABA 1 x 10-6M (20 min.), C4 - S 4.4.3
                  release to niche areas of substratum, targeting CCA-coated substratum with low water flow C2 - S 2.4.5

  juvenilesB ● anaesthesia ; benzocaine at 1.0 ml.L-1 for 10 min. (0.5 ml.L-1 for 10 min. if seawater temp. >20oC) C4 - S 4.2.2.1
● handling ; estimate total number, distribute among PVC devices (~1 000 device-1), allow recovery from anaesthesia in flow through seawater (12 - 18 hr.) C4 - S 4.2.2.2
● storage and transport ; - short-term transport (<2 hr.); juveniles in devices stacked and separated by cool damp foam
                                         - extended transport (2 - 10 hr.); juveniles in devices, stacked and separated by cool damp foam in an insulated C4 - S 4.4.2.2
                                           container with oxygen, followed by 10 - 48 hr. recovery in seawater tanks  
● size at release  (7-15 mm); above this range expected rates of natural mortality decline rapidly and production costs become restrictive 
● release ; juveniles in devices placed securely on substratum by divers and separated by 5 - 10 m, enabling juvenile dispersal throughout location C4 - S 4.4.2.3

Batch-tagging
  larvae ● larvae ; immersed in calcein 0.05 g.L-1 for 48 hr. (in buffered seawater at 19oC ± 0.5oC) C3 - S 3.2.1

  juveniles ● juveniles ; off settlement plates (>1.5 mm) and on-grown to release size, fed a commercial abalone diet resulting in distinct blue-green shell colour C3 - S 3.2.2

Monitoring
  larvaeC ● boulder collection provides greater estimates of short-term survival; venturi-lift has limited application with depth related inefficiencies, C5 - S 5.4.1
     (days to weeks)    under-sampling juveniles >2 mm and limited access to interstitial spaces.

  juveniles
     short-term ● disturbed boulder sampling; replicates of 0.36m2, n >10; this method provides greater and more precise estimates of survival C5 - S 5.4.2
     (days to weeks) ● a short-term sampling design requires a spatial component to account for dispersal of juveniles from devices within days of release

     long-term D ● disturbed boulder sampling; replicates of 0.36m2, n >10; this method provides greater and more precise estimates of survival C5 - S 5.4.3
     (months to years) ● stratified sampling within 'solid habitat' provides greater estimates of density than disturbed boulder sampling, where habitat has been disturbed

● visual surveys underestimate absolute abundance but provide long-term measures of the abundance of the emergent population (if sampling 'solid habitat')

A The release of larvae is unlikely to add substantial value to a stock enhancement program as estimates of long-term survival are very low. 
B Long-term survival of juveniles released in groups of 1 000 was not significantly different from that in groups of 100. Moreover, aggregations of more juveniles may proffer a growth advantage over those

  released in a more diffuse array (C6 - S 6.3.2.1). 
C Monitoring the settlement and early survival of released larvae is expensive in terms of field and laboratory time. It is recommended only if it is essential to the program objectives. Alternatively, delay monitoring 
  of released larvae and employ recommended methods to monitor juveniles. 
D Greater numbers of smaller replicates provide greater levels of precision. However, large sample units may be required where minimum areas of habitat type are required within each replicate. For example,
  stratified sampling within 'solid' habitat (C5 - S 5.2.5 ). Long-term survival is likely to be greater in more stable habitat types (e.g. solid habitat), this restricts accurate monitoring using methods that disturb the substrata.
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to the natural habitat can have a substantial effect on initial and short-term (<60 days) survival 

(Table 7.1; Chapters 2 and 4). The development of an effective release strategy to transfer 

hatchery-reared individuals to a release location is essential. It is also essential that individuals 

released into wild populations be indelibly tagged so that they can be positively identified when 

recaptured and discriminated from wild conspecifics (Table 7.1; Chapter 3). Further, accurate 

and representative estimates of the number of individuals surviving through time, and their 

growth, are critical measures to assess the success of a stock enhancement program (Table 7.1; 

Chapters 5 and 6). Finally, there is the need to assess the net worth and value of releasing 

hatchery-reared individuals, i.e. that released individuals do not simply occupy ecological space 

at the expense of natural recruits and that they provide a comparatively positive return 

(Chapter 6), as measured against the program's objectives, be they financial and/or biological 

and compared with alternate fisheries management approaches. 

7.2. RELEASE, IDENTIFICATION AND MONITORING 

7.2.1. Handling and release 

The release of hatchery-reared larvae and juveniles to natural reefs requires a series of logistical 

steps. Effects of handling, transport and release processes can manifest as an increased rate of 

mortality prior to release, or as significantly increased mortality within short periods of time 

(<60 days) thereafter (Tegner & Butler 1985, Schiel & Welden 1987, Schiel 1993, Olla et al. 

1994, 1998, Purcell et al. 2006, Le Vay et al. 2007, Lorenzon et al. 2007).  

Results from the series of controlled laboratory experiments described in Chapter 2 demonstrate 

that several factors affect the ability of H. rubra larvae to successfully settle, survive and grow. 

Outcomes included the development of a standard protocol for the handling, transport and 

release of larvae to field locations. Many of the results emphasised the resistance of larvae to the 

handling and transport processes developed. However, the low rates of settlement over short 

time periods in the presence of relatively low water flow, emphasise the importance of release 

methods to control the delivery of larvae to niche habitats that maximise their exposure time to 

the settlement substrata. This could most readily be achieved through the use of a larval 

deployment pump (Chapter 4). Combined with recommendations described in Chapter 2, results 

from the series of experiments investigating the efficiency of delivering competent larvae from 

this pump supported the development of a standard release protocol for larvae. This protocol was 

utilised to release large numbers of larvae to replicate locations to investigate its viability to 

enhance local populations (Chapter 6). The release of tens of thousands of larvae to replicated, 

enclosed and controlled patches of reef, as similarly reported by Schiel (1992) and Preece et al. 

(1997), indicated significantly greater settlement within enclosures after 24 hours. However, the 
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application of this process to increase larval settlement on a large scale was considered 

logistically and economically inefficient. 

Results from experiments in Chapter 4 demonstrated that large numbers of hatchery-reared 

juveniles could be successfully and efficiently released to natural reefs. Further outcomes 

included the development of standard protocols for the handling and release of juveniles, 

including that for their anaesthesia and transport. The handling and release of juveniles required 

additional levels of logistic complexity, compared with that for larvae. The use of a PVC 

deployment device greatly reduced the physical handling of juveniles throughout this process. 

The protocol for the extended transport (up to 10 hours) of juveniles resulted in negligible 

individual mortalities. However, after extended transport, juveniles were often observed to be 

relatively inactive and were relatively easily detached from the substrata. The treatment of 

juveniles in seawater tanks for a minimum of 10 hours facilitated their recovery.  

Consistent with studies elsewhere (Schiel 1993, McCormick et al. 1994, Sweijd et al. 1998, 

Goodsell et al. 2006) deployment devices were used in all experiments described in this thesis 

where juveniles were released. These devices delivered substantial benefits in terms of time and 

financial savings for the release of juveniles in this thesis, with tens of thousands of juveniles 

released to locations in <1 diving hour, compared with multiple more hours if hand plantingwas 

employed (e.g. Schiel 1993). However, in contrast to a number of these other studies, juveniles 

in these experiments were relatively slow to move off the devices. For example, between 40-

60% of juveniles remained on devices after 1 day, although <20% remained after 7-14 days. This 

was in contrast to that described by Goodsell et al. (2006), where they reported rapid (>90%) 

movement of H. rubra (10-12 mm SL) from cylindrical PVC devices, and McCormick et al. 

(1994), where they described the 'usual' movement of between 90-95% of juveniles (25 mm SL) 

from a similar PVC device after 1-2 days.   

7.2.2. Identification - Batch-tagging 

Measuring the survival and growth of hatchery-reared and released individuals is an essential 

requirement to assess the value of a stock enhancement program. To fulfil the objectives of this 

thesis, it was necessary to reliably and consistently tag all released individuals so that they could 

be identified when recaptured and distinguished from wild conspecifics up to 2 years later. 

Batch-tagging enabled recaptured individuals to be identified as whole, live samples; this 

identification procedure was markedly easier for released juveniles where the shell colour was 

easily distinguishable with the naked eye, compared with the fluorescent tag of the larval shell 

that was only visible under specific illumination and magnification (Chapter 3). 

 202



Chapter 7 – General Discussion 

The protocols developed from research in this study to batch-tag H. rubra larvae are the first to 

describe a successful method for haliotids and the first to provide evidence of its success from 

long-term field studies. However, there is the possibility that a proportion of tagged individuals 

may not have been positively identified when recaptured. As such, estimates of survival were 

conservative and constituted minimum values for recaptured larvae.  

Juvenile abalone were batch-tagged using the blue-green colouration of their shell which was a 

consequence of their hatchery diet. Moreover, and importantly, the colour of new growth in the 

shell of released juveniles reverted to a natural red-brown colour shortly after release, leaving the 

length of each individual at release easily discernable as measured by the length of the batch-

tagged 'blue-green' shell in the spire. This change enabled rates of growth to be calculated from 

recaptured individuals. The batch-tagging protocols employed did not, however, enable 

estimates of sighting efficiency to be determined, as is possible with unique individual tagging 

procedures (Shepherd 1990, 1998, Guzman del Proo et al. 2004, Dixon et al. 2006), nor were 

they designed to assess population effects of stock enhancement among generations (Rothlisberg 

& Preston 1992). 

7.2.3. Monitoring strategy  

Measuring the success of a stock enhancement program requires accurate measures of survival 

and growth of released individuals (Blankenship & Leber 1995, Munro & Bell 1997, Hilborn 

1998, Howell 1998, Caddy & Defeo 2003). Obtaining these data necessitates development of an 

effective sampling strategy. Development of these strategies for H. rubra is complicated by 

interactions between ontogenetic differences in habitat utilisation, and the conflict between the 

need to obtain regular, representative samples that do not significantly affect long-term estimates 

of survival, growth and resource limitations. Finally, the release of juveniles on deployment 

devices meant their initial distribution was not homogeneous. 

A monitoring strategy was developed and tested that enabled quantitative estimates of the 

abundance of H. rubra to be measured at points in time ranging from days and weeks to months 

and years, after their release to natural reefs as larvae or juveniles (Chapter 5). Different methods 

used to sample released individuals provided significantly different measures in the accuracy and 

precision of estimates of density, and consequently abundance, over long periods. Greater 

numbers of larvae and juveniles were detected using methods that disturbed the habitat. For 

example, greater numbers of settled larvae and early juveniles were obtained using the collection 

of boulders than could be achieved using a venturi-lift. However, measuring the settlement and 

early survival of released larvae is labour intensive and it would be more cost effective to delay 

monitoring until released individuals are large enough to be monitored using methods to sample 

larger size classes. 
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Juvenile abalone released on deployment devices moved up to 5-10 m in 8 days, resulting in a 

more homogeneous distribution within release locations in short periods of time. This 

redistribution meant a long-term monitoring strategy could be based on sampling designs that 

assume even distributions of the target species. It also supported development of a release 

strategy and definition of release location boundaries and the spatial scale of a long-term 

monitoring strategy. Further, a common occurrence among release locations was the large-scale 

disturbance of habitat by rough seas. Stratified sampling within these locations, among strictly 

defined stratum, revealed more accurate and precise estimates of long-term abundance. This 

structured sampling approach added substantial value to the long-term monitoring strategy for 

estimating the survival of released juveniles.     

7.3. ASSESSMENT OF STOCK ENHANCEMENT 

7.3.1. Survival and growth 

Estimating the long-term survival and growth of released individuals in NSW was critical to 

assessing the value of releasing individuals to a local population (Hilborn 1998, 1999, Bell et al. 

2005, Lorenzen 2005, Bell et al. 2008), and as the basis of the biological component in a 

bio-economic model to determine the financial viability of a stock enhancement strategy. 

Long-term estimates of survival and growth from released abalone demonstrate that they can 

enhance local populations and contribute to the mature population within 2 - 3 years, and the 

legally harvestable population within 2.5 - 4.5 years. However, estimates of long-term survival 

and growth varied substantially among locations and through time, in association with factors 

including habitat loss through rough seas, as similarly described in other studies for released 

haliotids (Tegner & Butler 1989, Schiel 1993, Roberts et al. 2007b) and wild counterparts (Day 

& Fleming 1992, Shepherd & Breen 1992, Shepherd 1998, Worthington & Andrew 1998, Prince 

2004, Saunders & Mayfield 2008). Moreover, that there was no survival of released juveniles at 

a location within an area of coast where the abundance of wild populations had dramatically 

declined, that was coincident with reported infections of P. olseni, indicates disease may have 

played a substantial role in the long-term survival of some releases. Consequently, investment in 

a stock enhancement strategy must balance the risk associated with variation in these important 

demographic variables, and the nature of the population depletion, against the costs of increased 

spatial replication or no management response. 

This work is the first to directly and quantitatively assess the long-term survival of released 

abalone larvae. Small proportions of released larvae contributed to local populations after 

>18 months. However, even with modest increases in survival it is unlikely that the release of 

larvae could provide a viable, stand alone option for the enhancement of local populations. 
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However, their release could contribute to a strategy when larval production exceeds 

requirements and where release methods are effective and cost efficient.  

Estimates of the long-term survival of released juveniles in the research described in this thesis 

were <10%. However, at 25% of locations, long-term survival ranged between 4-10% and was 

greater than expected for wild conspecifics after >2 years. At the remaining release locations 

long-term survival was <4% and less than expected for wild H. rubra (Chapter 6). Estimates of 

long-term survival in excess of 4% provided encouraging estimates for the bio-economic 

assessment of the financial viability of a stock enhancement program. Generally, estimates of 

long-term survival were among the lower range of similar abalone release programs where 

hatchery-reared haliotids had been released for >1 year. However, unlike some of the 

comparative studies, all of the releases done in this study were to areas of un-manipulated 

natural reef, with some of these releases being to reefs that had experienced substantial declines 

in extant populations of H. rubra associated with infection by P. olseni. Rates of growth for 

juveniles released for >1 year were commonly within a similar range (23-48 mm.yr-1), although 

among higher estimates for wild H. rubra. However, the highest mean rate of growth (44 mm.yr-

1) for juveniles released to multiple locations for >2 years in this study was greater than that 

recorded among any other known studies for wild H. rubra. Notably, the growth of juveniles 

released in more concentrated groups was significantly greater than that of juveniles released in 

a diffuse array. These results support a model for density effects on the growth of haliotids in 

natural habitats that are counter-intuitive (for example, see Huchette et al. 2003, Lloyd & Bates 

2008) and likely above that for haliotids operating in an artificial environment.  

7.3.2. Impact on wild populations of H. rubra 

The work reported in this thesis is the first to describe the monitoring of wild and released 

individuals at multiple release and control locations to assess the long-term impact of releasing 

individuals on the abundance of wild populations. The impact of releasing individuals on the 

abundance of the wild population is an important factor in determining the value of a release 

program (Hilborn 1998, Caddy & Defeo 2003, Hilborn 2004, Bell et al. 2005). If released 

individuals replace, rather than supplement, processes that enable the growth of a wild 

population, the value of a release program is likely to be negligible (Hilborn 1998, Bell et al. 

2005).  

Results from the controlled release of juveniles among depleted populations at multiple locations 

indicated that the release of hatchery-reared juveniles did not have a significant negative impact 

on the abundance of extant populations (Chapter 6). Moreover, natural recruitment and the 

progression of wild recruits to larger length classes was not significantly different among wild 

populations where hatchery-reared juveniles were introduced more than 2 years earlier and those 
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at control locations. That hatchery-reared juveniles can be added to wild populations that have 

been depleted, and not have a significant effect on natural recruitment, supports the use of stock 

enhancement as a tool to successfully manage these stocks. Further, these results add support to 

the arguments put forward for the responsible use of stock enhancement within populations that 

have been depleted and where depensatory population growth processes operate (Hilborn 2004, 

Leber 2004, Lorenzen 2005, Bartley & Bell 2008, Lorenzen 2008)   

7.3.3. Bio-economic assessment 

In this study a long-term (10 year) abalone stock enhancement strategy was described and a 

deterministic bio-economic model was used to analyse the net present value of this strategy 

under a range of scenarios, at a comparative rate of return of 10% p.a. (Caddy & Defeo 2003). 

The use of such a bio-economic analysis is an essential component in the assessment of the 

financial value of a stock enhancement strategy. This is particularly the case where the objective 

of the strategy is to support the commercial harvest of released individuals and generate positive 

economic returns (Hilborn 1998, 1999, Bell et al. 2005, Lorenzen 2005, Bell et al. 2008). 

Importantly, the decision to invest in a financially viable stock enhancement program requires 

the assessment of financial returns within a range of likely economic and biological parameters 

with comparison against alternative investment opportunities.  

The bio-economic analyses done in this thesis used a series of scenarios including biological and 

economic parameters that ranged between relatively optimistic (fast growth; 6% survival at 

2 years; beach price $AUD 44.kg-1) and relatively pessimistic (slow growth; survival <4% at 

2 years; beach price $AUD 24.kg-1) inputs, from long-term estimates of survival and growth 

described for H. rubra in NSW and from economic data for the commercial fishery. Financial 

benefits could be gained against an alternate investment returning 10% p.a.. However, these 

outcomes were generated using scenarios utilising optimistic biological and or economic 

parameters (Chapter 6). Outcomes generally supported the conclusion that the greatest value of a 

stock enhancement strategy for H. rubra in NSW would be gained where the primary 

management objective is the rebuilding of depleted natural populations, rather than harvesting 

released individuals for commercial financial benefit. 

7.3.4. Implementation and management 

This thesis has provided a mechanism and recommendations to assess the need and implement a 

stock enhancement management strategy for local populations of H. rubra in NSW. A 

management group consisting of representatives of all stakeholders is required to asses the need 

for such a strategy, and its implementation requires a complex analysis of multidisciplinary 

factors applied at the scale of each target population (Caddy & Defeo 2003, Caddy & Agnew 
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2004, Lorenzen 2005, Bell et al. 2008, Lorenzen 2008, Tringali et al. 2008). Principal 

considerations in determining the risk and opportunity costs of implementing a stock 

enhancement strategy include understanding the demography of the population, the nature of its 

decline (e.g. overfishing, disease, environmental change), the financial capacity of the fishery 

and alternate management options that could deliver comparable increases in the value of the 

resource (e.g. restriction of traditional input and output controls, adult translocation and habitat 

restoration).  

The primary objective of such a strategy requires careful consideration and unambiguous 

definition. Following from this, production (maintenance of the genetic diversity of the target 

population) and performance (biological, ecological and financial) targets require explicit 

description, including methods and timeframes for their assessment and decision rules for 

continued investment or disinvestment (Chapter 6). Concurrent with these processes is the need 

for policy development to enable investment decisions to be accurately assessed against the 

strategy's outcomes (Arnason 2008). 

The principal stakeholder responsible for the persistence and provision of functional populations 

for utilisation by future generations is ultimately the regulatory body accountable for the 

sustainable management of the resource. In NSW, the initiation of a management process to 

assess the need and opportunity costs of implementing a stock enhancement strategy for depleted 

populations lies with state government. However, there are immediate issues limiting a 

stakeholder assessment of the need, implementation and objectives of a stock enhancement 

strategy for H. rubra in NSW. These include the current capability and capacity of stakeholders 

to effectively co-manage the fishery under the existing management structure and the limited 

capacity of stakeholders to invest in such a strategy (Anon 2008b). 

7.4. CONCLUSION 

The work done in this thesis provides the methodology, baseline targets and recommendations 

for the implementation of a responsible approach to the stock enhancement of local populations 

of H. rubra in NSW, Australia. The greatest value of a stock enhancement strategy for H. rubra 

in NSW is likely to be gained where the primary management objective is the rebuilding of 

depleted natural populations, i.e. 'restocking'. Critical to the development and success of this 

process is the inclusion and collaboration of all stakeholders with considered interests in this 

resource and fishery. With clearly defined and agreed objectives, and associated measurable 

targets, the implementation of a successful strategy to enhance local populations of H. rubra is 

possible. 
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Results from this thesis support the hypothesis that logistically and biologically successful stock 

enhancement of local wild populations of blacklip abalone can be achieved and critically 

assessed over long periods of time. Further, outcomes from this work provide logistic protocols 

for the handling, release, tagging and monitoring of hatchery-reared H. rubra larvae and 

juveniles to natural un-manipulated reefs in NSW (Table 7.1). Baseline targets for successful 

stock enhancement are described and recommendations are provided to assess the need for, and 

implementation of a stock enhancement management strategy for local populations of H. rubra 

in NSW, Australia. 

7.5. FUTURE RESEARCH 

Future research for the responsible development and implementation of a stock enhancement 

management strategy for H. rubra in NSW requires a focus within four important areas. Firstly, 

production capacity and population integrity are critical to the implementation of a stock 

enhancement strategy. Production of large numbers of H. rubra larvae and juveniles was 

achieved to support the work described in this thesis. However, more rigorous testing of the 

effects these innovative and intensive production protocols have on the physiological and 

behavioural development of hatchery released juveniles would provide greater confidence in the 

investment in this technology for stock enhancement.  

Secondly, low rates of long-term survival of released haliotids has often been attributed to 

large-scale habitat disturbance. This was also the case in this thesis. Therefore, despite the 

limited application of generalisations regarding the success of releasing individuals, it is likely 

that significantly higher average rates of long-term survival could be achieved through the 

targeting of areas of reef displaying more stable habitat. Comparable, or increased rates of long-

term survival among more stable habitats would require appropriate testing before its broad-

scale application. Further, investigation into the response of local populations to stock 

enhancement, after having been depleted by processes such as disease or recruitment over-

fishing, would provide greater direction in the application of this strategy for management.  

Thirdly, bio-economic analysis of a simulated, long-term stock enhancement strategy showed 

that positive financial returns can be made against an alternate investment opportunity returning 

10% p.a., where rates of survival and growth were above the average measures obtained from 

long-term experiments. More detailed bio-economic analyses, including greater determination of 

risk could be achieved through the application of stochasticity in some parameters of the model. 

Finally, critical issues for the responsible implementation of a large-scale stock enhancement 

program include maintaining the genetic diversity of wild populations, through appropriate 

brood-stock and breeding management protocols and the long-term functionality of the broader 
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ecological system. A socially, politically and scientifically acceptable level of difference in the 

genetic diversity of the original population against a future, enhanced population requires 

definition and testing. This would facilitate the making of acceptable, responsible management 

decisions about the termination or continuation of a program. Similarly, measures of the impact 

of releasing H. rubra on competitors, predators and/or other ecosystem measures in which an 

enhanced H. rubra population would function requires scientifically rigorous, long-term 

assessment to support the implementation and continuation of a responsible stock enhancement 

strategy. 
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