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2003/005 Investigating reproductive biology issues relevant to 
managing the western rock lobster broodstock 

PRINCIPAL INVESTIGATOR: Dr Roy Melville-Smith 

ADDRESS: Depaitment of Fisheries Western Australia 
Reseai·ch Division 

39 N01thside Dtive 
Hillaiys, WA 6025 

Objectives: 

1. To investigate the implications of the setose and maximum size mles.

2. To unde1tak:e preliminaiy investigations into the implications of egg diameters being
significantly smaller at the Abrolhos Islands than at the coast.

3. To quantify the extent of the breeding grounds, so as to weight the overall egg production
index for the stock by the contribution of the management zones.

Non-Technical Summary 

Increases in efficiency due to modem electronic equipment, improved fishing vessels and 

knowledge about the grounds and lobster behaviour, have all led to western rock lobster fishers 

becoming more efficient at catching western rock lobsters in Western Australia. One of the 
outcomes of these increases in efficiency has been an increase in pressure on the breeding 
stock. Managers have responded by introducing measures to protect the breeders. In 1993, 

this involved the imposition of measures to limit the exploitation of mature female lobsters 
by introducing a legal maximum size for females as well as the protection of setose (mature) 
females. 

The combination of high exploitation rates and protection of lai·ge, mature females, but not 
males, has since resulted in ve1y dist01ted sex ratios of mature animals across the fishe1y, 
paiticulai·ly those over the maximum size limit. It is well known from laborat01y studies on 

other species of lobsters, that highly disto1ted female-dominated sex ratios (such as has been 
caused in the wild by the setose rnle), and large females being forced through lack of choice to 
mate with small males (such as has been caused in the wild by both the setose and maximum 
size measures) can lead to spe1m limitation effects (feitilisation of eggs but reduced brood 
sizes). These same management measures could have more positive effects - for instance in 

some species, the older individuals produce larger eggs, that in tum produce lai·ger lai-vae that 

have been shown to have better sm-vival characteristics. 

These, and other unknowns, led to the initiation of this reseai·ch project aimed at investigating 
these biological issues. The outputs from this reseai·cl1, together with otl1er data, provide an 
indication of the contribution to egg production of different management zones in the western 
rock lobster commercial fishe1y. 

This study established that the sizes at which female and male western rock lobsters become 

mature is smaller in the n01them pa1t of the grounds than in the south. The study finther showed 
that the size at first maturity has been decreasing in all ai·eas of the grounds over the last 30 
yeai-s. The reason for these changes may be due to wa1ming of the water, which has occmTed off 
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the fishing grounds in the last centrny, or it could be due to selective fishing pressure favouring 
animals that matrn·e at a small size. 

The project also examined the moulting cycle of female lobsters. It showed that mature females 
are in breeding condition (setose) from June to February at which time the majority moult 
to a non-breeding condition. However, this is variable depending on the water temperature 

in January/February. When the water temperature is cool in those months, the proportion of 
females that stay in a breeding condition throughout the year is much higher (up to 40% of the 
samples). This research also showed that large lobsters carry two broods per season, whereas 
small lobsters only carry one brood. Whether or not a female carries one brood or two is not 
only dependent on the size of the animal, but also on the number of appendages that she has 

lost. The project has shown that the more appendages that have been lost, the less chance that 
the she will carry eggs. 

This study also examined whether the size, biochemical composition and consequent likelihood 
of survival of western rock lobster la1vae are different for those produced by small, average 
size, or large females in the three different management zones of the fishery. There was no ap
parent relationship between these variables and the conclusion was drawn that the individual 

female and her diet prior to spawning, may have a greater influence on the likely survival of the 
lruvae than her size or location of captrn·e. 

Biological data were used to show the cmTent contribution of broods tock to egg production in 
the different management regions of the fishe1y and historical length frequency data were used
to show how egg production has changed in those regions over time. Results show that egg 
production is now more evenly distributed across management zones than in eru·lier yeru·s of 

the fishe1y. Egg production was high at the Abrolhos Islands in the 1990s owing to strong year 
classes of breeding animals entering the fishe1y over those yeru·s. Since 2000, egg production 
has fallen shruply at the Abrolhos Islands, but has increased in the coastal population c01npru·ed 
with the 1980s and 1990s. 

In the final research component of this study, paternity assignment, using genetic analyses of 
tissue, egg and spern1atophore srunples, was used in an attempt to establish mating choices of 

male and female western rock lobsters on an isolated deep water (50 m) reef, west ofDongru·a 
in the central prut of the fishe1y. Depletion studies suggested that most of the resident lobsters 
on the reef were caught at least once on the sepru·ate srunpling trips, but it became apparent that 
there was considerable emigration and immigration on and off the srunpling site- an unexpected 

result. Accordingly, there were few matches of males caught, to the spermatophores or eggs 
srunpled from the females at the site. The small sample of males that were matched to female 
mating prutners did not show any relationship between either the size or nmnber of females that 
the males mated. 

The microsatellite (genetic) technique of being able to identify individual atiimals was also 
used to recmd inte1moult increments. As with the paternity assignment work, few animals were 

recaptmed, especially after moulting, but the method was used to record increments in nine 
males and three females. 

Keywords: egg production; selective fishing; paternity assignment; behaviom; maturity; 
genetic 
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1.0 Background 

There is no doubt that western rock lobster fishers have become more efficient operators over 
time through advancements in gear technology, coupled with increased expettise in their ability 

to use this technology to target the stocks. One of the outcomes of this has been an increase in 
pressure on the breeding stock. Managers have responded to these pressures on the breeding 
stock by intrnducing measures to protect the breeders. In 1993, this involved the imposition 
measures to limit the exploitation of mature female lobsters by introducing a legal maximum 
size for females as well as the protection of setose (mature) females. 

The combination of high exploitation rates and protection of large mature females, but not 

males, has since resulted in ve1y dist01ted sex ratios of mature animals, paiticularly those over 
the maximum size limit. It is well known from laborat01y studies on other species of lobsters, 
that highly disto1ted female-dominated sex ratios (such as has been caused in the wild by the 
setose mle), and lai·ge females being forced through lack of choice to mate with small males 
(such as has been caused in the wild by both the setose and maximum size measures) can lead 

to spe1m limitation effects (fe1tilisation of eggs, but reduced brood sizes). 

The western rock lobster :fishe1y, through its unusual management measm·es of protecting the 
brood stock, probably has a more highly skewed sex ratio than most (perhaps all) other lobster 
:fisheries in the world. This factor has been a strong motivator for reseai·ch to be undettaken to 
evaluate this potential risk to mating success. 

When this project was developed, there had been some evidence that the size of eggs at the 
Abrolhos Islands were 10-15% smaller in diameter than at the coast It is known from studies 

on :fin:fish, that eggs from first time spawners ( and therefore probably small animals) have a 
lower hatching success compai·ed to eggs from experienced spawners ( and therefore probably 
older animals) (Solemdal et al., 1995; Trippel, 1998). It was therefore imp01tant to investigate 
the possibility that western rock lobster eggs spawned at the Abrolhos Islands might be less 
viable than those from the coast. 

Finally, there was a need to quantify the extent of the breeding grounds in the western rock 

lobster fishe1y. Maiiagers produce breeding stock indices for different management zones in 
the fishe1y and these are sometimes combined into a single breeding stock index for the fishing 
grounds. However, it has been identified that infonnation on the prop01tion that the three 
management zones contribute to the overall index, is necessa1y. 

This project, which commenced in July 2003, has attempted to provide answers to the above 
questions. Over the course of the study, it has frequently been found that addressing one issue 

has often led to interesting research results being achieved for other unanswered questions. 
Accordingly, this rep01t has been prepai-ed as a series of published (and unpublished) reseai·ch 
papers. The way the objectives of this project have been met in these research papers is outlined 
in Chapter 1.3. 
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Outcomes Achieved To Date 

The project has provided biological infotmation to give confidence to managers and industry 
as to the effects various management measures, such as the setose rnle and maximlllll size 
rule, might be having on the brood stock. 

On the basis of the results, there has been reassurance to industry that there is no need for 
concern about dist01ted sex ratios and mismatches of size classes between the sexes of mature
lobsters in the natural environment impacting on egg and laival production in the :fishe1y. 

The size or area in the :fishe1y where breeders ai·e resident has been shown to not affect the 

likely smvival of the laivae they produce. 

The prop01tio11 of egg production to the total production in the :fishe1y has been estimated for 
the three management zones. 

TI1e microsatellite technique of being able to identify individual animals was shown to be 
useful for conducting mating choice studies for lobsters. In addition, the polym01phic loci 
developed in this project (supplemented with some additional polymotphic loci) will be used 
in the future to evaluate spatial and temporal population genetic stt11cture in western rock 

lobsters. 

1.1 Need 

Setose and maximum size rnles have severely disto1ted the sex ratios and may have affected 
the sizes of mature (breeding) animals in the population. Research is necessaiy to investigate 

cunent and future projection of these management measures on fe1tilisation success in the 
breeding population. 

To effectively manage the brood stock, it is importai1t to have a knowledge of whether eggs 
from different regions in the fishery differ in 'quality' (i.e. would be likely to produce first stage 
la1vae with different survival characteristics). This is paiticulai·ly important for the Abrolhos 
Islands, which is estimated to contti.bute between 45-65% of egg production, but where the 

sizes of the eggs have previously been recorded as 10 to 15% smaller than at the coast. lliis 
project will assess whether the smaller eggs result in lower smvival of stage 1 laivae, as an 
indicator of overall smvival. 

At present, no weighting is given to the contti.bution made by the three zones to egg production
in the :fishe1y. It is necessaiy to more fully llilderstand the spatial distti.bution of the breeding
stock in the zones when assessing effects of management packages. 

1 .2 Objectives 

1. To investigate the implications of the setose and maximlllll size rules.

2. To ID1de1take preliminaiy investigations into the implications of egg diameters being
significantly smaller at the Abrolhos Islands than at the coast.

3. To quantify the extent of the breeding grollilds, so as to weight the overall egg production
index for the stock by the contti.bution of the management zones.
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1.3 Reporting Format 

As noted in the Background to this repmt(see Chapter 1), much of the research in this document 
has either been, or is in the process of being submitted for publication in peer-reviewed scientific 
journals. Project objectives are outlined in Chapter 1.2 (above). The way that these objectives 

have been met in the following chapters is outlined below. 

Chapter 3 is titled 'Visual Assessment of the Reproductive Condition of Female Western Rock 

Lobsters (Panulirus cygnus)'. This paper does not specifically address any of the objectives, 
but was necessa1y in order to be able to do the reproductive condition assessments that were 
used throughout this study. 

Chapter 4 is titled 'Spatial and temporal variation in the size at matmi.ty of the western rock 
lobster Panulirus cygnus George'. This paper, and the next in Chapter 5, 'Interannual variation 
in the moult cycle and size at double breeding of mature female western rock lobster Panulirus 

cygnus', together paitially address Objective 1 (to investigate the biological implications of the 
setose and maximum size rules), by examining: spatial and temporal changes in the size at first 
breeding in females; sizes responsible for multiple broods per season; and, yeai· to yeai· changes 
in the proportion of setose breeders. These data have all been used in Chapter 8 to calculate 

spatial and temporal changes in egg production. 

Chapter 6 titled 'Changes in egg production of the western rock lobster (Panulirus cygnus) 

associated with appendage damage' was an indirect (and unforseen) benefit of the analysis 
that resulted from addressing Objective 1. It does however show that the unavoidable loss of 
appendages that would likely result from the continual sorting of setose and maximum sized 
females through the fishing season, will impact on egg production. 

Chapter 7 titled 'Neither maternal size nor site of spawning influences lai-val competency in 
western rock lobster Panulims cygnus George', completely addresses Objective 2 (to unde1take 

preliminaiy investigations into the implications of egg diameters being significantly smaller at 
the Abroll1os Islands than at the coast). 

Chapter 8 is titled 'Spatial and temporal changes in egg production in the western rock lobster 
(Panuli111s cygnus) fishery' and has utilized much of the reseai·ch in other chapters (e. g. changes 
in size at matrui.ty over time; size at double breeding etc), to address Objective 3 in full, namely 
to quantify the extent of the breeding grounds, so as to establish the propo1tional contributions 

to egg production of the three management zones. 

Chapter 9 is titled 'Chai·acterization of polymorphic loci for the Western Rock Lobster (Panulirus 

cygnus)' and deals with the development of microsatellite loci for use in Chapter 10. 

Chapter 10 is titled 'Use of microsatellite loci to establish mating choice and growth rates of 
western rock lobsters (Panulims cygnus)'. This chapter also addressed aspects of Objective 1: 
to investigate the biological implications of the setose and maximum size rules, in this case by 
attempting to examine mating strategies in the wild as a means of identifying the implications

of the disto1ted sex ratio that must result from the protection of females by the setose and 
maximum size rnles. 
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2.0 Executive, non-technical summary of the project 

and its outcomes 

2.1 Introduction 

This final report differs from many other FRDC-funded projects, in that the subject matter has 

covered a wide range of research topics. The common thread that has joined these topics is their 
relevance to management of the broodstock of western rock lobsters. The research behind this 
project has been published in six well-respected scientific journals and a seventh chapter is in 
the process of being prepared for journal submission. 

Each of the chapters in this rep011 is in the fonnat in which it was submitted for publication. 
The positive aspect of submitting a final rep01t in this style is that those reading it can be 

assured that the work has been thoroughly peer reviewed. The downside however, is that the 
project outcomes have been geared towru·ds a scientifically inf01med audience. The funder has 
therefore asked for this extended non-technical summa1y to be added, so as to encapsulate the 
intention, results and outcomes of the work for a wider non-scientific audience. 

Back in 2003 when the project was funded, there were a number of unanswered reproductive 
biology questions being posed by stakeholders in relation to broodstock management of the 

western rock lobster fishe1y. Management measures requiring fishers to release setose (i.e. 
females with ovigerous setae, which are hairs on the swimmerets of mature females during the 
breeding season) and maximum size females (i.e. exceptionally lru·ge females above a pa1ticular 
size that differ in different pruts of the fishe1y) had been introduced into the fishe1y in the 

1992/93 fishing season. There was unce11ainty as to how this might have dist01ted the sex ratios 
of the brood stock and what affect that might have had on fe11ilisation success. 

There was also uncertainty as to the quality of eggs produced by different sized females and by 
females in different pa1ts of the fishe1y. There is a considerable difference in the size ranges of 
breeding animals in different paits of the fishe1y and while it is well known that large females 
produce many more eggs than small females, three was no information on whether larvae 

produced by different sized females would differ in their likelihood to survive. This question 
had become more relevant given the protection to maximum sized females. 

Finally, stakeholders were interested in the contributions made to egg production in the different 
management zones of the fishe1y. Estimates of egg production had been made for the different 
zones in eru·lier yeru·s, but since then exploitation rates had increased in a non-unif onn way 
across the fishe1y and these eru·lier estimates were clearly no longer relevant. 

2.2 Results 

In order to unde1take the objectives of this project, it was imp01tant to have ve1y cleai· ru1d 

reliable criteria for establishing the reproductive state of breeding females, i.e. whether the 
female is immature, or if it is a breeder, whether it is inactive, or likely to be a single or double 
breeder ( the latter categ01y being made up of females canying more than one batch of eggs in a 
spawning season). A flow chru1 outlining the external characteristics used for detennining the 

reproductive state of breeding females is provided in Chapter 3, Fig. 3. 
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Although the work outlining female breeding criteria in Chapter 3 is quite routine, it was critical 
to get these methods finnly established because much of the subsequent work in the rep01t was 

based on these criteria. In the comse of developing these we did establish that external features 
that had previously been employed to classify western rock lobsters as either single or double 
breeders were not as reliable as those outlined in this study. 

With breeding criteria well established, the study moved to focussing on identifying the size at 
first maturity of both male and female western rock lobsters in different areas of the fishe1y, and 
whether there have been any changes in size at first maturity over time. 

It is well known in the western rock lobster fishe1y that the average size of lobsters tends to be 

much larger in the south than the n01th and that this is also reflected in the size at first maturity, 
which is laTger in the south than the n01th. Both the average size and size at first maturity are 
paiticularly small at the Abrolhos Islands. While vai·ious studies in the past have established 
size at first maturity for one or both sexes in different ai·eas of the fishe1y, this study was the 
first to undertake a comprehensive overview of size at first maturity across a range of different 

ai·eas in the fishe1y in a single yeai· (2002). The results from that overview ai·e summai·ised for 
females and males in Chapter 4, Figs. 2 and 3 respectively. The results confirmed the decrease 
in size at maturity as sampling progressed n01thwai·d and showed that there is a consistent trend 
in that male western rock lobsters have a lai·ger size at first matuiity than females. 

The study then examined changes in size at first matui·ity over time in six different areas in 
the :fishe1y using more than one dataset. With the exception of the Abrolhos Islands where 

size at first matuiity appeai·s to have remained relatively constant over time, the other ai·eas 
(Fremantle, Lancelin, Jwien Bay, Dongara and Kalbani) showed substantial downwai·d trends 
(Chapter 4, Figs. 6 and 7). 

Female breeding patterns in relation to the moult cycle, were examined in detail. This work 
showed that mature females have ovigerous setae on their swimmerets from June through 
Febma1y-March. The proportion of females that had ovigerous setae in the pe1iod between 

Febmaiy-March through June was vai·iable. On average, about 80% of the females moulted 
into a non-setose phase between Februaiy to June. There were some years, notably when mean 
water temperatures in Januaiy and Febmaiy were high, when nearly all females moulted into a 
non-setose state. In yeai·s when the mean water temperature in Januaiy and Febmaiy was cold, 

up to 40% of females remained setose (Chapter 5, Fig. 6). 

Most matui·e females produce a batch of eggs each breeding season, but large females frequently 

produce a second batch of eggs in the same breeding season. The mean size at which females 
produce a second batch of eggs in the same season was estimated for data collected in 2002 for 
six ai·eas in the :fishe1y (Chapter 5, Fig. 7). As with size at maturity, the size at double-breeding 
decreases in a n01iherly direction across the fishing grounds. 

In the comse of focussing on the likelihood of different sized females canying one or two 
batches of eggs, it became cleai· that there was an association between appendage damage 

and egg production. Females that were missing one or more appendages (antennae/feelers or 
legs), were less likely to produce a batch of eggs than a similai· sized female with a full batch 
of appendages. The greater the number of appendages missing, the less likely was it that the 
breeding female would produce eggs, or in the case of large females the less likely the female 

would produce a second batch of eggs in the season. To give an indication of the effect of 
appendage damage on egg production, females with one damaged appendage were 20% less 
likely to produce a batch of eggs, whereas those with five damaged appendages were ai·ound 

8 Fisheries Research Report [ Western Austra Iia] No. 193 , 2009 



85% less likely to produce a batch of eggs. Females with more than seven damaged appendages 
did not produce eggs. 

There is published research, paiticularly on teleosts (fish), that shows that eggs from young 

spawners have a lower hatching success than those from older spawners. Also that because 
older females spawn longer and later into the breeding season, that this gives the early stage 
lai-vae from older females a greater possibility of coinciding with plankton production cycles and 
thereby increasing the possibility of those lai-vae flourishing due to greater food availability. 

Based on this info1mation, there was an unsubstantiated opinion that the eggs and laivae of 
lai·ge female lobsters might be more competent (i.e. more robust and 'healthy') ai1d therefore 

more likely to sm-vive than, eggs from small females. There was also a feeling that there may 
be differences in the smvival chai·acteristics of eggs taken from different paits of the fishe1y. 

The detailed methods used to detem1ine whether any of these differences occtmed in western 
rock lobster eggs and lai-vae from different pruts of the fishe1y and from different sized females 
ru·e provided in Chapter 7. Results showed that there were no significant differences in the 
diameter of eggs, produced by females of different size or taken from different regions in the 

fishe1y. There was also no difference in the length of phyllosoma at hatching. 

Lipid, fatty acid, protein and water compositions of egg samples taken from different sized 

females and from different pait of the western rock lobster fishe1y were compared. Mostly 
there was no significant difference, but lipid classes of eggs differed significantly across the 
three size classes of females that were examined. Fatty acids differed between both eggs and 
phyllosoma grouped by different paits of the fishe1y and by the size classes of the females. 

There was no indication from the analyses of lipid classes of fatty acid composition in this study 
to suggest that they influenced lai-val competency or length-at-hatch. 

The results suggest that neither the site at which the female lobster spawns, nor her size, nor the 
size of the lai-vae at hatch is a good indicator of larval competency. It seems more likely that 
laival competency depends on the condition of the female initially, and then presumably also 
the availability and abundance of food in the environment into which the phyllosoma hatch. 

The results that have been outlined provided a better understanding of reproductive biological 
pai·aineters such as size at first maturity (by location and over time), prop01tions of females 

breeding once or twice per season (again, by location and over time) than was previously 
understood. Fruthermore, it is now appru·ent that there is no significant difference in laival 
competency based on size of female or location of spawning. The next step was therefore 
to utilise this knowledge to estimate changes in egg production in the fishe1y by the three 

management zones over two decades (1980-1989; 1990-1999) and the period 2000-2007. 

The methods used and the many assumptions that have been made, ai·e outlined in Chapter 

8. The results show that because of the decrease in size at first maturity and size at double
breeding, that there ai·e now significantly more small females, many below the legal minimmn
size, contributing to the brood stock than at any time since the fishe1y was researched. This has
led to an increase in egg production in the n01them and southern coastal management zones.

Egg production at the Abrolhos Islands has been more vai·iable than at the coast. Changes in
the contribution to total egg production of lobsters above and below legal size at the Abrolhos
Islands in the 1990s, led to peak egg production in that management zone in the 1990s.

One of the biggest influences on egg production estimates is the application of 
efficiency increases. There is a high degree of unce1tainty srurntmding appropriate 
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efficiency increases; this study has applied a single one-off increase of 18% at the 
Abrolhos Islands and annual increases of 6% and 2% in the n011hem and southern management 

zones respectively. 

The final pa.ii of this study has attempted to gain insight into mate choice of western rock 
lobsters in the wild to assist in addressing the question of whether there are sufficient matme 
and pa11icularly lai·ge sized males, to mate with the females in the population. This has been 
of concern in this fishe1y because cmTent management rnles protect all matme females whilst 
they ai·e in a breeding state and lai·ge size females even in a non-breeding state, but there are no 

management measmes to protect lai·ge males. 

Sampling was conducted periodically on a deep (50 m) offshore reef neai· the centre of the 
fishe1y, between October 2004 and August 2006. Microsatellite paternity assignment tests 
were used to detemnne which males caught in pots on the site had mated with females at the 
sampling site. Only six of the 284 sampled male lobsters had mated with females caught over 
the same period. Four of these identified males had mated with only one sampled female, while 

the other two males had mated with three different females each. Multiple spennatophore 
samples matched each other, but did not match any tissue samples from males captured during 
the surveys. From the small number of male lobsters that were both sampled and that had 
mated females at the sampling site, choice of mating pai1ner appeared to be random. Similady, 

although the sample size was small, there appearnd to be no relationship between size of the 
male lobster and number of females that he mated. 

As a secondaiy output from this study, a total of nine male and three female lobsters were 
identified by the microsatellite analysis as being recaptured after moulting. These animals have 
provided growth data, but this method is expensive and would not be practical for obtaining 
large amounts of routine growth data. 

2. 3 Discussion 

This study into the reproductive biology of the broodstock, has been very beneficial in te1ms 

of its outcomes. There has been a severe and unexplained downturn in puernlus settlement in 
2008, which has led to an exannnation of factors leading to possible causes for that downturn. 
One factor which has been considered as a cause has been the state of the western rock lobster 
broodstock, and the outcomes of this study have been pai·ticulai·ly timely in contributing to 
considerations of this possibility. 

Prior to this study being unde11aken, it had not been appreciated that the size at first maturity in 

the fishe1y had declined. Without taking into account that smaller animals are now contributing 
to egg production in the fishe1y than in the past, estimates of change in egg production over time 
were more pessimistic than since this has been inco1porated into the calculations. 

The reasons behind the change in size at maturity are still unclear. One possibility that has been 
considered, has been that mean water temperature has increased since the 1970s (the period 
over which size at maturity has been considered in this study) and there is evidence from more 

than one source to show that females matme eai·lier and at a smaller size in waimer water. A 
different possibility is that high exploitation rates combined with knife-edge size selection in 
the fishe1y, could be selecting for eai·lier maturntion. Both factors may be playing a part in the 
changes that have been recorded. 

That the prop011ion of setose females in the period Februaiy-Mai·ch through June each yeai· is 
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so variable, is a finding that had not previously been identified in this fishe1y. It could have 
potentially impo1iant ramifications in the western rock lobster fishe1y where rnles protecting 
the harvesting of setose lobsters are used as a management measme used to offer protection to 
a po1iion of the breeding stock. What this means is that unusually waim water conditions in 
J anuaiy/F ebruaiy each year, such as might be anticipated under future global waiming scenarios, 
could lead to higher exploitation rates of large breeding females. 

The effect of appendage damage on egg production was an outcome of this study that had not 
been anticipated when the objectives were being formulated. As with much of this study, this 

inf01mation is paiiicularly relevant given that the maximum size of western rock lobster females 
has been futiher reduced in the 2008/09 fishing season. Maximum size rnles me potentially 
beneficial to improving overall egg production, but it is clem from this work there needs to be 
a strong educational element aimed at appealing to fishers to handle the above maximum sized 
females with care before returning them to the water, because ai1y appendage dan1age could 
negatively impact the aim of the management measure. 

The compai·ison of different sized females and different spawning locations on biochemical 
composition and larval competency, suggests that the quality of laivae produced by individual 
females may be more impo1iant in influencing larval competency in western rock lobster 
than the size of the female and the ai·ea in which she was caught. The factors responsible 
for individual females producing different quality laivae are uncleai·, but may be related the 
female's physiological condition at the time of spawning, which could be influenced by, for 
example, previous dieta1y intake and moulting or spawning histo1y. 

In te1ms of using this info1mation, one would have to assume that there is no difference in the 
likelihood of smvival of a laivae produced by a large compared to a small female or by a female 
in one management zone compai·ed to another. Of com·se this excludes factors influencing 
smvival after hatching, such as ocean cmTents and food availability for the hatched laivae. 

This study has produced a different interpretation of the state of egg production in the western 
rock lobster fishe1y to previous results. One of the reasons for this difference is that this study has 
inco1porated the decrease in size at maturity over time. The major unknown in estimating egg 
production is what annual efficiency increases to apply in the different management zones. 

One final word of caution needs to be raised in utilising commercial fishing catch composition 
and catch rates to develop an index of egg production, as has been done in this and other 
similai· studies. Some fisheries have recorded stocks contracting into optimal habitats at low 
population sizes, a response considered to be due to fish moving to more favomable habitat ( or 
hotspots) from neighbouring areas of lower standai·d of habitat. It is possible that the western 
rock lobster breeding stock may be exhibiting density-dependent habitat selection and indeed 
some fishers acknowledge that this is now the case, as evidenced by having to set their gear 
on cai·efully chosen habitat to achieve catch rates that previously could have been obtained 
with less accurate placement. If this effect is occuni.ng it would not necessai·ily be taken into 
account by the application of efficiency increases and could be distorting what appears to be in 
an historical context, acceptable level of egg production. 

The utilisation of microsatellite loci to establish mating choice produced results which were 
less conclusive than had been anticipated. The reason for this was that there was a substantial 
turnover of lobsters on the small offshore reef that fo1med the study ai·ea, with many of the 
animals not being recorded beyond the month in which they were sampled. This unexpected 
result meant that the paternity assignment tests matched few males to egg or tai·-spotted females, 

Fisheries Research Repo11 [Western Australia] No. 193, 2009 11 



and furthennore, there were relatively few animals that were recaptured long enough after first 
being sampled to have moulted and grown. 

Overall, this study has achieved all the objectives that it set out to achieve. Over and above 

that, it has provided insight into aspects of western rock lobster reproductive behaviour and 
physiology that were not part of the original project objectives. Decisions on the management 
of this fishe1y relating to reproductive issues can now be made with far more ce1tainty than 
prior to this work being unde1taken. 
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3. 1 Abstract 

An impo1iant issue when surveying the reproductive condition of large numbers of female 
Panulin,s cygnus in the field is that each animal must be assessed quickly and accurately on 
the basis of only a few easily discernable criteria. The four biological criteria most commonly 
recorded for each lobster are (i) ovigerous setae condition (not present, pru1ially developed and 
fully developed), (ii) the presence (unused or eroded) of a spe1matophore mass, (iii) the presence 
and developmental stage of external ova, and (iv) the visual appearance of the ovaries through 
the dorso-thoracic musculature. Using the above criteria each female can then be assigned to a 
reproductive state, i.e. immature, inactive breeder, single breeder or double breeder. Researchers 
have used a combination of these criteria that, predominantly when assigning double breeders, 

relies ve1y heavily on an accmate ovruy assessment, a criterion that can be subjective. 

This study compared external assessments with internal cellulru· development of the ovruy (via 
histology) and elucidated the shortcomings of the external technique. This has resulted in the 
production of a set of criteria that, if sampled dming the peak of the breeding season, enables 
the breeding state of a female western rock lobster to be more accurately detennined in the field 
without causing it any damage. The height of the breeding season is the optimum time for stock 
egg production assessment. 

Keywords: lobster; Panulirus cygnus; visual assessment; reproductive condition; double 
breeding 

3.2 Introduction 

The :fishery for western rock lobster Panulirus cygnus is Australia's most valuable single-species 
:fishery: the average harvest of 11,000 tonnes each yeru· is w01th aboutAUD$350 million. The 
sustainability of this valuable :fishe1y has consequently been a focus of resea1·ch since the 1970s, 
with the legal minimum size (76-77 mm carapace length) being below the size at first maturity 
in most regions of the :fishe1y (Chittleborough, 1976; Grey, 1979). The western rock lobster is 
thus vulnerable to recmitment over-fishing. In recent years, egg production has been closely 
monitored dming an annual smvey to check if the :fishery is sustainable (Melville-Smith et 

al., 1998; Hall and Chubb, 2001; Caputi et al., 2003). The annual egg production smvey 
is conducted independently of commercial :fishing over a ten-day period that spans the last 
new moon prior to the strut of the commercial :fishing season on the 15th November. Since 
collection of all females for dissection in the laborat01y is not practical or ve1y sustainable ( over 
5,000 females are sampled each year), the reproductive state of each female should be assessed 
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quickly and accurately using external characteristics, thereby allowing them to be returned to 
the water unbanned. 

Studies have generally assumed that female palinurids with ovigerous setae are sexually mature 

and thus likely to spawn within the breeding season (George, 1958; Fielder, 1964; Montgome1y, 
1992); however, Chittleborough (1976) showed that, in the laboratory, femaleP cygnus did not 
necessarily breed once they developed ovigerous setae. More recently, Chubb (1991) used a 
combination of external characteristics, namely the stage of external ova, presence or absence of 
a spe1matophoric mass, and ovary condition ( assessed through the dorso-thoracic musculature), 

to determine whether a female is mature and if so, whether she will produce either one or 
two batches of eggs over that breeding season. However, the assessment of ovary condition 

employed by Chubb (1991) was not con.fumed histologically and as such, has the potential to 
miss-assign maturity state. 

Tue present study was initiated in order to confum, at a cellular level using light microscopy, the 
developmental condition of an ovary and how this relates to the accuracy of the non-invasive 

visual stage as described by Chubb (1991) and cmrnntly employed in the analysis of the annual 
egg production surveys in this fishe1y. 

3.3 Methods 

3.3.1 Data sources 

A total of 8,541 female Panulims cygnus were collected by trapping during the western rock 
lobster fishe1y-independent egg production surveys at the Abrolhos Islands, Kalbani, Dongara, 
Jurien Bay, Lancelin and Fremantle on the Western Australian coast (Fig. 1) in October/ 

November 2002, which con.-esponds with the peak of egg extrusion and fe11ilization by female 
P cygnus (Chubb, 1991). All traps were set for a fixed period of time (24 h) in ar·eas used by 
this species for breeding (Chubb, 1991). 
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Figure 1. Map showing the locations of the fishery-independent egg production surveys in October/ 
November 2002. 

For eve1y female lobster, the carapace length (CL), i.e. from the anterior edge of the carapace 

between the preorbital spines down the mid-dorsal line to the posterior edge of the carapace, was 

measmed to the nea1·est mm. The state of ovigerous setae on the endopodites of the pleopods 
was recorded as either 'not present', 'immature setae' (pai1ially developed) or 'mature setae' 

(fully developed) (Greg01y and Labisky, 1981). The absence or presence and developmental 
stage of external ova attached to the setae were recorded as 'absent', 'eai-Iy phase' (bright orange 

ova, no visible eye spots), 'mid-phase' (dark/dull orange ova, visible eye spots), 'late phase' 
(dark/grey ova, visible eye spots) or 'post hatching' (egg shells still attached). The absence or 

presence of a spermatophoric mass on the sternum was recorded as 'no spe1matophoric mass 
present', 'unused spe1matophoric mass present' or 'eroded/used spe1matophoric mass present'. 

The colour of the ovaries, dete1mined in situ through the dorso-thoracic musculature between 
the cai·apace and dorsal ridge of the fast abdominal tergite, was used to assign the lobster's 
ovaiy to one of two stages: a transparent or white ovaiy was recorded as 'undeveloped', and a 

faint pink to orange ova1y was recorded as 'developing'. Since it has been suggested that limb 
loss has the potential to influence the reproductive behaviour of female P cygnus, all individuals 

that were missing limbs or possessed regenerated limbs were not included in the analysis. 

On the basis of reproductive characteristics, females were classified as either a 'single breeder', 
a 'double breeder', an 'inactive breeder' or 'immature' using two sets of criteria, those 
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developed during this study (see Fig. 3 in Results) and those described by Chubb et al. (1989); 
this latter criteria identified a double breeder as a female canying eggs or bea1ing an eroded 

spermatophore, while possessing bright orange ripe ovaries. 
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Figure 3. Flow chart showing the various combinations of external characteristics which, when 
combined, classify a female Panulirus cygnus as immature, inactive breeder, single 
breeder or double breeder. 

3.3.2 Histological examination 

Since almost all mature female P cygnus had the distinctive reproductive chmacteristics that 
confidently indicated they were either single or double breeders, i.e. possessed both external 
eggs and an unused spe1matophore or both late stage external eggs and obviously developing 
ova1ies, only 10 lobsters in this condition, which covered the full size range, were selected 
for histological examination. Thilty-five females that proved difficult to assign an ova1ian 

condition on the basis of an external examination were selected to detennine histologically their 
true ova1ia11 status. The ova1ies of each P cygnus selected for histological examination were 
assessed externally (through the dorso-thoracic musculature) before they were anaesthetised 
and had their ova1ies removed and fixed in 4% gluta1·aldehyde in 0.025 M phosphate buffer (pH 

7.0) for 24 h. Glutaraldehyde was used as it had previously been shown to be a good fixative 
for decapod ovaiian tissue (de Lestang et al., 2003). Once fixed, the ovai·ies were dehydrated 

16 Fisheries Research Report [ Western Austra Iia] No. 193 , 2009 



in a series of increasing concentrations of ethanol and embedded in paraffin wax. Transverse 
sections (6 µm thick) of the gonad tissue were cut and stained with Mallory's trichrome and 

examined under an Olympus CH binocular microscope. The thickness of ovaiy walls and the 
diameters of 100 randomly selected oocytes from each of the developing ovai·ies (n= l0), as 
well as the ovaries that were difficult to stage visually (n=35), were measured to the nearest µm 
using the imaging software Leica Th11000, which acquired the image via a Leica DC300 digital 

camera attached to a Leica MZ7.5 dissecting microscope. 

3.4 Results 

3.4.1 External and histological determination of ovarian 
development 

A comparison of the ovai-ies from 45 female Panuliros cygnus that had been assessed both 
externally through the dorso-thoracic musculature and histologically in the laborato1y, 
showed that the ovaii.es of all 14 lobsters classified through the dorso-thoracic musculature as 

'developing' contained numerous small oocytes, as well as large propo1tions of oocytes > 170 �1m 
in diameter (Fig. 2). Since early yolk granular oocytes, i.e. oocytes which are well on their way 
to developing, have a diameter of about 150 µm ( data not shown), the visual assessment of the 
ovaries of P cygnus through the dorso-thoracic musculature appeai·s incapable of detecting the 

presence of any oocytes in the yolk vesicle and eai·ly yolk granule stages of development, and 
thus the early to mid stages of ovai-ian maturation. Thus, external assessment of the ovai·ies 
through the dorso-thoracic musculature underestimates the prop01tions of female P cygnus that 
have 'developing' ovaii.es. 
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Figure 2. Oocyte diameters of Panulirus cygnus ovaries that were classified as 'developing' 
(yellow/orange) or 'undeveloped' (white/translucent) when viewed through the dorso
thoracic musculature. 

Fmther histological examination showed that the ovaries of all females in our samples that 
had recently spawned (i.e. those that had early phase external ova) and that had their ovaii.es 
externally classified as 'developing', contained ill1111ature oocytes and remnant mature oocytes 

(late granulai-) undergoing atresia. Therefore, these ova.ties were cleai·ly not developing. 
Moreover, the ovaiy walls of all ovigerous P cygnus in our samples were 2 to 8 times thicker 
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than those of females that had not yet extruded their ova. A very thick ovru.y wall, which can 
remain thick until the ovru.y begins to matme a second time, can add a yellow tinge to the

exterior of the ovru.y. As a result, these ovru.-ies appear similar to 'developing' ovai-ies, which 
increases the likelihood of an externally assessed just spawned ovaiy being misclassified as 
'developing'. 

3.4.2 Assessment of reproductive stage 

Although the visual assessment of an ovru.y's stage of development can be misleading, when 
this technique is combined with other external observations dm-ing the peak of the breeding

season, i. e. when the maximum propmiion of females ai·e ovigerous, the results can more 
accmately detennine the reproductive stage of a female P cygnus. For example, the presence 
of an eroded spe1matophore mass and early phase external ova suggest that an ovaiy classified 
as 'developing' is in fact undergoing atresia after histological examination. Under the c11teria 
which ru.·e cunently in use in this fishe1y these lobsters would have been designated as a double 

breeder, whereas, with the conect classification of it's ova1y now known, it has been reclassified 
as a 'single breeder'. 

The modified combinations of the external chru.·acte11stics and their resultant reproductive 
classifications of an individual have been simplified by way of a flow diagram (Fig. 3) to enable 
researchers to easily and quickly classify a female P cygnus as either 'immatme', an 'inactive 
breeder', 'single breeder' or 'double breeder'. 

3.4.3 Comparison between the classifications of single and double 

breeders using two different sets of criteria 

During the 2002 smvey, 8,541 femaleP cygnus were collected and a record made of the condition 
of their setae, spe1matophore mass, external ova and the stage of development of their ovru.-ies 
(the last assessed through the dorso-thoracic nmsculature). From these data the lobsters were 
smied twice, based on two sets of criteria, into immature, inactive, single or double breeders. 

The first smiing of lobsters was based on the modified set of c11te11a (Fig. 3) while the second 
was based on the llllIIlodified criteria cunently in use in the fishe1y. 

Combinations of external characteristics that would result in a lobster being classified as a 
double breeder by the modified crite11a and a single breeder by the unmodified criteria ai·e 
either: an eroded spe1matophore mass with a 'developing' ovru.y and no external eggs, or an 
unused spe1matophore mass with external eggs and an 'undeveloped' ovaiy. A lobster would 

be classified as a single breeder by the modified crite11a and a double breeder by the llllIIlodified 
c11te11a if it had an eroded spe1matophore mass with external eggs and a 'developing' ovaiy. 

Although in many cases both sets of criteria classified each lobster as either a single or double 
breeder, 9.1 and 44.5% of lobsters classified by the unmodified crite11a as single and double 
breeders, respectively, were classified by the modified c11teria as double and single breeders, 
respectively. 

Fmihe1more, comparisons between the propmiions of female P cygnus at six different sites that 

were classified as double breeders by both sets of criteria during the 2002 smvey, showed that at 
five of the six sites, the unmodified c11teria classified between 2 and 32% more lobsters as double 
breeders in that year than did the modified criteria (Fig. 4a). The modified c11teria classified 4% 
more double breeders than the llllIIlodified technique at Kalbairi (Fig. 4a). The main difference 
in the propo1tions classified as single/double breeders at the different sites, was due to the far 
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greater prop01iions of small lobsters classified as double breeders by the unmodified criteria. 
For example, in the samples collected from Fremantle, where the females had the largest size 

range, both sets of criteria classified similar propo11ions of lobsters above 110 mm CL as double 
breeders. However the unmodified criteria classified a far greater propo11ion of the lobsters 

below 95 mm CL as double breeders than did the modified criteria (Fig. 4b). 
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Figure 4. Comparison between the proportions of Panulirus cygnus classified as double breeders 
(a) at six locations and (b) in different carapace length classes collected at Fremantle,
determined from modified criteria (see Fig. 3) and the unmodified criteria (see Chubb
et al., 1991 ). Carapace-length classes have been smoothed with a three-point moving
average.

3.5 Discussion and Conclusions 

The histological study con.fumed that external features can be employed to classify female 
P cygnm as either a single or double breeder (as well as an immahue or inactive breeder), 

whether one uses modified or unmodified criteria. However, the visual ovarian assessment� 
is not, on its own, always reliable and when incorporated with other external characteristics 
in the fotmat described by Chubb et al. (1989) has the potential to misclassify single and 
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double breeders. Therefore, by identifying histologically the cases in which the ova1y can be 
misclassified and modifying the relationships between the various criteria to account for this, 

this study has substantially improved the assessment of reproductive state without needing to 
sample each 'doubtful' ova1y histologically. 

The criteria used for assigning females into a paiticular reproductive state, ai·e strongly influenced 
by the sampling period within the breeding season. In the eai·ly stages of the breeding season 
prior to egg extrnsion, it is not possible to predict whether a female will cai1y more than one 
brood; neither is it possible to establish late in the season, whether a female cai1ying eggs 

but with criteria assigning it to be a single breeder, might have catTied an eai·lier brood. The 
method described is therefore only effective during a period when the maximum propmtion of 
the breeding females a1·e ovigerous, i.e. the peak of the breeding season, and even then, cannot, 
by itself, be used as a definitive indicator of an animal's recent spawning history or future 

spawning potential. 

Newly matured females of spiny lobsters that repetitively spawn during a single season produce 

fewer broods than their lai·ger conspecifics (Chubb, 2000), with newly matured P cygnus, P 
longipes longipes and P guttatus all producing only one batch of eggs during a spawning season 
(Chubb et al., 1994; Gomez and Be1mas, 1994; Shatp et al., 1997). Thus, the fact the criteria 
cunently in use in this fishe1y classified a lai·ge propmtion of small females, i.e. 18 % of those 

below the size at first maturity at Fremantle, as double breeders, indicates that this set of criteria 
is probably misclassifying a significant propmtion of these lobsters. The modified criteria 
however did not classify any lobster below the size at maturity as double breeders, suggesting 
that, at least for smaller females, that the modified criteria produce more realistic results. The 
propmtion of double breeders spawning by size is impo1tant when dete1mining egg production 

indices, because the generally lai·ger size of these animals makes the contribution of each brood 
substantial compai·ed to the smaller single spawning females. 

Because there is a shmt period between the extmsion of ova by breeding females and the 
redevelopment of external criteria indicating a presumptive second spawning (i. e. an unused 
spe1matophore mass and developing ovai·ies) it is likely that the modified criteria will slightly 
underestimate tl1e propo1tion of double breeding female P cygnus. However, since MacFai-lane 

and Moore (1986) repmted that mating occuned shmtly after ovulation in P ornatus, and given
that most of the females sampled in the survey that had eai-ly phase I external ova ( < 3 weeks 
old) also had tmused spe1matophoric masses, it appears likely that only a few females would 
have been sampled between ovulation and mating. 
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4. 1 Abstract 

The sizes at which female and male western rock lobster Panulirus cygnus become matme were 

examined over 32 yearn from records at six localities along the coast of Western Australia. The 
size of males at maturity was estimated from a subset of these data by a morphometric and a 
physiological method, with both producing statistically similar results. Males were larger at first 
maturity than females at the same sites. For both sexes, the sizes at first maturity at each location 
conelated (P<0.05) with the mean annual water temperature at that location, decreasing from 

south to north along the mainland coast and being smallest at the offshore Abrolhos Islands. 
Smaller sizes at maturity were recorded for both sexes than have been published previously. 
One certain explanation for these differences is that management measures protecting females 
with ovigerous setae, have disto11ed size compositions and the ratio of immatme to mature 

females, thereby increasing the likelihood of capturing small mature females. However, these 
fishing effects cannot folly acconnt for the progressive decline in CL50 observed over the past 
20 years. Other possible hypotheses considered include increases in water temperature over this 
period, as well as whether this change could be consistent with a genotypic response caused by 
the selective removal of large lobsters combined with high exploitation rates. 

Keywords: Panulirus cygnus; maturity; temperature; selection, exploitation rate 

4.2 Introduction 

The western rock lobster Panulirus cygnus George, which is endemic to Western Australia, 

forms the basis of a very significant fishe1y, wo1th about AUD$300 million annually. The legal 
minimum size (7 6 mm carapace length) of this valuable fishe1y has been shown by Chittleborough 
(1976), Grey (1979) and Chubb (1991), to be well below the size at first maturity in most regions 
of the fishe1y. As the western rock lobster is therefore vulnerable to recruitment over-fishing, 
management has focused much attention, pai1icularly in recent yeai·s, on monitoring the brood 

stock to ensure it can sustain the fishing effo1t (Caputi et al., 1995a; Melville-Smith et al., 1998; 
Hall and Chubb, 2001). 

Management measures have been introduced over the yeai·s to directly, or indirectly, protect the 
brood stock and enhance egg production. Some of these have relevance to this study, in particular 
the requirement that the number of escape gaps per pot be increased from one to three in 1986, 
to better allow nndersize animals to escape. In the 1992-93 season, a regulation was introduced 

requiting fishers to release setose lobsters (females with ovigerous setae). Reproductively 
mature western rock lobsters generally have ovigerous setae from June to Februaiy/Mai"Ch, 
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with most moulting into a non-setose condition between Mru.-ch and June each year ( de Les tang 
and Melville-Smith, in press). Since the :fishing season extends from November 15 to June 30, 

this regulation effectively protects most breeding females from exploitation in the first, but not 
the second half of the :fishing season. 

The state of egg production in the :fishe1y is monitored using both :fishe1y dependent, and :fishe1y 
independent data (Caputi et al., 1995a; Melville-Smith et al., 1998). Egg production indices, 
expressed as number of eggs per pot lift, are estin1ated for each locality for which there are 
either fishe1y dependent or :fishery independent data available, using a female size-fecundity 

within a season, relationship (Chubb, 1991). A key assumption in these models is that only 
females above the size at maturity contribute to egg production and more imp01tantly, that this 
size has remained unchanged over time. 

It is well known that size at maturity in decapods can vaiy significantly, both spatially and 
temporally, with water temperature, population density and habitat ( e.g. Beyers and Goosen, 
1987; Aiken and Waddy, 1989; Chubb, 1991; Arango and Marquez, 1995; Bianchini et al., 
1998; de Lestang et al., 2003; Goni et al., 2003). Previous work on P cygnus has reported 
considerable spatial vaiiation in the size at first maturity of both females and males, with both 
sexes maturing at a larger size in the south em region of the coastal distribution and, in the case 
of the females, at a smaller size in the offshore waters of the Abrolhos Islands (Chittleborough, 
1976; Grey, 1979; Chubb, 1991). No attempt been made to exainine temporal vai·iations in the 
size at matmity of this species. 

The aim of this study was twofold. Firstly, to produce consistent and accurate estimates of the 
sizes at which both female and male P cygnus attain sexual matm·ity at six locations along about 
600 km of the West Australian coast, a region that spans the main geographical distiibution of 
the stock. Previous work either did not record size-at-maturity for males ( Chittleborough, 197 6; 
Chubb, 1991) or was geographically less widespread in its coverage (Grey, 1979). Secondly, 
to detennine whether there have been changes in female size-at-matmity over time. Factors 
that may be responsible for variations in size at matmity, either spatially or temporally, ru·e also 
discussed. 

4.3 Methods 

4.3.1 Sampling regime 

Data used to detennine the size at matmity of female and male PanulinJS cygnus on the west 
coast of Australia was collected dming two monitoring programmes: (i) the :fishe1y-independent 
breeding stock survey (IBSS), which has been conducted annually at three localities (Lancelin, 
Dongai·a and Abrolhos Islands), and intennittently at three others (Fremantle, Jmien and 
Kalbani) since 1992, and (ii) the :fishe1y-dependent commercial catch monit01ing survey 
(DCCM), which has been conducted annually at four localities (Fremantle, Lancelin, Jmien 
Bay and Dongai·a) since 1972 and at two others (the Abrolhos Islands and KalbaiTi) since 1985 
(for locations see Fig. 1). 
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Figure 1. Locations at which the size-at-maturity data for western rock lobsters were collected. 

The IBSS is unde1iaken over 10 days each year during the last new moon before the commercial 
lobster-fishing season statis on 15 November, which is close to the annual peak of egg-beat·ing 
(Chubb, 1991). The water depths surveyed range from 25 to 70 m at the five coastal locations 
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and from 10 to 60 m at the Abrolhos Islands site and cover the depths at which the majority of 
breeding lobsters are found (Chubb, 1991). Since this srnvey was designed to be repeatable, 

with each srnvey using the same fishing gear (160 standa:rd commercial-style pots, with wooden 
slats, a metal base and closed escape gaps, 80 of which are pulled eve1y second day), bait (a 
combination of n011h sea hening and Australian sahnon), and sites (same GPS coordinates),
the results from each srnvey are directly comparable between years. This data set has therefore 

been used for most of the temporal and spatial comparisons in this study. For more details of 
the sampling regime see Chubb (2000). 

The DCCM, which is conducted by research staff on board commercial vessels, is made each 
month during the fishing season (November - June) in a range of fishing depths and results in 
over 8000 pots being sampled annually; however, only data collected from water depths that 
contain predominately breeding P cygnus (35 to 70 m) have been used in this study. Since 

this srnvey provides data representative of the commercial catch, it is impacted as a result of 
management changes and improvements in fishing technology, and some of the data are not 
directly comparable across years. We have thus limited the use of this data. For more details 
of the sampling regime see Caputi et al. (2000). 

4.3.2 Measurements 

In both srnveys, the carapace length (CL) of each lobster (from the anterior edge of its carapace 
between the preorbital spines down the mid-dorsal line to the posterior edge of its carapace) 

was measured to the nearest 1 mm. For females, the presence and developmental stage of 
external ova attached to the endopodites and/or the presence of a spe1matophoric mass attached 
to the fifth abdominal segment were also recorded (Melville-Smith and de Lestang, 2005). The 
developmental stage of female ovaries, as viewed through the dorso-thoracic musculature, was 

recorded during only the IBSS (Melville-Smith and de Lestang, 2005). 

Additional data were collected during the 2002 IBSS: the length of the men1s of the first and 

second pereiopod on the right hand side of at least 100 males (measured to the nearest 0.1 mm) 
from each of the six locations, and the weight of the vas deferentia from a wide size range of 
at least 50 males at each of the Abrolhos Islands, Dongara and Lancelin sites (measured to the 
nearest 0.01 g). Since the relationship between the length of the men.is of the second pereiopod 

(SPL) and the carapace length (CL) showed the greatest change within the size range of animals 
examined, this stmcture was chosen for all subsequent allometric analyses to dete1mine the 
morphometric size at which those lobster were undergoing a pube11al moult (Some11on, 1980). 

Water temperatures (C) at each location in depths, which contain the majority of breeding 
females (35-70 m), were collected with a protected reversing thennometer during the DCCM. 
The mean water temperature, standardised for depth, month and year using AN COVA, was then 

dete1mined for each sampling site. 

4.3.3 Assignment of maturity and analysis of data 

Female P cygnus were considered mature using both DCCM and IBSS data, if they had a 
spe1matophore or an egg mass (Melville-Smith and de Lestang, 2005). 

At each location each year of the IBSS, the prop011ion of female P cygnus that were considered 
mature was examined by logistic regression to dete1mine the size at which 50% of female lobster 
(CL

50
) were mature. The data for each assemblage in each year were analysed by a nonlinear 

regression routine using the statistical package SPSS 11.5.0™, with the standard enors being

24 Fisheries Research Report [ Western Austra Iia] No. 193 , 2009 



derived from 100 bootstrap estimates. The equation used was 

P; = 1/[1 + exp( - ln(19 )x (CL; - CL50 )/(CL95 - CL50))] 

where P; is the prop01tion mature at CL;, and CL50 and CL95 
are the CLs at which 50 and 95% 

of the assemblage is mature, respectively. 

Male P cygnus were considered mo1phometrically mature (i.e. possessing morphometric 
characteristics distinct from those of immature individuals) on the basis of changes in the 
relationship between the natural logarithms of the length of the merns of the second pereiopod 
(SPL) and the CL as determined by log-log regression analysis (Some1ton, 1980). Physiological 
maturity (i.e. possession of developed gonads) of male P cygnus was assigned on the basis of 
a change in the relationship between the natural logarithm of the weight of the vas deferentia 
and the CL as detennined by log-log regression analysis (Gani et al, 2003). The above 
m01phometric and physiological data sets were all better described by two rather than one 
regression line (Some1ton, 1980). 

At each location, the percentage of male P cygnus with carapace lengths that were considered 
m01phometiically or physiologically mature, was examined by logistic regression to detennine 
the CL50s for these two maturity assignments. The logistic regressions relating matmity and 
carapace length for either female or male P cygnus in the different assemblages were compared 
using a likelihood ratio test, as desc1ibed by Cenato (1990) and using a Bonfe1rnni conection. 

Linear regression analyses of data from each location were made between size-at-matmity 
estimates for female and male P cygnus and standardised mean annual water temperatures (10 
year average from 1993 to 2003). 

The mean CL of the smallest 10% of mature females sampled each yea1· at Fremantle, Lancelin, 
Jmien Bay and Dongara by the DCCM between 1972 and 2003 and by the IBSS at the same 
localities since the early 1990s, was used to investigate possible long te1m changes in the size 
at first maturity (Jones and Simons, 1983). This measure was chosen as it was considered 
to provide a relatively unbiased indication of whether the size at onset of matmity of female 
P cygnus has changed over the past three decades: traditional methods for dete1mining size 
at matmity rely on ratios of immatm·e to matm·e animals that, in this fishe1y, may be biased as 
cunent management anangements allow only the taking of immature females. The mean size 
of the 10% smallest mature females is not a ratio and would thus not be biased by this :fishing 
practice. 

4.4 Results 

4.4.1 Female maturity 

The smallest mature female P cygnus caught at each of the six locations sampled dming the 
2002 IBSS ranged from 36.7 mm at the Abrolhos Islands to 69.5 mm at Kalbani The size 
at which 50% of females were mature (CL5o) generally decreased from south to n01th along 
the coast, beginning with 87.5 mm at Fremantle, 82.2 mm at Lancelin, 81.4 mm at Jmien 
Bay, 77.2 at Kalbani, 74.9 mm at Dongara, and ending with 65.0 mm at the Abrolhos Islands 
(Fig. 2). Lancelin and Jmien Bay were the only two locations for which the CL50s did not differ 
significantly from each other (P>0.05). 
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Figure 2. Logistic regressions fitted to the percentage of mature female Panulirus cygnus at 
different carapace lengths in six locations in Western Australia, based on data collected 
during the 2002 Independent Breeding Stock Survey. CL

50 
± 1 SE denotes the size at 

which 50% of the assemblage is mature and n the sample size. 

4.4.2 Male maturity (MorphometricJ 

The smallest morphometrically mature male, based on log-log regressions at each location 

dming the 2002 IBSS, ranged from 58.3 mm at the Abrolhos Islands to 83. 7 mm at Kalbani 
The CL50s detennined for male P cygnus by morphometric data showed a similar south to n011h 
trend to that of the females (Fig. 3). With a P>0.05, the morphometric CL50

s at Fremantle 
(95.3 mm) and Lancelin (92.5 mm) did not differ significantly from each other, but were both 

significantly larger (P<0.05) than that for Kalbani (90.3 mm), which was in tm11 significantly 
larger (P<0.05) than the CL50s recorded for Jmien Bay (85.1 mm) and Dongara (84.6 mm) 
(which did not differ significantly (P>0.05) from each other). The m01phometric CL50 recorded 
for male P cygnus in the Abrolhos Islands (72.2 mm) was significantly smaller (P<0.05) than 
those at all five coastal sites. 
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Figure 3. Relationship between the merus of the second pereiopod and carapace length of 
immature (o) and mature(•) male Panulirus cygnus (left) and logistic regressions 
fitted to the percentage of morphometrically mature males at different carapace lengths 

(right) in six locations in Western Australia, based on data collected during the 2002 
Independent Breeding Stock Survey. CL

50 
± 1 SE denotes the size at which 50% of the 

assemblage is mature and n the sample size. 

4.4.3 Male maturity (Physiological) 

The physiological maturity of male P cygnus in the 2002 IBSS was determined based on 
the log-log regressions for only three locations due to sampling constraints. The smallest 

mature individuals ranged from 42.7 mm at the Abrolhos Islands to 64.5 mm at Lancelin. The 
conesponding CL

50 
at the Abrolhos Islands (70.2 mm) was significantly smaller (P<0.05) than 
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that recorded at Dongarn (85.3 lillil), which was in tum significantly smaller (P<0.05) than 
the CL

50 
at Lancelin, (92.9 lillil) (Fig. 4). Since the physiological CL

50
s for male P cygnus

at each of the three locations did not differ significantly (.P>0.05) from the conesponding 
morphometJ:ic CL

50 
detennined for that locality, all fmiher analysis has used the CL

50
s derived 

from morphometric analysis, as these data were available for all six locations. 

0) 

·a; 4 

C 2 
e�
�-2?

0 "t:J 

2:. -2

E

� 
0) 

"Qi 
::: 

4 
C 2 
e� 
Q) 0) 
-�
Q) 0 "t:J 

«I -22:. 
E 

� 
0) 

"i 
3 

C 0 
e� 
�.9 
Q) -3"t:J 

gj 
2:. -6
E 

Lancelin 
n=69 

4.0 4.5 

�✓-
,.,.. 
. 

. 
. 

a. 
• 

4.0 4.5 

Amo,1/ 
n =95 • • • 

. 

. 

. 

3.5 4.0 4.5 

ln(Carapace length, mm) 

Lancelin 

5.0 40 60 80 100 120 140 

� 0 

i4 
::, 

Dongara 

'iii 
E4 85.3.:!: 1.6 mm 
>, 
() 
C 

�4 
� 

5.0 LL 40 60 80 100 120 140 

� 
�4 
� Abrolhos 
::, 
iii 
E4 
� 
C 

70.2 ± 1.44 mm 

Q) 

5-4 
I!? 

5.0 LL 40 60 80 100 120 140 

Carapace length (mm) 

Figure 4. Relationship between the natural logarithms of the vas deferentia weight and carapace 
length of immature (o) and mature(•) male Panulirus cygnus (left) and logistic 
regressions fitted to the percentage of physiologically mature males at different carapace 
lengths (right) in three locations in Western Australia, based on data collected during the 

2002 Independent Breeding Stock Survey. CL
50 

± 1 SE denotes the size at which 50% 
of the assemblage is mature and n the sample size. 

4.4.4 Spatial variation in size-at-maturity 

Although the CL
50

s detem1ined for male P cygnus followed the same trend from location to 
location ( declining in a n01thward direction up the coast from Fremantle to Kalbani and then 
declining fmther at the Abrolhos Islands), the male CL

50 
was always 5 to 15 mm larger than the 

conesponding female CL
50 

at the same location (Fig. Sa). 

Standardised mean (ten-year) water temperatures at each of the six locations had a negative 

relationship with female and male CL
50

s: temperatures progressively increased from 20.9°C at 
Fremantle in the south to 21.6°C at Kalbani. in the n01ih and then to 23.0°C off the coast at the 
Abrolhos Islands. There was a significant coITelation between the CL

50
s for both female and 
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male P cygnus and mean water temperahlre: FemaleCL
50 

= -10.75x°C+311.64 (P<0.01) and 
MaleCL

50 
= -11.42x°C+334 (P<0.01), with the coITelation coefficient for females (0.93) being 

the same as that for males (0.93) (Fig. Sb). 
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Figure 5. (a) Size at maturity (CL50) ± 1 SE of female ( •) and male ( o) Panulirus cygnus at six
locations and (b) linear regressions fitted to the relationships between female(•) or male

( o) CL
50

s at each location and the corresponding mean annual water temperature at that
location.

4.4.5 Temporal variation in the size at maturity 

Since CL
50

s could be estimated for female P cygnus from data collected during the IBSS at 
all six locations for most years between 1992 and 2005, these data were used to investigate 
whether size at maturity had changed significantly over the last fomteen years (Fig. 6). At four 
coastal locations (Fremantle, Jurien Bay, Dongara and Kalbani.), female CL

50
s all sta1ted out 

high in 1992 and 1993, then declined in 1994 to lower values thereafter (Fig. 6). The CL
50

s 
determined for female P cygnus at the Abrolhos Islands remained at or close to the same value 
from 1991 through 2005. 
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Figure 6. Size at maturity (CL
50

} ± 1 SE of female Panulirus cygnus at six locations from the early 
1990s to mid-2000s, based on data collected during the Independent Breeding Stock 
Surveys. Vertical dotted line represents 1994. 

4.4.6 Temporal variation in size of the tenth percentile of 
mature females 

During DCCM the mean CLs of the smallest 10% of mature females caught at Fremantle, 
Lancelin, Jurien Bay and Dongara in most years from 1972 to 2005 followed similar temporal 

trends: a progressive decline until the mean CL approached a CL range at or above the legal 
minimum size (76 mm), at which stage the decline became less marked. For example, in 
Dongara the mean CL of the smallest 10% of mature females caught each year declined from 
82.0 mm in 1972 to 76.5 mm in 1981, before levelling out and remaining at or near this level 
through until 2005 (Fig. 7). The declining slopes, as dete1mined by linear regression, of the 
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progressive decline in mean CLs recorded in the yearn before the introduction into the :fishe1y 
of three escape gaps (1986), did not differ significantly between locations (P>0.05). 

During the IBSS from 1992 to 2005, the mean CLs of the 10% smallest mature female P cygnus 

caught each year in Fremantle, Lancelin, Jurien and Dongara followed the same downward 
trend as that displayed by the DCCM in the same years with the slope from the two datasets not 
differing significantly at all four locations (P>0.05) (Fig. 7). 
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Figure 7. Mean carapace lengths of the smallest 10% of mature female Panu/irus cygnus caught 
in each year at four locations from 1972 to 2005 based on data collected during Fishery 
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collected during Fishery Independent Breeding Stock Surveys (o). Horizontal dotted 
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4.5 Discussion 

4.5.1 Male size at maturity 

Within each site, the size at which male Panulirus cygnus attained both m01phological and 
physiological matmity were similar, indicating that either method can detennine the potential 
size at male maturity in this species. However, being m01phologically and physiologically

capable of mating does not necessarily mean a male will mate successfully in the wild. Mating 
success also depends on the size composition of lobsters on a reef, as lai·ge males can out
compete small males for a mate (Fielder, 1965; Beny, 1970; MacDiarmid, 1989). Consequently, 
the size at which a male is functionally mahue (will actually mate) can vary mai·kedly across 

ve1y small spatial scales, making large fishe1y-wide estimates impractical. Male functional 
maturity can be assessed on small spatial scales by detennining which males are responsible 
for mating through DNA paternity assignment testing. To be totally successful, this approach 
does require that large numbers of males and females within the population be sampled. The 
method is cmTently being pm-sued in the western rock lobster fishe1y (Ireland and Melville

Stnith, 2005). At the six locations sampled along the west coast of Australia, male P cygnus 

always matmed at a lai·ger size than females in the same location (as Grey (1979) found at 
Fremantle and Geraldton). The lai·ger CL50 for males is probably atttibutable to males growing 
faster than females, even before they mahue in this species (Melville-Stnith et al., 1997) and 

other palinurids (Beny, 1970; Cockcroft and Goosen, 1995). 

4.5.2 Spatial variation in the size at maturity 

The CL50s for both female and male P cygnus vaiied between the sampled locations, generally 
decreasing in size with increasing latitude along the coast with the smallest CL50 at the offshore 
Abrolhos Islands. This trend was also recorded for either one or both sexes by Chittleborough 
(1976), Grey (1979) and Chubb (1991). Chittleborough (1976) attempted to relate spatial 
va1iation in the size at female maturity to differences in lobster density and mea11 annual water 

temperatures at the localities sampled. He described a relationship between CL50 and lobster 
density that was lai·gely anecdotal and was not suppmted statistically, but in contrast with results 
from this study he showed no conelation between CL50 

and water temperature. His inability to 
show this relationship was probably because the water temperature data he used were averaged 

from lai·ge ai·eas (at least 10, 000 km2) and were thus too coai·se to provide sufficient contrast in 
temperature between sampling locations. 

Inverse relationships between water temperahtre and CL50 have previously been recorded for 
other lobsters (Templeman, 1936; Sutcliffe, 1952; Street, 1969; Davis, 1975; Annala, 1980; 
Landers et al., 2001). Fmthe1more, temperature has been shown to directly increase growth 
rates of spiny lobsters by sh01tening inte1moult pe1iods, while not affecting moult increments 

(Oshima, 1941; Hermkind et al., 1994; Dennis et al., 1997). It is therefore likely that lobsters 
maturing at smaller sizes in wa1mer waters are also mahning at a younger age. Aquaria studies 
(Johnston et al., unpub. data) conducted onP cygnus at the Western Australian Maiine Research 
Laboratories suppo11 this hypothesis. Two-year post-settlement animals held for a year at 23°C,
mahn·ed precociously compared to controls held at ambient temperahn·es (14-24°C), despite

food, habitat and density being constant in both treatments. 
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4.5.3 Temporal variation in the size at maturity 

Despite being based on similar criteria and sampling regimes, all previous estimates of CL
50

s 

for both female and male P cygnus in Western Australia, were higher than the values recorded 
in this study for coITesponding regions (Fremantle, Dongara and the Abrolhos Islands). For 
exanlple, mean CL

50
s of 95.8, 97.0 and 97.0 mm CL were recorded for females offFremantle 

by Chittlebrough (1976), Grey (1979) and Chubb (1991). By comparison, in the same locality, 

we recorded a CL
50 

of 87.5 mm for 2002, which is a reduction in carapace length of about 10% 
and of about 25% in weight. The far smaller CL

50 
recorded in our study is due, in pari, to the 

introduction of a regulation during the 1992/93 season that required rock lobster :fishers to return 
all females in a "setose" condition to the water (Caputi et al., 2000). By having to return only 
setose females (which are likely to spawn that year), there has been an increase in any given 

size class of the proporiions of females likely to spawn. lbis resulted in an apparent decline in 
the CL

50 
between 1993 and 1994 (see Figure 6). This decline was, however, not as apparent in 

the catches from the Abroll1os Islands, as the CL
50 

of female lobster at this location has always 
been below that of the mininmm legal size and is thus not as susceptible to this bias. 

Although the CL
50

s estimated at each of the six locations for both female and male P cygnus, 

based on data collected dming the 2002 IBSS, do not accurately represent the size at which 50% 

of lobsters will mate in a natural situation, they do accurately describe the size at which 50% 
of the modified assemblages within the ar·eas where spawning occurs ar·e capable of mating. 
Since it is these modified assemblages that :fisheries based models predict, the CL

50 
estimates 

produced in this study are the appropriate measm·es on which to base management decisions. 

As for females, the CL
50

s recorded for male P cygnus in this study were also smaller than the 
co1Tesponding estimates for this sex in 1978 Grey (1979). As male CL

50 
estimates would not 

have been directly disto1ied by the "setose rnle", there must also have been biological and/or 
environmental reasons for the decline in the CL

50
s through the 1980s and 1990s. This decline 

over time has been finther validated by analysis showing a consistent long-te1m decrease in 
mean CL of the 10% smallest mature females sampled by the DCCM up to the ear-ly 1990s, and 

by the IBSS since that programme's inception. Although using the smallest of mature females 
is a crnde measure for comparing size at first maturity, it does have the advantage of not being 
derived from ratios of immature and mature animals ar1d as such, not being influenced by the 
"setose 1ule". 

The mean CLs of the 10% smallest females sampled during the DCCM were, in the majority 
of cases, larger than co1Tesponding values detennined from IBSS data. This difference is 

due mainly to the IBSS being conducted over the peak of the breeding season (October to 
Novembe1) at the point when the majority of all mature females are mated or egg bearing. The
DCCM on the other hand does not begin until after the IBSS and covers the subsequent decline 
in breeding activity when small single breeding females are no longer reproductively active and 
can even have moulted into their non-reproductive phase, while lar·ge double-breeding females 

can still be brooding eggs (de Lestang and Melville-Smith, in press). In fact, even though 
the IBSS is conducted over the same new moon period prior to the start of the :fishing season 
(15th November), it does not always align with the peak of the breeding season. lbis variation 
between the tinli.ng of the IBSS and that of peak spawning is one factor cont11buting to the 

oscillating CL
50 

estimates for the various sites each year· since 1994 (Fig. 6). 

A decrease in size at maturity has been recorded in at least part of the clawed lobster (Homarus 

americanus) population (Landers et al., 2001 ). Over the period of change reported in that study, 
there has been a concomitant increase in exploitation rate in the :fishe1y, as well as a significant 
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decrease in growth rate and increase in sea temperature. Landers et al. (2001) emphasize one 
of the positive aspects resulting from the change in size at maturity of H americanus, has 

been an increased egg production contribution from sub legal-size females; they suggest this 
may explain why lobsters in their study area may have been so resilient in the face of intense 
exploitation. Ibis research has shown that the assumption that there has been no change in size 
at maturity over time, which has been made in calculations of egg production indices for this 

fishe1y (Phillips and Melville-Smith, 2005), needs to be revised. Failure to ta1ce into account 
the steady decline in size at maturity will have biased more recent egg production indices 
downwards. For example, using the CL

50
s calculated in this study to calculate egg production 

indices for the northern western rock lobster fishing zone in 2004 instead of CL
50

s calculated 
in the 1980s, would result in the index increasing by around 25%, from 0.18 to 0.23 million 

eggs per pot lift. Ibis has allowed the adoption of a precautionaiy approach to the management 
of the fishe1y, as the relative quality of eggs from smaller compai·ed to larger females was 
unknown. A study to determine whether there is any difference in their quality is cunently 
unde1way (Melville-Smith, unpub. data). 

Ibis study has shown that size at maturity varies markedly between locations and is therefore 
a plastic response to extraneous factors such as possibly density and water temperature. The 

modelled residual biomass of legal sized lobsters, and therefore by implication their density at 
the end of each season, declined progressively through the 1980s. Management changes in the 
1993/94 season brought about a sha1p reversal in this trend, that has since the late 1990s once 
again begun to track downward in the n01thern locations (Wright et al., 2006). Since these 

trends in residual biomass differ from the unidirectional trends displayed by mean cai·apace 
lengths of the smallest 10% of mature females, it is unlikely that density and size at maturity 
in P cygnus are related. Mean water temperatures on the other hand have generally increased 
along the coast of Western Australia since the early 1970s (de Lestang, unpub. data). Thus the 
inverse relationship between CL

50 
and water temperature reported in this study may help to 

explain the temporal decline in CL
50

s. 

A general temperature increase, together with the effect of selecting for maturity states in the 
propo1tional way that size at maturity is calculated, may provide part of the explanation for the 
obse1ved temporal changes in size at maturity. However, it is possible that size selective fishing 
pressures, may have also played a role. 

A reduction in adult smvival is predicted by life-hist01y the01y to select for eai-Iier maturation 
and increased reproductive effo1i (Reznick et al., 1990). Depending on the size of individuals 

being selected and the degree of size-selection, populations have been shown to respond in 
directions opposite to the size bias of whatever caused them to be culled (Edley and Law, 1988; 
Reznick et al., 1990; Conover and Munch, 2002; Walsh, 2006). 

The western rock lobster fishe1y operates at high exploitation rates (crurnntly ~75%, Wright 
et al. 2006). Ibis, combined with knife-edge selection at a legal minimum size that for most 

of the fishe1y has been below the size at maturity, may be sta1ting to produce an evolutionaiy 

response to haivesting. Similar changes in size and/or age at maturity have been noted in other 
species (Homaros americanus, Landers et al., 2001; Gadus morhua, Yoneda and Wright, 2004; 
Pleuronectesplatessa, Rijnsdo1p, 1993;), but infening causation from what may be viewed as 
apparent fitness related response chai·acte1istics are acknowledged as being difficult to inte1pret 
because of confounding vaiiables (Reznick, 1985; Roff, 1992). 

Regardless of the reasons responsible for the spatial and temporal differences in size at matmity 

outlined in this study, the changes may have potentially imp01tant consequences for the 

34 Fisheries Research Report [ Western Austra Iia] No. 193 , 2009 



management of this fishe1y. One outcome might have been anticipated to be a reduction in the 
productivity of the fishery, given the earlier allocation of energy to reproductive development 

rather than somatic growth. However there has been no sign of any such change (Phillips and 
Melville-Smith, 2005). A more positive outcome is that overall egg production in the fishe1y 
will benefit when the results of this study are inco1porated into egg production indices which 
are one of the key pe1fonnance triggers in this fishe1y. 
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5. 1 Abstract 

The moult cycle of mature female Panulirus cygnus George was examined from data recorded 

over 32 years at four sites along the coast of Western Australia. A repeating trend for mah1re 
females was infe1Ted from samples taken between 15 November and 15 August. Setae were 
present on the endopodites of all large females from June until Febrnaiy-March; between 
Mai-eh and JU11e the propo1tions of females with setae declined sharply as about 80% moulted 
into a non-setose phase. Females that did not undergo this moult in Febrnary remained setose 

throughout the "n01mal" non-setose period before moulting and producing a new set of setae 
by mid winter. New or eroded spe1matophores were present on most large females between 
November and Januaiy, but their presence declined shaiply during the Febrnaiy/Mai·ch moult to 
be absent by May. The percentage of mature females that bypassed the non-setose moult varied 

mai·kedly from 1 to 40%, and was well conelated with mean water temperahlres in Januaiy/ 
Febrnaiy. The prop01tion that did not undergo a moult increased when these months were cool 
and decreased when they were wa1m. The size ( carapace width) at which females cany two 
batches of eggs in one breeding season (double breeder) declined progressively from 96.6 to 
84.1 mm with decreasing latihlde (32°S to 28°S) and fmther declined at the offshore Abrolhos

Islands (29°S) to 78.7 mm. The implications of these findings are discussed in relation to
management measures designed to protect females in a setose condition. 

Keywords: Panuli111s cygnus, double breeding, moult cycle, water temperahire 

5.2 Introduction 

The western rock lobster, Panulirus cygnus George, constitutes Australia's most valuable single
species :fishe1y (wo1th about AUD$ 250-350 million annually) with annual catches averaging 
11 000 t. The species, which is endemic to WesternAustrnlia, is found predominantly in coastal 

waters from No1th West Cape (21 °45 S) to Cape Leeuwin (34°22 S), in depths of less than 200
m (Gray, 1992). 

Sustainability of this imp01tant :fishe1y has been achieved by management regulations that 
include limited entty to the commercial :fishe1y, effo1t controls, a closed :fishing season from 
July to mid-November, a legal minimllll1 size, and (for females) protection of all animals with 
either ovigerous setae or above a specified size (Caputi et al., 2000). 

The single most imp01tant consideration in managing this :fishe1y is that egg production be 

36 Fisheries Research Report [ Western Austra Iia] No. 193 , 2009 



maintained at a safe level (Chubb, 2000; Hall and Chubb, 2001). Egg production is monitored 
from both fishe1y-dependent and fishe1y-independent data (Caputi et al., 1995; Melville-Smith 

et al., 1998). Indices, expressed as number of eggs per pot lift, are estimated for each locality 
using the relationship between female size, batch fecundity and number of batches produced 
within a season (Chubb, 1991). The size at which females sta11 to cany two batches within a 
season is however not known with ce11ainty and needs to be clarified for the production of more 

accurate egg production indices. 

It is also imp01tant to clarify the moult cycle of mature female P cygnus, and paiticularly to 

establish the prop011ion of females that remain setose throughout the fishing season ( and ai·e 
therefore protected from fishing). Females moult into a setose phase (June/July) prior to the 
spawning season. Following this moult copulation occurs resulting in a spennatophoric mass 
being attached to the sternums of receptive mature females. By September mated females begin 

to extmde their eggs, attaching them to ovigerous setae located on endopodites beneath their 
abdomens (Chittleborough, 1976; Chubb, 1991). The eggs are feliilized during this process 
with spe1m released from the scratching of the spe1matophoric mass by the female's fifth pair 
of legs. Remnants of the spe1matophoric mass remain until they ai·e either covered by a second 
mating or sloughed during moulting. TI1e post-spawning moult results in females entering a 

non-setose phase dming the fishing season (generally Febmaiy), although the time of yeai·
at which this occurs and the prop01iions of females that moult va1y between years, mainly 
as a result of variations in environmental conditions, e.g. water temperature (Chittleborough 
and Thomas, 1969; Chittleborough, 1976; Chubb et al., 1989). Greater knowledge of this 

moult cycle is imp01iant, because the effectiveness of the legislation protecting females with 
ovigerous setae, in pa11 depends on what propo11ion of mature females are fully protected from 
fishing throughout each part of the fishing season. 

5.3 Methods 

5.3.1 Sampling regime and measurements 

To examine the moult cycle of mature female Panulirus cygnus on the west coast of Australia 
data were collected dming fishe1y-dependent commercial catch monitoring surveys (DCCM) at

four localities (Fremantle, Lancelin, Jurien Bay and Dongai·a; see Fig. 1) each yeai· since 1972. 
Reseai·ch staff on boai·d commercial vessels conduct the DCCM each month during the fishing 
season (15 November-30 June) in a range of fishing depths from 5 to more than 80 m. The 
sampling regime is detailed in Caputi et al. (2000). 

The data used to dete1mine the size ( carapace length) at which a female produces two broods 
of eggs per spawning season (i.e. becomes a "double breeder"), were collected dming the 2002 

fishe1y-independent breeding stock smvey (JESS). This smvey has been made annually at three 
sites (Lancelin, Dongai·a and Abrolhos Islands), and inte1mittently at three others (Fremantle, 
Jurien Bay and Kalban:i) since 1992. All six locations were smveyed in 2002. This smvey is 
undeliaken over 10 days during the last new moon before the commercial lobster-fishing season 
struts (15 November), when the lai·gest number offemales beai· eggs (Chubb, 1991). The water

depths surveyed range from 25-70 m at the five coastal locations and from 10--60 m at the 
Abrolhos Islands. For details of the sampling regime see Chubb (2000). 
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Figure 1. Management zones in the western rock lobster fishery and locations of fishery

independent breeding stock surveys and commercial monitoring of the catch. 

In both smveys, the carapace length ( CL) of each female lobster (from the anterior edge of its 

carapace between the preorbital spines down the mid-dorsal line to the posterior edge of its 

carapace) was measmed to the nearest 1 mm. The presence of setae on the endopodites (Fig. 
2), external ova attached to these setae and spermatophoric masses (new or eroded) attached to 

the fifth abdominal segment were recorded. Dming the JESS the developmental stage of female 
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ovaries, as viewed through the dorso-thoracic musculature, and whether a lobster had missing 
or newly regenerated appendages, were also recorded. For both surveys the presence of setae 

on the endopodites has been recorded since 1992. 

Temperature measurements collected during the DCCMby a protected reversing the1mometer 
at a maximum depth of 38 m were analysed by ANCOVA and standardised by location and 
month of capture and water depth (m) to produce mean monthly bottom water temperatures 
(MWI) (0C) for each year. Monthly mean sea level (MSL) data (cm) for the port of Fremantle 
in Western Australia were obtained from the Flinders University Tidal Institute in Adelaide, and 

used as a proxy for the strength of the Leeuwin Current. 

/ I 

Figure 2. Non-setose (top) and setose (bottom) endopodites of female Panulirus cygnus. 

5.3.2 lnterannual variation in moulting of mature females 

Data on the presence or absence of ovigerous setae on the endopodites has only been recorded 
since 1992. Therefore, to determine the moult cycle of females over the period 1972-2005, 

DCCM data on the presence of a spe1matophoric mass deposit on females 2': 95 mm CL, which 
is above the size at maturity (Chittleborough, 1976) were used to dete1mine the prop011ions of 
mature female P cygnus that moulted in Febmaiy/March after mating and spawning; moulting 
results in the loss of all trace of spe1matophoric mass deposits. The females were caught in 
water depths to 76 m in April each yeai· since 1972, in the no11hem (Jurien Bay and Dongai·a) 

and southern (Fremantle and Lancelin) regions of the :fishe1y. The standat·dised proportion of 
mature, unmoulted ( and therefore setose) females, relative to all females in the same size range 
inAp1i.l was dete1mined by ANCOVA using location as a factor and depth (m) as a covai·iate. 

The relationship between two sets of environmental measures (MWT and MSL) in months 
just prior to and during the non-setose moult (i.e. those that may affect paiticipation in this 
moult) and the incidence of females that did not moult in Febmaiy/Mai·ch was examined using 

regression analysis. Thus, environmental measures recorded from November to Mai·ch and 
combinations of these months were regressed against the propottions of lai·ge females with new 
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or eroded spennatophores in April, using both an exponential decay (Leik:e, 2002) and a linear 
equation, with the resultant R-square values then being plotted. As both the exponential decay 
and linear models had the same number of parameters (two), resultantR-square values could be 
used to detennine which model provided the better description. 

5.3.3 Assignment of double breeding and analysis of data 

Appendage damage significantly reduces the likelihood of mature female P cygnus producing 
eggs ( de Lestang unpub. data). Therefore only females with undamaged appendages were used 
to detennine the size at double breeding. A female P cygnus was considered to be a double
breeder (DB) if, at the peak of the breeding season ( October/November), she had (a) external ova 
and an unused spennatophore; (b) late stage external ova, no spe1matophore and a developing 
ovary; or (c) no external ova, a used spe1matophore and a developing ovaiy (Melville-Smith 
and de Lestang, 2005). 

At each location sainpled during the 2002 IBSS, the data on all female P cygnus classified as 
DB's were analysed by logistic regression, to dete1mine the size at which 50% of spawning 
female lobsters breed twice in a spawning season (DB

50
). The data for each assemblage were 

analysed by a nonlineai· regression subroutine in SPSS 11 .5. O™, with the standard enors being 
derived from 100 bootstrap estimates. The equation used was: 

P = P max ![1 + exp(-ln(19 )x (CL-DB50 )/(DB95 -DB50 ))]. 

where: P is the propo1tion of mature females at carapace length CL; Pmax' which is constrained 
to be >O and :::1, is the maximum prop011ion of double breeders at CL

P 
and DB

50 
and DB

95, 

respectively, ai·e the CLs at which 50 and 95% of the assemblage breeds twice. 

5.4 Results 

5.4.1 Moulting cycle of mature females 

The average moulting cycles of large (2: 95 mm), and therefore presumed mature, female 
P cygnus in the n01thern and southern regions of the western rock lobster fishery were ve1y 
similar (Figs 3a, b ). In both regions the frequency of ovigerous females declined progressively 
each month from a maximum of ~70% in November/December to zero in Mai·ch, with no 
ovigerous females caught to the end of sainpling in August (Figs 3a, b ). The average prop01tions 
of setose and mated females to all large females (2: 95 mm) in both regions remained at or close 
to 100% in all months from November until Februaiy, before both measures declined to ~ 20% 
in April. The contributions of mated females then declined fm1her to essentially zero in May 
and June, while that of setose females increased in these months to 50 and 90% of all 'mature' 
females, respectively (Fig. 3a), due to a moult in May. In both regions the frequency of mated 
females began to increase again to ~40% in July and 60-80% in August (Figs 3a, b). 
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Figure 3. Mean monthly percentages of large (:::: 95 mm) setose, mated and ovigerous female 
Panulirus cygnus sampled during commercial monitoring surveys in the (a) northern and 
(b) southern zones of the western rock lobster fishery between 1972 and 2005.

5.4.2 Annual variation in the moulting of mature females 

The proportions of large(� 95 Illlil CL) mated females in Ap1il ranged from 1 to 41 % of the 
sampled population in different years (Fig. 4). Low incidences(< 5%) of mated females were 

recorded in 1973-75, 1978, 1989, 1990, 1992 and 1997, while high incidences (>20%) were 
recorded in 1977, 1991, 1993, 1998, 2002 and 2004. 

For both the exponential decay and linear models, standardised mean water temperatures for the 
combined months of Janua1y and Februruy produced the highest R-squru·e values (0.67 and 0.48, 
respectively) with the propoliions of mature females that had not moulted into a non-setose phase 
(Fig. 5a, b). The mean sea level conelations were too weak to be useful (Figs, 5a, b). 
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Figure 4. Percentage of large(=:: 95 mm) mated female Panulirus cygnus sampled throughout the 
fishery during April from 1972 to 2005. 

42 Fisheries Research Report [Western Australia] No. 193, 2009 



a). 

0.8 

0.6 

0.4 

0.2 

0 .
•. 

0.0 

b). 

0.8 

0.6 

0.4 

0.2 

o-·· 

0.0 

Standardised mean 
water temperature 

··-o ····· 

Mean sea level (Fremantle) 

Standardised mean 
water temperature 

. ·····o--······ -o····· ... -0- ........ ,o 
Mean sea level (Fremantle) 
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incidence of large (� 95 mm) mated female Panulirus cygnus in April and annual values,
individual months and subsets of months of standardised mean water temperatures (°C)
and mean monthly Fremantle sea levels (cm).

The best relationship between the proportions of large mated females in April (Pm) and 
standardised water temperature (7) averaged for the months of January and Febmary is 
described bythe exponential decayequation: P

M 
=1.37E+l2xexp(-T/0.721) (Fig. 6). This 

model shows that, with lower water temperatures in mid-late summer, the propo11ion of female 
P cygnus that moult into a non-setose phase after spawning decreases exponentially. This 
time period is towards the end to the egg-bearing season and just prior to the expected time of 
moulting. 
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Figure 6. Exponential decay regression between the annual incidence of large(� 95 mm) mated 
female Panu/irus cygnus in April and the annual standardised mean bottom water 
temperature for January and February (combined) of that year. 

5.4.3 Size at double breeding and the setose moult 

The carapace lengths at which 50% of multiple spawning female P cygnus produce two broods 
of eggs within a breeding season (DB5;) were estimated from the 2002 IBSS (Fig. 7). The
lengths declined progressively with decreasing latitude along the coast and then offshore to the 
Abrolhos Islands with the DB

50 
recorded at Fremantle (96.6 mm) being the largest, then Lancelin 

(90.4 mm), Jm-ien Bay, Dongara and Kalban-i ( all about 85 mm) and finally the Abrolhos Islands 
(78. 7 mm). This progressive declining trend along the coast and to the offshore islands, is 
similar to, but consistently greater (-10 mm), than the trend of size at first matm-ity recorded for 
this species (Table 1). 

Table 1. 

S8
50 

S8
95 

08
50 

08
95 

The size at which 50 and 95% of female Panulirus cygnus produce one (SB) (Melville
Smith and de Lestang, in press) and two batches (DB) of eggs per spawning season at 
six locations along the west coast of Australia. 

Fremantle Lancelin Jurien Dongara Kalbarri Abrolhos 

87.5 ± 0.22 82.2 ± 0.34 81.4 ± 0.32 74.9 ± 0.49 77.2 ± 0.34 65.0 ± 0.27 

92.8 ± 0.57 89.6 ± 0.87 90.6 ± 1.00 88.1 ± 1.26 87.5 ± 0.86 76.3 ± 0.51 

96.6 ± 1.52 90.4 ±0.74 84.6 ± 1.49 84.1 ± 1.46 86.5 ± 1.13 78.7 ± 1.58 

114.8 ± 3.82 100.8 ± 2.05 96.5 ± 3.50 98.6 ± 4.54 100.0 ± 3.48 96.8 ± 3.63 

The maximum percentage of females assigned as double breeders never reached 100%, even in 
the largest size classes, and vai-ied markedly between locations. The Abrolhos Islands recorded 
the highest percentage of lobsters assigned as double-breeders (79% ), followed by Lancelin 

(70%), Kalbai1.1 (57%), Dongara (52%), Fremantle (50%) and Jurien Bay (35%) (Fig. 7). 
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Figure 7. Logistic regressions fitted to the percentage of double-breeding female Panulirus
cygnus at different carapace lengths in six locations in Western Australia, based on data 
collected during the 2002 Independent Breeding Stock Survey. OB

50 
± 1 SE denotes the 

size at which 50% of the assemblage is mature, and n the sample size. 

The carapace lengths of those females that do not moult into a non-setose phase did not differ 
between years (Kolmogorov-Smimoff,p > 0.05). Therefore, to asce1tain whether these females 
breed once or twice a season the cumulative frequencies of females in 5 1ll1ll size classes that 
were classified as either being single- or double-breeders were plotted with the cumulative 
frequency of mated females in April pooled over the last 32 years (1972-2003) (Fig. 8 a, b). 

In both the n01them and southern zones, the cumulative frequency of mated females in April 
was, for coITesponding size classes, significantly lower (Kolmogorov-Smimoff, all p < 0.01) 
than that of either single- or double-breeding females in that size class. This indicates that 
lobster that are still mated in April, i.e. those that do not moult into the non-setose phase, are 
generally larger than double-breeding females (Fig. 8). 
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Figure 8. Cumulative frequencies(%) of single- and double-breeders and of mated female 
Panulirus cygnus recorded in April in sequential 5 mm CL classes in the (a) northern and 

(b) southern zones of the western rock lobster fishery.

5.5 Discussion 

The different proportions of setose, ovigerous and mated females in commercial samples 

throughout the season provides a reliable indication of the moulting and mating cycles of ma
ture female P cygnus (Fig. 3). The sharp decrease in the prop01tion of setose and mated lob
ster in Febmary/March indicates that most (-80%) breeding females moult into the non-setose 
phase at this time. The complete disappearance of females with new or eroded spe1matophores 
in samples from May onwards indicates that those animals (-20%) that did not moult in Febm

aty/March moulted by May. The high propo11ion of setose females in June indicates that those 
that moulted into a non-setose condition in Febmaty/Mm·ch moult back into setose condition in 
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preparntion for the next breeding season by June. The increase in females with new spe1mato
phores in July and August is a couple of months ahead of when external eggs are produced in 

mid spring (Chubb, 1991). 

The ability for mature females to moult out of setose condition outside of the breeding season 

is common to numerous other spiny lobster species, for example Jasus edwardsii, MacDiannid 
(1989); Jasus lalandii, Patterson (1969); Panulirus japonicus, Nakamura (1940) and Panulirus 

argus, Sutcliffe (1953). 

The large numbers of reproductively active females not moulting into a non-setose phase in late 

summer appears linked to cool water temperatures towards the end of the egg-bearing season. 

Chittleborough ( 197 6) showed that the development time of fe1tilised eggs of P cygnus increased 

exponentially from about 26 days at 25°C to 70 days at 19°C. It is thus likely that females
which become ovigerous late in the spawning season during a year when water temperatures 
are cool, may not have sufficient time to develop and release their eggs prior to the synchronous 
non-setose moult in Febrnary/March. Fmthe1more, females that produce two batches of eggs in 

a spawning season would be more likely to extrnde their last (second) batch of eggs later in the 
season than would the single breeders that extrnde only one batch of eggs. It therefore follows 
that the females most affected by cool water temperatures towards the end of the spawning 

period are the larger females, i.e. those that are more likely to produce two broods of eggs each 

season. It is not possible to directly measure this by examining the numbers of egg bearing 
females during this period since most will be bearing eggs in a late stage of development and 
females in this condition have an extremely low catchability (Waddington et al., 2005). 

At each location the double spawning females were always the larger lobsters sampled in that 
area. This is consistent with previous findings for P cygnus (Chittleborough, 1976; Chubb, 
1991) andfor other species of this genus (Beny, 1971; Briones-Fourzaneta/., 1981; Macfarlane 

and Moore, 1986; Briones-Fourzan and Lozano-Alvarez, 1992; Gomez, 1994). However, the 

sizes recorded by Chubb (1991) at which 50% of P cygnus became double-breeders (DB
5
c) at 

Two Rocks (between Fremantle and Lancelin) (~ 80 mm), Dongara (~ 93 mm) and Abrolhos 

Islands (~ 63 mm) were all markedly different from those recorded in the present study (see 
Table l; Figure 7). These differences aii.se because Chubb (1991) visually classified lobsters 

with an eroded spe1matophore mass, external eggs and a developing ovruy as a multiple (i.e. 
double) breeders. Recently however, Melville-Smith and de Lestang (2005) showed that an 
ovruy classified as "developing" in this situation is more likely a "spent" ovruy containing 

residual atretic oocytes, which makes it appear yellow and developing and therefore is only a 

single breeder. Fmthe1more, the DB
50 

recorded by Chubb (1991) for Two Rocks, Dongara and 
the Abrolhos Islru1ds are either the same as, or smaller than the size at first maturity recorded by 
the same author for the same regions (Chubb, 1991), which casts doubt on the appropriateness 

of the c1i.teria used to assign double-breeding in this eru·lier study. 

This study showed that large mature females were able to produce multiple batches of eggs 
within a spawning season, although whether this was limited to two broods was not able to be 

dete1mined directly. Anecdotally however two broods does seem to be the maximum number 
P cygnus is capable of producing by per season. Chittleborough (1976) showed that when kept 
at a constant temperature and fed to excess the maximum number of broods produced by female 

P cygnus between moulting events was two. 

The percentage of females classified as double-breeders not reaching 100% at any of the six 

locations, even in the ve1y lru·ge size catego1i.es, was not unexpected. Clear identification of an 

individual female as a double-breeder is only possible when they ru·e sampled reasonably close 
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to the middle of their spawning season (Melville-Smith and de Lestang, 2005). Small variations 
are likely to exist in the stimuli that initiate spawning between and within each location resulting 
in spawning not being synchronous throughout the fishe1y. Consequentially, it was not possible 
to sample all double-breeding females when they were in the middle of their spawning season. 
As a result, some double-breeding females sampled will always be identified inconectly as 
single-breeders. Since it is likely that miss classification results in percent of double breeders 
never reaching 100% is seems probably that, at each location, the size at DB

50 
recorded in this 

paper not only describes the size at which 50% of double spawning females are breeding twice 
but is also a good estimate of the size at which 50% of females within the sampled population 
will breed twice. 

This study has found that double-breeding female lobster, sampled at six locations during the 
2002 IBSS, are about 10 mm CL larger than females at first maturity recorded at the same 
locations (Melville-Smith and de Lestang, in press). Since 2-3 mm is the average moult 
increment achieved by newly matured female lobsters (Morgan, 1977), and females of this size 
are expected to moult twice a year (Chittleborough, 1976; Morgan, 1977), it seems likely that 
newly matured females require a fmiher two years of growth before they increase in carapace 
length by ~ 10 mm and attain the size at which they start to produce two batches of eggs in a 
season. 

While DB
50 

may conespond with females two years older than their size at first matiuity (CL
5
o) 

at the same locality, it is unlikely that either size or age is directly responsible for this :finding. 
It has been shown by Chittleborough (1974; 1976) that aquarium-held females kept at higher 
temperatures than in their natural environment (25°C) and fed to satiation can breed twice 
within an inte1moult period from when they first mah.ll"e, and thereafter to repetitively breed 
without moulting into a 11011-setose (resting) phase. 

Tue size at maturity of females has declined at all coastal sites since the 1970s (Melville-Smith 
and de Lestang, in press). It has not been possible to investigate whether DB 

50 
has decreased over 

the same period, because ovarian development has been recorded only since 1992. Furthe1more, 
establishing whether a female is a single- or double-breeder is ve1y sensitive to the time of year 
she is sampled (Melville-Smith and de Lestang, 2005) and suitable IBSS data are not available 
for this purpose in most years. However if, as we have suggested, DB

50 
occurs on average two 

years after CL
50

' then it could be assumed thatDB
50 

has followed a similar decline to CL
50 

since 
the 1970s Incorporation of new DB

50 
estimates into the cmTent egg production indices will 

swing the relative contribution of eggs towards the larger size classes of female lobsters, fmther 
highlighting their impo1tance to the sustainability of this fishery. Fmthe1more, the addition of 
slowly declining DB

50 
estimates will increase recent egg production estimates relative to those 

dete1mined for early periods, making the cmTent position of these indices more positive. 

There are impoitant management implications resulting from identifying a relationship between 
water temperature and the likelihood of mah.ll"e females moulting to the non-setose phase in 
Febrnaiy/March. A substantial p01tion of the commercially landed catch each year in March, 
April and May ai·e matiue-sized females that have moulted out of a setose condition. Cool water 
temperatures in Januaiy and Febrnaiy would increase the protection provided to the breeding 
stock by the "setose mle", which was introduced as one of several management measures in 
1993/94 to limit fishing pressure on these females (Hall and Chubb, 2001). Tue Reynolds Sea 
Surface Temperature dataset (Reynolds, 1994) records a slight increase in water temperah.ll"es 
on the western rock lobster grounds over the last 30 years; this trend can be expected to dilute 
the effect of the setose rnle over time, by allowing more females to moult into the non-setose 
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condition and therefore becoming legal to retain. Conversely the more frequent occtmences of 

ENSO events since the 1990's have resulted in a higher frequency of weaker Leeuwin Ctment 

years and hence cooler water temperatures (de Lestang, unpub. data). This has resulted in the 
four highest percentages of setose females in April recorded since 1991. 
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6. 1 Abstract 

Data collected during :fi.she1y-independent sampling programs were used to examine the 

impact of appendage damage (indicated by lost or regenerated legs and antennae) on the 
reproductive output of female western rock lobster (Panulirus cygnus). Most of the damaged 
females sampled had one (53%), two (27%), or three (13%) appendages that had been lost or 
that were regenerating. Appendage damage was associated with the reduced probability of a 
female developing ovigerous setae; and if setae were produced, with the reduced probability 

that females would produce more than one batch of eggs within a season. These effects were 
more pronounced as the number of damaged appendages increased. From data collected in 
2002, it was estimated that the total number of eggs produced by mature females caught in the 
:fi.she1y was significantly reduced (?<0.001) by 3-9% when the impact of appendage damage 

was included. 

6.2 Introduction 

Western rock lobster (Panulirus cygnus) aTe found only off Western Australia, where they fo1m 
the basis of an intensive commercial :fi.she1y (Phillips and Melville-Smith, 2005). One result of 
the high exploitation rates experienced by western rock lobster (Brown and Caputi, 1985, 1986), 
and other decapod species (Krouse, 1976; Smith and Howell, 1987), is the damage sustained 
by the catch that is rehnned to the water. Damage, whether caused by aggression between 

conspeci:fi.cs trapped in pots, desiccation on boaI·d boats before processing, or rough handling 
dming s011ing, is generally a combination of dehydration, broken body paI1s, and the loss of 
entire appendages. ApaI1 from the m011ality of animals due to processing, both the growth rate 
and fecundity of the surviving animals can be significantly reduced (Davis, 1981; Brouwer et 

al, 2006). Damaged aIUmals appear to reallocate energy stores towards regenerating damaged 
appendages and away from growth and reproduction (No1man and Jones, 1992; Juanes and 
Smith, 1995; Mariappan and Balasundaram, 2001). 

In the western rock lobster fishe1y, sustainability of the resource has been achieved by 
management regulations that include limited entry to the commercial :fi.she1y, a closed fishing 
season from July to mid-November, and return to the water of all lobsters that 31·e outside 

the maximum and minimum legal size limits or that 31·e in a breeding condition (i.e., beaI·ing 
ovigerous setae) (Caputi et al., 2000; de Lestang and Melville-Smith, 2006). Anecdotally, these 
regulations 31·e believed to result in 55% of the P g,gnus catch being rehnned to the sea. This 
species is especially susceptible to autotomizing (dropping) limbs (Brown and Caputi, 1983, 
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1985): 40-80 tonnes of legs am estimated to be lost from the landed catch of P cygnus each 
year (Davidson and Hosking, 2002). 

We used data from a variety of existing and new sources to examine the effect of appendage 

loss and regeneration (both antennae and legs) on the reproductive biology of female P cygnus. 
We believe this study to be the first comprehensive assessment of the impact that appendage 
damage has on the reproductive output of a decapod species. This study assesses the impact of 
appendage damage on the prop01tion of f emales developing ovigerous setae, the prop01tion of 
females that will produce one or more batches of eggs within a breeding season, and the number 

of eggs in a batch. 

Keywords: Panulints cygnus; egg production; appendage damage; leg loss; autotomy 

6.3 Methods 

6.3.1 Sampling regime 

Data were collected during a fishery-independent breeding stock survey (hereafter refen.-ed to 
as "the survey"), which has been conducted annually at three localities (Lancelin, Dongara, 
and Abrolhos Islands) and intermittently at three others (Fremantle, Jurien, and Kalbani) since 
1992. The commercial fishe1y in Western Australia is divided into three management zones: the 

Abrolhos Islands (zone A), north coastal (zone B), and south coastal (zone C) (Fig. 1). In some 
cases data were pooled into these zones for analysis. 
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Figure 1. Management zones (zone A, Abrolhos Islands; zone B, northern coastal; zone C, 
southern coastal) in the western rock lobster (Panulkus cygnus) fishery, and six sites 
(five on the coast of Western Australia and one comprising the Abrolhos Islands) used 
for fishery-independent breeding stock surveys and commercial monitoring of the catch. 

The smveys were unde1iaken over the course of ten days before the strut of the commercial 
lobster fishing season on 15 November. This period is ve1y close to the annual peak of the 
egg-beruing season, which is considered to occur in November of each year (Chubb, 1991). 
Because this smvey was designed to be repeatable, the same fishing gea1· (batten pots with 
closed escape gaps), bait (a combination of n011h sea hening [Clupea harengus] and Australian 

salmon [Arripis truttaceus]), and locations (same GPS coordinates) were used. The results a1·e 
therefore directly compa1·able between yea1·s. For more details on the smvey sampling regime 
see Chubb (2000). 

6.3.2 Measurements and records 

During the smveys, the ca1·apace length (CL) of each lobster was measured to the nearest 1 mm 
from midpoint between the preorbital spines down the mid-dorsal line to the posterior edge of 

its ca1·apace. The presence of gonopores on the base of the fifth pair of pereiopods was used 
to identify males. For females, the presence of ovigerous setae attached to the endopodites, 
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the visual appearance of the ovaries through the dorsothoracic musculature, the presence and 
development.al stage of external ova attached to the setae, and the presence of a spermatophoric 

mass attached to the fifth abdominal segment were recorded. These data have been used to 
predict whether a female would produce one or two batches of eggs in a spawning season (such 
females are known as "single breeders" and "double breeders, respectively)"-see Melville
Smith and de Lestang (2005) for a full description of this method). 

Loss and regeneration of antellllae and limbs were also recorded dming the survey as either an old 
loss, new loss, or as a regenerated appendage and all three categories were grouped collectively 

and referred to as "appendage damage." Old loss was identified by dark melanization at the site 
of the lost appendage and new loss by exposed flesh without melanization. Although new leg 
loss was recorded, nearly all were considered to have resulted from capture and handling during 
the smvey and therefore were excluded from our analysis of the impact of appendage damage 

on reproductive output. Regenerated limbs of P cygnus were only easily identifiable in the first 
intermoult period after the limb was lost and were distinguished by being greenish in colom 
and noticeably smaller or thillller than existing limbs. Because old and new losses have been 
recorded since 1992 and regenerated limbs have been recorded since 2001, we used only the 
data collected since the 2001 survey. The incidence of old losses, new losses, and regenerated 

appendages between zones, sex, and carapace size was compared by using ANOVA. 

6.3.3 Effect of appendage damage on fecundity estimates 

Because most of the lobsters sampled in zone A (the Abrolhos Islands) during the 2001-03 
smveys were larger than the size at maturity (Melville-Smith and de Lestang, 2006), data derived
from sampling in this location were used to examine whether the incidence of old appendage
losses and regenerated appendages affects the reproductive state of female P cygnus. 

The batch fecundity (number of eggs in one batch) of 50 female P cygnus with early-stage 
eggs that ranged in carapace length (CL) from 67.1 to 96.2 mm was detennined. Twenty

three females had either one or two damaged appendages and 27 had no damaged appendages; 
females with early-stage eggs and more than two damaged appendages were seldom caught and 
therefore were not assessed. The endopodites with eggs were removed from the lobsters and 
dried in an oven for 24 homs. The eggs were then separated from the setae and weighed to the 

nearest 0.0001 g. Three subsamples of each brood (each of-0.05 g) were taken and weighed. 
The number of eggs in each subsample was counted to detennine the mean number of eggs per 
gram of chy egg weight, and the mean of these values was used to estin1ate the total number of 
eggs in the brood. The mean fec1mdity per spawning season was compared for females with 
and without appendage damage after standardizing for carapace length with ANCOVA. 
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The total number of eggs produced by all mature female P cygnus caught dmi.ng the 2002 
smvey in each of the three commercial fishing zones was estimated by using an equation that 

incorporates the number of broods of eggs produced each spawning season and the effects of 
appendage damage on the likelihood of spawning once or twice. 

(TF = NB X F X PODA )' 
where TF = the total fecundity (number of eggs produced) by mature females; 

NB = the probability of a female producing one or two broods each spawning season, 
on the basis of their CL; 

F = the relationship of fecundity to carapace length; and 

PO = the probability that females with damaged appendages DA will produce eggs. 

Pi =(111+exp(-ln(19)x(CL-SB50 )/(SB95 -SB50 ))),

P,_ =(lll+exp(-ln(19)x(CL-DB50 )/(DB95 -DB50 ))),

where SB 
50 

and SB 
95 

= the CLs at which 50 and 95%, respectively, of the population at each 
location produced one brood of eggs (P); and 

6.4 

DB
50 

and DB
95 

= the CLs at which 50 and 95%, respectively, of the population at each 
location produced two broods of eggs (P

2
) per spawning season (de 

Lestang and Melville-Smith, 2006). 

Results 

6.4.1 Frequency of appendage damage in 2001-05 surveys 

The percentage of western rock lobster with damaged appendages in the 2001--05 smvey catches 
decreased as the number of damaged appendages increased (Fig. 2, A-C). For example, in 
zone A, about 82% of all female and male P cygnus in the catches had no appendage damage, 
whereas about 9%, 4%, and 2% of both sexes had one, two, and three damaged appendages, 
respectively. Only 1 % of the catch of each sex had four damaged appendages and less than 
0.5% of all lobsters had more than five damaged appendages. 

The incidence of appendage damage was significantly different between zones (P<0.001) and 
both zones A and C had higher incidences than zone B (Table 1). In addition, within zones B 
and C, significantly (P<0.001) more females than males were caught with appendage damage. 

There was no significant difference (P=0.14) in the incidence of appendage damage for females 
and males caught at the Abrolhos Islands. 
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Figure 2. Percentage of female and male western rock lobster (Panulirus cygnus) with 0-12 
damaged appendages in the catch at three management zones: (A) zone A, Abrolhos 
Islands; (B) zone B, northern coastal; and (C) zone C, southern coastal. Note that the 
y-axis is not continuous.

Table 1. Percentage of all female and male western rock lobster (Panulirus cygnus) with old 
damage, or regenerated appendages, in the three management zones of the fishery. 
Data are from the 2001-05 fishery-independent breeding stock survey. 

Fishing zone 

Sex Zone A ZoneB ZoneC 

Female 17.8% 12.4% 20.9% 

Male 18.9% 8.7% 17.2% 
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6.4.2 Relationship between appendage damage and carapace length 

The incidence of new appendage loss differed significantly (P<0.001) between the two sexes 

in the various size classes (Fig. 3A). New appendage loss in females remained at about 17% in 
all the size classes, whereas in males this loss decreased from 15% to 8% in the fast fom size 
classes, then increased substantially to 28% and 20% in the larger size classes (110--119 and 
120--129 mm CL, respectively). 

Tue incidence of old appendage loss also differed significantly (P<0.001) between sexes in 
different size classes (Fig. 3B). Old appendage damage was slightly more common as females 

increased in size, i.e., from 7% to 11% between the 60-69 and 100-109 mm CL size classes. 
This increase also occmred for males but to a much greater extent, i.e., from 4% to 23% between 
the 60-69 and 100-109 mm CL size classes. The incidence of old appendage damage in males 
then declined slightly over the two largest size classes (110-119 and 120-129 mm CL) 22 and 

16%, respectively (Fig. 3B). 

Regenerated appendages in the catches of lobster differed significantly (P<0.001) between sex 

and size classes (Fig. 3C). Regenerated appendages were more commonly recorded for females 
than for males, but regenerated appendages for each sex remained relatively constant at about 
4% and 3%, respectively, in all size classes below 120 mm CL. Above this size class, the 
incidence of regenerated appendages increased markedly in females (10%) and declined to zero 

for males (Fig. 3C). 
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Figure 3. Percentage of female and male western rock lobster (Panulirus cygnus) in different size 
classes with (A) new or (B) old appendage loss, or (C) with regenerated appendages. 
The analysis uses 2001--05 fishery-independent breeding stock survey data from all five 
coastal sites. 

6.4.3 The influence of appendage damage on egg production 

The propo1iions of female P cygn.us ( CI>65 mm) from the Abrolhos Islands that were classified 
as having ovigerous setae, as being single breeders, and as being double breeders, all declined 
with increasing appendage damage (Fig. 4, A--C). A consistent trend existed between the various 
reproductive states and the magnitude of their appendage damage. For females at the Abrolhos 

Islands above the size at maturity, the likelihood of developing ovigerous setae declined with 
the number of appendages damaged: 98% likelihood (one appendage damaged), 95% (two), 
80% (five), and 58% (six). This likelihood continued to decline until it reached zero for all 
females with either 11 or 12 damaged appendages (Fig. 4A). 
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For ovigerous females with damaged appendages, the likelihood of producing either one or two 
batches of eggs each spawning season declined more rapidly than the likelihood of developing 
ovigerous setae. Females with one damaged appendage were 20% and 19% less likely to produce 
one or two batches of eggs, respectively, whereas those with five damaged appendages were 
around 85% and 65% less likely to produce one or two batches of eggs, respectively. Females 
with more than seven damaged appendages did not produce eggs (Fig. 4, B and C). Equations 
describing the relationships between appendage damage and the likelihood of spawning once 
for single breeders and twice for double breeders were not significantly (P=0.42) different from 
each other and were thus combined to produce a single equation to describe the likelihood of 
producing one or two broods of eggs: 

PO
DA 

=exp[-0.3lxln(DA+I)+0.742]-1. 

The above relationship between appendage damage and the likelihood of lobsters developing 
ovigerous setae, or the likelihood oflobsters producing one or two broods of eggs at the Abrolhos 
Islands, was very similar in the other two coastal management zones. 

A) O,,igerou, setae 

100 n" 17,747 

o§
l50 "C -

j!& 
li g, �o

�E 
20 

0 

0 2 J 4 5 6 7 8 9 ,o II 12 

8) Single-bree(!-,g OVtgerws 

100 

Cl) 
exp(-0 31·10(1<+1)+-7 28)"1 j - C: 60 0 

oi 
11s 60 

�� ◄O 
.... Cl) 

:J -� 20 

0 2 l 4 .'! 6 t 8 9 10 11 12 

C) Double-breeding ovigerous 
.. 

100 

of 80 
0 exi>(-0.:JO'ln(x-t I )+0.755)" 1 

ii 
_g .0 

60 

�11 
40 .>f. Ll 0 

:.J � 
20 

0 

"O 

0 
0 

0 2 3 4 � II 7 8 'I 10 11 1;> 

Appenoages rost 

Figure 4. Likelihood of female western rock lobster (Panulirus cygnus) with (A) ovigerous setae, 
(B) or being single-breeding ovigerous individuals, and (C) double-breeding individuals,
with 0-12 appendages damaged. Data are from the 2001-05 fishery-independent
breeding stock surveys at the Abrolhos Islands (zone A) for all females > 65 mm CL
combined. Equations in (B) and (C) refer to fitted relationships describing the likelihood
of breeding with appendage loss.
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6.4.4 The influence of appendage damage on fecundity 

The mean fecundity per spawning season of female P cygnus with a standardized CL of 77. 0 mm 

did not differ significantly (P>0.05) between females with and without damaged appendages 
(i.e., 249,885 ±7873 eggs and 234,164 ±7094 eggs, respectively). Furthermore, regressions 
between fecundity (F) and carapace length (CL) of female P cygnus with and without damaged 

appendages (Fig. 5) did not differ from each other (P>0.05) and were both very similar to the 

relation of carapace length to fecundity recorded for this species by Chubb (1991). 

100 

60 70 80 

Carapace length (mm) 

90 100 

Figure 5. The relationship between fecundity and carapace length (mm) in western rock lobsters 
(Panulirus cygnus). The actual numbers of eggs carried by individuals with damaged 
appendages are shown by black circles and without damaged appendages, by open 
squares. 

The effect of damaged appendages on the number of eggs produced per spawning season by 
female P cygnus at the Abrolhos Islands was greater for large than for small females (Fig. 6). 

For example, two damaged appendages reduced the fecundity of a 70-mm-CL lobster by about 
114,000 eggs, whereas the fecundity of a 120-mm-CL lobster was reduced by about 1,000,000 
eggs (Fig. 6). 
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Figure 6. The relationship between total egg production (total fecundity) and carapace length (mm) 

of female western rock lobster (Panulirus cygnus) in one season at the Abrolhos Islands 
(zone A) with none, one, two, or three damaged appendages. 

The total number of eggs produced in the 2002 survey was estimated for each of the three 
management zones separately for female.s with and without appendage damage. The inclusion 
of appendage damage significantly ( all P<0.001, paired t-test) reduced egg production estimates 

by 8.5%, 3%, and 9% in zones A, B, and C, respectively. 

6.5 Discussion 

6.5.1 The incidence of appendage damage 

The proportions of lobsters with damaged appendages varied markedly between sexes, sizes, and 
locations sampled. However, the timing and frequency within a year that moulting takes place 
for the sexes, and for different-size animals, plays only a relatively minor role in influencing 
these differences. Female western rock lobsters generally moult twice a year: February-March 

and again in May. A significant proportion of large breeding females occasionally skip the 
February-March moult, but all take pait in the May moult ( de Lestang and Melville-Smith, 
2006). 

New appendage damage occurred around the time of capture and could mostly be attributed to 
the smvey sampling methods, either to capture in the pots or handling on deck. The slightly 
higher proportions of females than males recorded with new damage are possibly the result of 

the longer handling time needed to make additional observations, such as recording the presence 
or absence of eggs and spermatophores and visually assessing the condition of the ovary. In 
contrast to new appendage damage, the events that resulted in old damage and regenerated 
appendages occmTed before the survey and, in the latter case (regenerated appendages), before 

the lobster's last moult, i.e., about May (de Lestang and Melville-Smith, 2006). It is therefore 
likely that much of this damage is inflicted during the commercial fishing season, possibly as 
a result of capture and handling. It is thus not smprising that the lobsters showing the greatest 
incidence of regenerated appendages are females above the maximum legal size (115 mm CL 
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in zone C and 105 mm CL in zones A and B); many of these animals were likely handled and 
rehuned to the water many times during a season. Predators may be an additional cause of 

appendage damage. The fact that the incidence of old appendage damage increased in both 
sexes with size may indicate that lai-ger individuals ai-e more likely to smvive the attack of a 
predator, although perhaps with the loss of appendages. 

6.5.2 The effect of appendage damage on reproductive output 

Appendage damage can lead to an associated reduction in the reproductive output of female P 
cygnus dii-ectly, namely as reduced propmtions of females that develop ovigerous setae, and as 

a reduction in the propmtions of ovigerous females that will produce one or two batches of eggs 
within a season. Reproductive output is also affected indirectly when females with appendage 
damage do not moult into breeding condition (with ovigerous setae); a female above the legal 
minimum size without ovigerous setae can be legally retained by commercial and recreational 
fishe1men and thus her contribution to the broodstock is removed. 

The significant reduction in reproductive output of female P cygnus with appendage damage 

is not surprising, because regeneration places large demands on energy reserves, often in the 
fo1m of a reallocation of resom·ces that were originally destined for reproduction and growth 
(Demeusy, 1965; No1man and Jones, 1992; Juanes and Smith, 1995). Moreover, if appendage 
damage is extensive, the process of regenerating multiple appendages may result in a long-term 
reallocation and an overall increase in energy demand (McVean, 1982). 

MostP cygnus caught dming the smvey were intact when examined; less than 15% of the entire 

catch had damaged appendages. This 15% was probably due, in patt, to management measures 
based on previous work on the effects of appendage damage (Brown and Caputi, 1985, 1986) 
to initiate changes aimed at reducing limb loss. Methods for limiting appendage damage even 
fmther are being developed, i.e., cold stunning (Davidson and Hoskin, 2002). However, even 
with the best intentions, some appendage damage through handling is unavoidable. 

This study has highlighted that management measures aimed at protecting the western rock 

lobster broodstock inevitably result in the animals being handled more than once ( or multiple 
times) in the course of the fishing season, and the damage to appendages caused by handling 
produces a significant, and previously unrecognized, effect on the overall egg production of this 
resource. These effects need to be taken into account when considering the benefits of these 
management measures in this and other cmstacean fisheries. 
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7. 1 Abstract 

The size of the western rock lobster broodstock is variable over the range of the Western 
Australian :fishe1y, due to regional differences in the density and length structure of the stock 
and the female's size at maturity. Management regulations do not cu1Tently discriminate in the 

protection afforded to the broodstock in the different regions. This study has examined whether 
regional and size differences in early egg diameter, phyllosoma length at hatch and phyllosoma 
competency, are related to lipid class and fatty acid composition, protein composition and 
water content in late stage eggs and early stage phyllosoma larvae. A positive relationship, 

pruticularly to phyllosoma competency, would have management implications for the protection 
of broodstock in different pruts of the :fishe1y. Females were sampled in three size groups 
captured in two sampling regions (Abrolhos Islands 60-70 and 80-90 mm CL; coastal 80-90 
and >95 mm CL). Mostly, eggs and larvae from different maternal size classes and regions 
were not significantly different with respect to lipid class and fatty acid composition, protein 

composition and water content, and larval competency. The lipid classes of eggs differed 
significantly (p < 0.02) between the three maternal size-classes; fatty acids differed significantly 
between both eggs and phyllosoma grouped by maternal catch site and size-class (p = 0.02 and 
0.003, respectively); and there was no co1Telation between biochemical differences and larval 

competency. These results imply that maternal identity and subsequent diet may have a greater 
influence on lru-val competency in P cygnus than the maternal attributes (size and capture site) 
that were tested. 

7 .2 Introduction 

Western rock lobster (Panulirus cygnus) is found only along tlie western seaboard ofAust:ralia, 
where it fonns the basis of Austi·alia's most valuable (AUD $300 million) single-species, wild

capture :fishe1y. Its life cycle has been intensively reseru·ched over fo1ty yeru·s (see reviews by 
Caputi et al., 2003; Phillips and Melville-Smith, 2005). The lai-vae hatch in spring and early 
summer and spend the next nine to eleven months in the plankton, with the mid-stages being 
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found as far as 1,500 km offshore (Phillips et al., 1979). Late stage larvae metam01phose into 
puernli and swim inshore to settle and sta1i the juvenile phase of their life cycle (Phillips et 

al., 1979). With such a long larval life covering so vast an area, it is likely that larvae from 
different paiis of the coast become mixed in a common larval pool. This has been substantiated 
by genetic investigations that showed no significant stock differences in la1vae caught over a 
wide area of the fishe1y (Johnson and Wernham, 1999) and by laival transpo1t modelling, which 

showed that, where a puemlus settled was independent of where it was spawned (Griffin et al., 
2001). It is quite possible, therefore, that egg production from all regions of the population 
have an equal chance of contributing to this laival pool. 

The western rock lobster fishe1y is heavily exploited, but management measures have ensured 
that egg production remains at a satisfact01y level (Hall and Chubb, 2001; Phillips and Melville
Smith, 2005). About half of the eggs ai·e produced by the breeding stock ai·ound the Abrolhos 

Islands (Chubb, 1991), a group of coral islands some 60 km offshore. The reason the Abrolhos 
Islands make this high contribution to egg production, despite contributing about 15% of the 
catch, is that the broodstock is well protected by having a size at first maturity that is well below 
the legal minimum size (Melville-Smith and de Lestang, 2006). 

On the Western Australia coast, size at maturity has historically been well above the legal 
minimum size, but a recent analysis has shown significant changes in this index over time 

(Melville-Smith and de Lestang, 2006). The analysis shows that in the deep-water of many 
coastal ai·eas where breeding occurs, appai·ent size at first maturity is now at, or below, the legal 
minimum size. Therefore, in addition to egg production being spatially concentrated, high 
exploitation rates combined with a shrinking size at first maturity, has led to smaller female size 
classes making a lai·ger contribution to egg production in the fishe1y. 

Past concerns about the state of egg production led management in 1993 to prohibit the take 

of female lobsters above pa1iiculai· size limits in the different regions of the fishe1y (Hall and 
Chubb, 2001). This maximum size limit is designed to increase the propo1tion of ve1y large 
females in the population (Melville-Smith et al., 1998). 

There ai·e numerous sh1dies in the literature showing that at least in fish, eggs from new spawners 
have a lower hatching success than those from older spawners (Solemdal et al., 1995; Trippel, 
1998). Frnthe1more, in cod on the Grand Banks, older females spawn longer and later into the 

breeding season. Hutchings and Myers (1993) speculated that this extended period of spawning 
gives the eai-Iy stage laivae from older females a greater possibility of coinciding with plankton 
production cycles. As in cod, large western rock lobster females cai1y more broods each season 
than do small females (Melville-Smith and de Lestang, 2005), and as a result are ovigerous for 
longer during the season. The same hypothesis that Hutchings ai1d Myers (1993) suggested for 

cod laivae having access to plankton cycles longer into the year may therefore equally apply to 
rock lobster laivae. 

Positive relationships between female size and egg size have also been rep01ted in a range of 
crustacean species (Attai·d and Huddon, 1987; Annala, 1991; Gardner, 2001). Lai·ger eggs have 
higher energetic values (Attai·d and Hudon, 1987), which would be advantageous to the smvival 
of the hatching laivae. However, this female egg-size relationship is not universal (Fonseca

Lai·ios and Briones-Fourzan, 1998; Briones-Fourzan and Contreraz-Oliiz, 1999; DeMaitini et 
al., 2002). 

The aim of this study was to examine whether western rock lobster eggs or eai·ly-stage laivae 
produced at different sites or by females of different sizes, exhibit different biochelnical (lipid) 
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compositions and whether these am associated with la1val smvival. The outcomes are impmtant 
to the foture management of broodstock in terms of identifying the possible need to improve 

protection of females in pa1ticular regions or size classes of the :fishe1y. 

7.3 Methods 

7.3.1 Egg-size measurements 

The diameters of the eggs of Panulirus cygm.1s increase disproportionately during their 
development; between extrusion and half-way to the time of hatching they increase by ~4%, 
but thereafter increase by a fmther ~21% before hatching (Tennyson, 2005). To compare 
the egg diameters of different sized lobsters caught at different sites, we used eggs that were, 

according to criteria of Tennyson (2005), less than one fifth along the path to hatching. They 
were therefore well below the stage at which the diameters increase dramatically. 

The eggs were collected during October and November 2004 from 211 ovigerous female lobsters 
of a range of sizes at four sites (Abrolhos n = 44, 65.1-90.5 mm CL; Dongara n = 48, 74-124.1 
mm CL; Jmien Bay n = 52, 74.2-121.1 mm CL; Lancelin n = 67, 72.7-126.1 mm CL; see Fig. 
1). The eggs were kept in aerated seawater until they were taken to the laboratmy (<24 h). 

Small numbers of eggs (50-100) were removed from the clutch of each experimental animal 
and placed into a Petri dish with sufficient seawater to keep the eggs moist. They were then 
teased apait and spread out so as not to touch each other, before being digitally photographed 
by a Leica DC300 camera attached to a Leica MZ7.5 dissecting microscope. The mean mea 

of an egg was calculated from at least 25 eggs from each female. Since the eggs ai·e generally 

spherical, the diameter of each egg was calculated by the fmmula: Diameter = 2✓ Area I 1t . 

7.3.2 Brood stock 

Emly stage phyllosoma were required. For this pmpose a total of 21 females with eai-ly-stage 
eggs and without missing or regenerated appendages, were collected from coastal sites at 
Lancelin (n = 6; 86.8-103.0 mm CL), Dongai·a (n = 4; 89.8-95.6 mm CL) and at the Abrolhos 
Islands (n = 5 lmge; 81.4-85.7 mm CL) and (n = 6 small; 64.1--69.8 mm CL) (Fig. 1). 

The animals were held individually in 60 L aerated tanks with flow-through ambient seawater 

under a 12L: 12D light cycle and were fed twice weekly with mussels (Mytilus spp.). Tue eggs 
on each female were inspected weekly for development. When they became brown they were 
examined daily lmder a dissecting microscope at 60x magnification. Eggs hatch shortly after 
three rows of chromatophores become visible on the appendages of the developing emb1yos 
(Tennyson, 2005). Accordingly, when this stage was reached, a sample of eggs(~ 4--6 g wet 

mass) was collected from each animal for biochemical analysis. If the remaining eggs on the 
female did not hatch within three days of the sample being taken, the sample was discarded and 
a new sample collected. After collection, the egg samples were 1insed three times with 0.5 M 
ammonium fo1mate, filtered and then weighed onto tared aluminium foil (- 2 g each for lipid 

and protein analysis). Tue samples were then individually wrapped in aluminium foil and snap 
frozen in liquid nitrogen for storage at -80°C. 

7.3.3 Phyllosoma 

Standpipes in each 60 L holding tank were covered with 1000 µm mesh to prevent the loss 
of phyllosoma between hatching and sampling. Upon hatching, phyllosoma were scooped 
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from nea1· the smface of the tank and concentrated by pouring over a submerged I 000 µm 
screen. When the hatching was paitial, only phyllosoma from the second day of hatching were 
collected and used for subsequent trials. This was to ensure that the appeai·ance of some larvae 
in the tanks was not simply a premature hatch by just a small pait of the brood. The collected 
phyllosoma were rinsed with filtered (I µm mesh), UV-sterilised seawater (UViVF-9, 30 W) 
and transfe1rnd to 10 L containers of seawater treated as before. 

Samples of newly hatched larvae were collected sho1tly after hatching and fixed / stored in 5% 
formalin in seawater. The lengths of 25 larvae were measured from the ante1ior margin of the 
cephalic shield between the eyestalk:s, i.e., anterior tip of the cephalothorax, to the poste1ior 
point of the abdomen. Measurements to the neai·est µm were made with the imaging software 
Leica IMI000, which acquired the image via a Leica DC300 digital camera attached to a Leica 
MZ7.5 dissecting microscope. 

Approximately 3000 newly hatched (day 0) phyllosoma were collected from each of the 21 
females for lipid and protein analysis. TI1e samples of phyllosoma were treated as previously 
desc1ibed for the eggs. 

7.3.4 Larval competency 

T1iplicate samples of 20 phyllosoma from each spawning female were held in 200 mL of filtered 
(1-µm mesh), UV-ste1ilised seawater at 20°C without food. The larvae were checked daily by
counting and transfening live individuals to a fresh container. Once 50% m01tality was reached, 
the remaining live phyllosoma were collected and measured. Larval competency for each female, 
for each site, was taken as the mean number of days it took for half the phyllosoma to die. 

7.3.5 Protein analysis 

Samples of eggs and phyllosoma were lyophilized. Water content was detennined 
gravimetiically. Samples of lyophilized aliquots were homogenized in 6% tiichloroacetic acid 
using a Lowiy et al. (1951) technique as modified by Clayton et al. (1988). The absorbance at 
750 nm of the final supernatant was measured with a Beckman Coulter DU530 Life Science 
UV Ms specti·ophotometer and the protein content was detennined by compai·ison with the 
accompanying Bovine Sennn Albumin standat·d curve. 

7.3.6 Lipid class and fatty acid analysis 

Sainples were exti·acted and analysed as desc1ibed by Nelson et al. (2004). Briefly, eggs and 
larvae were quantitatively exti·acted overnight with a modified Bligh and Dyer (1959) one-phase 
methanol-chlorofonn-water exti·action. Total lipid was detennined gravimetrically. An aliquot 
of the total lipid was analysed with an Iati·oscan MK V THI 0 thin-layer chromatography-flaine
ionization detector (Tokyo, Japan) to quantify individual lipid classes (Ackman, 1981; Volkman 
and Nichols, 1991). 

An aliquot of the total lipid was !rans-methylated with methanol-chlorof01m-hydrochl01ic acid 
to produce fatty acid methyl esters (Christie, 1982). Gas chromatographic (GC) analyses were
made with a Hewlett. Packard 5890A GC (Avondale, Pennsylvania, USA) equipped with an HP-5
cross-linked methyl silicone fused silica capilla1y column (50 m x 0.32 mm i.d.). Individual 
components were identified through mass spectral data and also by comparing retention times 
with those obtained for authentic and laborat01y standards. GC-mass spectrometric analyses 
were made on a Finnigan Thermoquest GCQ GC-mass specti-ometer (Austin, Texas, USA) 
fitted with a capillaiy column similm to that desc1ibed above. 
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7.3.7 Data analysis 

ANCOVA was used to detennine whether: (i) the relationships between carnpace length and 

either, size of early-stage eggs, phyllosoma competency and phyllosoma length-at-hatch differed 
between maternal location of capture; and (ii) whether the relationships between phyllosoma 
competency and phyllosoma length-at-hatch differed between maternal location of capture. 

The qualitative (%) and quantitative (mg g-1) lipid c.lass (LC) and fatty acid (FA) compositions
of the eggs and newly hatched phyllosoma were aggregated by the maternal catch-site and size 
class as well as by three fut1her groups: maternal catch-site/size c.lass ( coast medilllll [80-90 

mm CL], coast large [>95 mm CL], islands small [60-70 mm CL] and islands medium [80-90 
mm CL]); phyllosoma competency (2-3, 4-8 and 10-17 days); and phyllosoma length-at-hatch 
(1570-1615, 1620-1640 and 1650-1700 µm total length). All FA that contributed on average 
less than 0.5% or 1 mg g-1 to the qualitative and quantitative FA compositions of the eggs and 

newly hatched phyllosoma, were excluded from subsequent statistical analyses. TI1e remaining 
suite of FA, which were well represented in the samples, comprised 20:4(n-6) (arachidonic 
acid, AA); 16:0; 18: l(n-9)c [with 18:3(n-3)]; 20:5(n-3) (eicosapentaenoic acid, EPA); 18:0; 
22:6(n-3) (docosahexaenoic acid, DHA); 18: l(n-7)c; 16:l(n-7)c; 20:2(n-6); 22:4(n-6); 22:5(n-
3); 20: l(n-9)c; 18:2(n-6); i l  7:0, 22:0; 20:0; 15:0; C

22 
(poly unsaturated fatty acid, PUFA); 14:0; 

17:0; 20:l(n- l l )c; 20:3(n-6); and 22:5(n-6). 

The suite of FA was classified by hierarchical agglomerative cluster analysis using group
averaging linking, before being ordinated by non-metric multidimensional scaling (MDS). Both 
procedures used the PRIMER v5 package (Cla1·ke and Gorley, 2001). Before these analyses, the 
qualitative and quantitative LC and FA compositions of both egg and phyllosoma samples were, 
respectively, square root and log-transfo1med, the Bray-Curtis similarity measure was used to 

constmct the similarity matrix. Analysis of similarity (ANOSIM) was used to test whether the 
LC and FA compositions differed significantly among matemal size classes or matemal catch 
site. Similarity percentages (SIMPER) were used to dete1mine which LC or FA contributed 
most to any dissimilarity between groups (Clarke, 1993). 
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Figure 1. The areas on the Western Australian coast, from where pre-spawning female P cygnus

used in this study were collected. 

7.4 Results 

7 .4. 1 Egg and phyllosoma size measurements and phyllosoma 
competency 

Tue diameters of the early-stage eggs and the lengths and competencies of the phyllosoma are 
presented by capture location and maternal size class in Figs. 2a, b c and d. 

In all cases, egg diameter, phyllosoma competency and phyllosoma length-at-hatch did not 
differ significantly (p > 0.05) between site of maternal captme or maternal size class. Tue slight 
downward and upward trends in larval competency and larval length-at-hatch, respectively, 
with increasing maternal carapace length, are far from significant and are merely products of a 
small sample size, i.e., n =21. 
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Figure 2. Relationships between the maternal carapace length and (a) egg diameter, (b)
phyllosoma competency, and (c) phyllosoma length-at-hatch, for different maternal
locations of capture, (d) Relationships between phyllosoma competency and phyllosoma
length-at-hatch for different maternal locations of capture.
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7.4.2 Lipid composition 

The mean total lipid content of the eggs sampled at the three sites was 134 mg g-1 diy mass 

and this decreased in the day 0 phyllosoma lru.vae to 63% of the egg values (84 mg g-1 diy 
mass) (Table 1 ). The mean lipid value for day O phyllosoma in this study was nearly twice that 
previously repo1ied for P cygnus by Liddy et al. (2004) (43-54 mg g-1 diy mass), but close to 
that rep01ied for Jasus edwardsii (87-155 mg g-1 diy mass) (Nelson et al, 2003; Ritru.· et al., 

2003; Nelson et al., 2004). 

The main LC in all eggs and phyllosoma was polar lipid (86% of mean total lipid), followed by 

sterol, which was slightly more abundant in day 0 phyllosoma (11 % ) than in eggs (8%) (Table 
1). Triacylglycerol was more abundant in eggs (4%) than in phyllosoma(0.4%). Wax ester, free 
fatty acids and diacylglycerol were present in only minor prop011ions. The relative propottions 
of lipids in the different classes were consistent with those recorded for day 0 phyllosoma of P 

cygnus (Liddy et al., 2004) and J edwardsii (Phleger, 2000; Phleger et al., 2001; Nelson et al, 
2003; Nelson et al., 2004). 

Table 1. 

Mean 

Eggs 
Phyllosoma 

Abrolhos Small 

Eggs 
Phyllosoma 

Abrolhos Big 
Eggs 
Phyllosoma 

Dongara 
Eggs 
Phyllosoma 

Lancelin 
Eggs 
Ph�llosoma 

Lipid class composition(%) and total lipid content (mg g-1) of western rock lobster eggs 
and phyllosoma. Presented as mean±se. 

Percentase co�sition Total lipid 
n Wax ester Triac�l!ill'.cerol Free fa� acid Diac�l!ill'.cerol Sterol Polar liEid {mg 1:·'2 

23 0.4 ± 0.1 4.2 ± 0.5 0.8 ± 0.1 0.8 ± 0.1 8.4 ±0.3 85.5 ± 0.5 133.9 ± 5.4 

21 0.5 ±0.0 0.4 ± 0.0 0.3 ± 0.0 0.9 ± 0.1 10.7 ± 0.2 87.3 ± 0.2 84.0 ± 1.9 

6 0.4 ± 0.1 3.9 ± 1.3 0.7 ± 0.1 0.8 ±0.2 7.9 ±0.8 86.2 ± 1.3 128.3 ± 11.3 

6 0.6 ± 0.1 0.4 ±0.l 0.2 ±0.0 0.8 ± 0.1 10.8 ± 0.4 87.2 ± 0.5 85.6 ± 4.7 

7 0.4 ± 0.1 4.7 ±0.9 0.9 ± 0.1 0.7 ± 0.1 8.5 ± 0.7 84.9 ± 1.0 125.9 ± 11.9 

5 0.5 ± 0.1 0.4 ±0.l 0.3 ± 0.0 0 .8 ±0.2 10.7 ±0.5 87.4 ±0.5 78.7 ± 3.5 

4 0.2 ±0.0 4.1 ± 0.5 0.9 ± 0.1 0.8 ± 0.1 8.2 ±0.4 85.9 ± 0.8 134.9 ± 10.4 

4 0.4 ±0.0 0.4 ± 0.1 0.3 ±0.0 0.9 ±0.1 10.6 ± 0.4 87.4 ± 0.4 82.4 ± 3.6 

6 0.3 ± 0.1 3.9 ±0.9 0.7 ± 0.1 1.0 ±0.1 9.0 ±0.4 85.1 ± 0.6 148.3 ± 7.8 

6 0.4 ± 0.0 0.4 ± 0.1 0.3 ± 0.0 1.3 ± 0.1 10.7 ± 0.5 87.0 ±0.4 87.9±2.l 

The qualitative (%) and quantitative (mg g-1) LC compositions of eggs and newly hatched 
phyllosoma were shown by ANOSW to differ significantly (p < 0.02) in only one of the six 
groupings: the quantitative composition of eggs from different maternal size classes (Table 

2). The :MDS plot of each maternal size-class grouped all points relating to the largest size
class below those of the medium size-class, with most of those in the smallest size-class lying 
above and to the left (Fig. 3). SWPER showed that polar lipid contributed the most to the 
total concentrations of lipids in the eggs in the three maternal size-classes. Mean polar lipid 

and sterol concentrations increased progressively with increasing maternal size-class. The 
dissimilru.·ities between the three maternal size-class groupings had similru.· magnitudes, ranging 
from 10.7-13.0% (Table 3). The LC that contributed most to the dissimilru.·ity between each of 
the three size classes ru.·e shown in Table 3. 
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Table 2. R-statistics and significance levels from ANOSIM for the qualitative(%) and
quantitative (mg g-1) measures of lipid class and fatty acid compositions of Panulirus
cygnus eggs and newt y hatched phyllosoma from two maternal catch sites, three
maternal size classes, four maternal capture site/size-class groupings, three phyllosoma
competency levels and three phyllosoma length-at-hatch size-classes.
* p < 0.05, ** p < 0.01, *** p < 0.001

Mother Phyllosoma 

Capture catch site / 
sites Size class size class Competency Length-at-hatch 

(2 sites) (3 sites) (4 groups) (3 levels) (3 size-classes) 

Lipids (n = 5) 

Egg% 0.04 0.12 0.07 -0.01 -0.17

Phyllosoma O % 0.10 0.05 0.01 -0.09 0.01

Egg mg g-1 0.05 0.25 * 0.06 -0.04 -0.09

Phyllosoma O mg g-1 0.10 0.04 0.07 -0.04 -0.03

Fatty acids 

Egg% (n = 24) 0.04 0.02 0.214 * -0.01 -0.10

Phyllosoma O % (n = 20) 0.09 0.14 0.326 ** 0.01 -0.12

Egg mg g-1 (n = 36) 0.08 -0.03 0.09 -0.01 0.01

Phyllosoma O mg g-1 (n = 33) 0.12 0.03 0.275 ** -0.06 -0.11

Table 3. Lipids that accounted most for the dissimilarities (bold) in lipid class composition of the 
newly-hatched Panulirus cygnus eggs of three maternal size-classes 

Maternal size-class 

Large 

Medium 

Small 

0 

0 

0 

Large 

10.69 

13.03 

0 

0 

0 

0 

• 0

• 

• 

0 

Medium Small 

Sterol Polar lipid 

T riacylglycerol 

11.84 

• > 96 mm CL

0 80-90 mm CL

0 
0 < 70 mm CL

0 

0 0 
0 

0 

0 • 

0 

Figure 3. MOS ordination of the qualitative lipid class composition of P cygnus eggs, grouped by size-class. 
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7.4.3 Fatty acid composition 

The percentage FA composition of eggs and phyllosoma are shown in Table 4. Dominant FA 

in both egg and phyllosoma were: AA (15-20% of total FA); 16:0 (12-16%); EPA (10-13%); 
18:l(n-9)c (8-14%); 18:0 (10-12%); DHA(6-10%); 16:l(n-7)c (2-5%) and 18:l(n-7)c (4%). 
Absolute FA content decreased from egg to phyllosoma. 

The qualitative (%) composition of FA differed significantly between both eggs and newly 
hatched phyllosoma grouped by maternal catch site/size class (p = 0.02 and 0.003, respectively). 
The quantitative (mg g-1) FA composition also differed significantly with maternal catch site/ 

size class, but only in the case of newly hatched phyllosoma (p = 0.01) (Table 2). When grouped 
by the four other factors, i.e., maternal capture site, maternal size class, larval competency and 
larval length, neither the qualitative nor quantitative FA compositions differed significantly 
(p > 0.05) in either the eggs or newly hatched phyllosoma (Table 2). 

MDS ordination of the qualitative FA composition of the eggs, grouped by maternal catch site/ 
size class, aggregated the points representing large coastal females towards the middle to upper 

right of the plot, medium-sized coastal females in the centre, medium-sized island females to the 
centre-left and small-sized island females towards the bottom right (Fig. 4). The use of SIMPER 
showed that palmitic acid (16:0) typified the four maternal catch site/size class groups. The 
dissimilarities between each of the four maternal capture site/size class groupings had similar 

magnitudes, ranging from 5 .9 to 7 .6% (Table 5). The FA that contributed most to the dissimilarity 
between each of the four maternal capture site/size-classes are shown in Table 5. 

• Coast, > 96 mm CL □ Islands 80-90 mm CL

l::. Coast 80 -90 mm CL □ Islands< 70 mm CL 

D 
□ 

□ 

□ 
□ 

... 

□ ... 

□ 

l::. □ 

l::. 

D 

Figure 4. MOS ordination of the qualitative fatty acid composition of P. cygnus eggs, grouped by 

maternal capture site/size-class. 
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Table 5. The fatty acids that accounted most for the dissimilarities (bold) in fatty acid composition of 
Panulirus cygnus eggs from the four maternal capture site/size-class groups 

Maternal capture Coast large Coast medium Islands Islands small 
site/size-class medium 

Coast large 20:4(n-6) AA 18:2(n-6) 18:1(n-9)c (+18:3(n-3)) 

Coast medium 6.68 22:4(n-6) 20:1(n-9)c 

Islands medium 5.85 7.61 18:2(n-6) 

Islands small 6.24 6.51 6.97 

The FA composition of the newly hatched phyllosoma also differed more substantially between 
maternal capture site/size class when using qualitative (%) rather than quantitative (mg g-1)
data. JvIDS ordination of the qualitative FA composition of newly hatched phyllosoma, grouped 
by maternal capture site/size-class, aggregated the points representing all coastal females from 
the top left (large-sized) to the bottom 1ight (medium-sized). The points representing the small

sized maternal size classes from the islands were grouped below and to the left, while those of 
the medium-sized from the islands were spread across the centre of the plot (Fig. 5). SIMPER 
showed that the four maternal capture site/size-class groups were all typified by the same FA: 
20:4(n-6) AA. The average dissimilaiities between each of the four maternal capture site/size

class groupings were small, ranging from 4.6 to 5.7, and slightly lower than those recorded in 
the eggs (Table 6). The FA that contiibuted most to the dissimilarity between each of the four 
maternal capture site/size-classes is shown in Table 6. 

• Coast> 96 mm CL □ Islands 80-90 mm CL

1:,. Coast 80-90 mm CL □ Islands < 70 mm CL

... 

□ 

... ... 

... 1:,. □ 

c:,. 
□ □ 1:,. □ 

□ ... 

□ 
1:,. 

1:,. 
□ 

□ 

Figure 5. MOS ordination of the qualitative fatty acid composition of newly-hatched P cygnus 
phyllosoma, grouped by maternal capture site/size-class. 
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Table 6. The fatty acids that accounted most for the dissimilarities (bold) in fatty acid composition 
of newly hatched Panulirus cygnus phyllosoma from the four maternal capture site/size
class groups 

Maternal Coast large Coast medium Islands medium Islands small 
Capture site/size-
class 

Coast large 22:6(n-3) DHA 18:2(n-6) 16:1(n-7)c 

Coast medium 5.41 22:6(n-3) DHA 20:1(n-9)c 

Islands medium 4.65 5.67 18:0 

Islands small 5.17 4.55 5.58 

7.4.4 Protein content 

The mean protein content of egg (224.8±9.2 mg g -1) and day O phyllosoma (253.8±4.0 mg g -1) 

samples collected from coastal sites did not differ significantly (p > 0.05) from those collected 
at the Abrolhos Islands (214.1±7.5 and 243.9±8.1 mg g-1, respectively). The mean protein
content in the eggs (218.7±5.8 mg g-1) was significantly (p < 0.001) different than that in day 0
phyllosoma (248.6±2.8 mg g-1). 

7.4.5 Water content 

There was no significant difference in water content between eggs or day O phyllosoma sampled 
at the coast and island sites, or the two maternal size classes. Tue mean water content of the 

eggs was 22%; it decreased to -15% in early stage phyllosoma. 

7 .5 Discussion 

Lipids, and to a lesser extent proteins, have been shown to be the major energy-rich fuel for 
larval development in a range of decapod species (Roustaian et al., 2001, Lovrich et al., 2003, 
Anger and Moreira, 2004). 

Overall, there was limited indication from either the qualitative or quantitative composition 
of lipids in eggs and early-stage phyllosoma to suggest that the composition might have been 
influenced by maternal size or capture site. The significant (p < 0. 02) differences in the qualitative 

composition of the LC in eggs from the three maternal size-classes were not apparent in the 
phyllosoma that hatched from the same batches of eggs. Fm1he1more, the LC responsible for 
the apparent dissimilarity between egg samples from the three maternal size-classes were not 
consistent: depending on the size class, triacylglycerol, polar lipid or sterol concentrations were 

responsible. 

Differences in the qualitative and quantitative composition of FA in the eggs and phyllosoma 

were more consistent than the differences in LC; the interaction of capture site/size-class was 
a significant determinant of FA composition in eggs and phyllosoma. Also, there was some 
consistency in the FA responsible for the dissimilarities in the FA composition of eggs and 
phyllosoma in the four maternal capture site/size-class groups, with 18:2(n-6) and 20:l (n-9) 

c occlming in both (see Tables 5 and 6). However, as with the LC analysis, there was no 
consistency in the dissimilarities of FA composition when viewed across different capture site/ 
size-class groups. 
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Our interpretation, therefore, is that P cygnus generally can conserve egg and in paiticula1· 
lai-val LC and FA profiles, independent of the maternal size and catch site. A minor exception 

is observed with TAG ( 4.2% in eggs), with this storage lipid class rapidly depleted on hatching. 
For the other lipid classes, predominately PL in P cygnus, this would involve using key PUFA 
spai·ingly and maintaining other FA propo1tions to ensure the essential PUFA profiles ai·e 
maintained in the phyllosoma. This finding is consistent with the repo1t by Smith et al. (2004) 

on the influence of diet on lipid and FA composition in Jasus edwardsii broodstock. Those 
authors showed that for broodstock fed either squid or beef-based diets for 5 months, the lipid 
and fatty acid compositions of ovaiy and hatched phyllosoma were both similai·. There was no 
indication from quantitative or qualitative analyses of either LC or FA composition in this study 
to suggest that they influenced laival competency or length-at-hatch. 

Mean protein content increased in the development from eggs to laivae, probably due to the 

development of protein-dominated tissues such as integument, muscle and ne1-vous systems, 
in the lai-vae. It is well known that lipid rese1-ves are utilised preferentially by decapod lai-vae 
(Anger� 2001). We consider that this would make protein content a less likely indicator than 
mean lipid content, of potential lai-val competency in P cygnus.

The fact that overlapping sizes represented at both the coastal and island sites and also the 
maternal sizes represented only on the coast had simila1· phyllosoma competency suggests that 

neither the site at which the maternal lobster spawns, nor its size, nor the size of laivae at hatch 
is a good indicator of lai-val competency. It seems more likely that lai-val competency depends 
on the condition of the maternal parent initially, and then presumably also the availability and 
abundance of food in the environment into which the phyllosoma hatch. On the Abrolhos 
Islands, the food sources of the adult lobsters ai·e typically those found in coral reef smrnundings, 

in contrast with food available to the coastal animals that mostly inhabit cooler water habitats. 
The smaller size-at-matm·ity of Abrolhos lobsters has been noted above. 

It is relevant here to consider the reseai·ch by Smith et al (2004). They showed that J edwardsii

broodstock caught in the wild or raised in captivity and fed ve1y different diets (squid or beef
based), with mai·kedly different FA profiles, produced lai-vae similai· in size at hatching with 
similai· FA profiles. However, the laivae grew at different rates. By stage IV, la1vae from wild

caught broodstock were both significantly lai·ger and had significantly greater smvival rates than 
laivae from captive-held broodstock. Likewise, Liddy et al. (2004) showed that, in P cygnus,

different LC and FA assumed impo1tance as the larvae progressed through developmental stages. 
The implication from that study, therefore, is that early-stage laivae showing differences in their 

biochemical makeup could have different responses to sta1vation at later stages in their laival 
development, although much would depend on the lai-va 's diet as it developed. 

A factor that has not been considered in this study is the paternal contribution to the genetic 
makeup of the laivae. Paternity affects early life-histo1y traits in fish (Panagiotaki and Geffen, 
1992; Reynolds and Gross, 1992; Rideout et al., 2004). The unknown paternal contribution to 
the pai-entage of the laivae used in this study may explain some of the variation in those factors 

examined. 

In summaiy, all differences in biochemical composition and phyllosoma competency between 

maternal size and their catch sites were small and mostly non significant. Our results suggest 
that the quality of laivae produced by individual females may be more impo1tant in influencing 
lai-val competency in P cygnus than the maternal attributes ( size and catch site) that were tested. 
The factors responsible for producing differences in laival competency at the level of individual 

animals is uncleai·; the differences may be due to the female's physiological condition at the time
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of spawning, which could be influenced by, for example, previous dietaiy intake ai1d moulting 
or spawning histo1y. Additionally, the influence of parental genetic make-up cannot be ignored. 

Isolating these many possible influences will be a challenging prospect for futme research. 
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8. 1 Abstract 

Size at maturity in the western rock lobster (Panuliros cygnus) fishery in Australia increases from 

north to south and female lobsters cany either one or two batches of eggs per season depending 
on their carapace length. There has been a steady decrease in the size at first maturity of 
western rock lobster over the last 30 years, and there are now significantly more small females, 
many below the legal minimum size, contributing to the brood stock than any time since the 

fishery has been researched. Biological data were used to show the cunent contribution to 
egg production in different management regions of the fishery and historical length frequency 
data were used to show how egg production has changed in those regions over time. Reasons 
for the change in size at maturity in this fishery are unclear, but the outcome has been that egg 
production is now more evenly distributed across management zones. Egg production was high 

at the Abrolhos Islands in the 1990s owing to strong year classes of breeding animals entering 
the fishery over those years. In the period since 2000, egg production has fallen sharply at the 
islands, but has increased in the coastal population compar·ed with the 1980s and 1990s. 

Keywords: Panulims cygnus; egg production; size at maturity; Western Australia; efficiency 
mcrease 

8.2 Introduction 

Western rock lobster Panulirus cygnus (George, 1962) only occur in commercial quantities on 
the lower west coast of Australia, from east of Cape Leeuwin (34° 24'S) in the south to Shar·k 

Bay (24°45'S) in the norih (Fig. 1) (Phillips et al., 2000). Juvenile animals tend to be found in
shallow water ( <40 m) and breeders tend to be in depths of 40-80 m. The fishery is managed in 
three separate zones, the offshore Abrolhos Islands (Zone A), a coastal region norih of latitude 
30°S (Zone B), and a southern coastal region (Zone C) (Fig. 1) (Phillips et al., 2000). 

Western rock lobsters have particular· economic imporiance, as Australia's most valuable single 
species wild capture fishery (Phillips et al., 2007). The fishery is recognised as being sustainably 

managed (see Phillips et al, 2007) and was the first fishery in the world to receive Marine 
Stewar·dship Council accreditation as a well-managed fishery (Phillips et al., 2007). Phillips et 
al (2007) identified five principles that have guided the management of the western rock lobster
fishery since the 1970s. These can be stlllllllar·ised as: (1) acquiring reliable catch, effort, and 

length-frequency data to monitor the effects of fishing pressure on the exploited population; 
(2) setting a legal minimum size, protection of females, and gea1· restrictions with adequate
inspection and legislative backing; (3) controlling fishing effort to protect the breeding stock
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and maximize the benefit from the resource; (4) understanding the stock/recruitment/environ
ment relationship; and (5) communicating effectively and regularly with both commercial and 

recreational fishers to ensure the objectives and methods of management are well understood. 

A general theme that mos across these guiding principles relates to the need to maintain the 
breeding stock at a level that protects the fishe1y from recruitment overfishing and to have the 
appropriate data, management tools, compliance enforcement and research expe1tise, to achieve 
this goal. The way that these objectives have been achieved in the fishe1y has been discussed in 
recent reviews (see Caputi et al., 2003; Phillips and Melville-Smith, 2005; Phillips et al., 2007). 

Research published since these reviews has provided evidence that some life-hist01y features 
of western rock lobster have progressively changed over time. The size at first maturity of both 
sexes has decreased across the fishe1y over the last 30 years (Melville-Smith and de Lestang, 
2006) and it is believed that the size at which female lobsters produce more than one batch 

of eggs per season has decreased in a similar way over time ( de Lestang and Melville-Smith, 
2006a). There is also evidence that the size at which juvenile western rock lobster unde1take 
their offshore migration to the deep-water breeding grounds has decreased (N. Caputi, pers. 
comm.). 

The size at matruity of western rock lobster has consistently shown spatial differences across 
the fishe1y (Chittleborough, 1976; Grey, 1979; Chubb, 1991; Melville-Smith and de Lestang, 
2006). Both sexes mature at a smaller size in the n01them part of the fishe1y and the smallest 
mature animals are found at the offshore Abrolhos Island (Melville-Smith and de Lestang, 
2006). These differences in size at matmity along the coast have led to the legal minimum size, 
which is the same across the whole fishe1y, offering different degrees of protection to breeding 
animals. As a consequence, and together with differences in harvest rate across the fishe1y, 

there have been ve1y disparate regional contributions to egg production in the fishe1y which 
have varied over time. Morgan et al. (1982) estimated from their study conducted in 1979 that 
the breeding population at the Abrolhos Islands conttibuted 14% of the total egg production. 
Subsequently, Chubb (1991) estimated from research conducted between 1984 and 1989, that 

the Abrolhos Islands contributed between 45 and 65% of the total egg production of the fishe1y. 
In particular, he considered that the coastal population of female lobsters in the 1980s were 
being fished for 1 or 2 years before reaching matruity, compared to the Abrolhos Islands, where 
high densities of sexually matru·e sublegal sized lobsters were producing an estimated 35% of 
the total egg production of the fishe1y ( Chubb 1991). The difference between the estimated 

conttibutions to total egg production made by the Abrolhos Islands in the 1970s compared with 
the 1980s, was considered by Chubb (2000) to be probably owing to rapid fishe1y-induced 
declines in egg production by the coastal breeding population. 

The object of this study was twofold: first to use the best available empitical data to define the 
conttibutions to egg production from the different management zones in the fishe1y breeding 
grounds and, secondly, to use the contiibutions made by different size classes of lobsters over 

three decades, to estimate relative changes in egg production between the management zones 
and depths within these zones. 

8.3 Methods 

An onboard commercial catch length frequency-monitoring programme has been in existence 
for over 35 years, operating out of the po1ts of Fremantle, Lancelin, Jmien Bay and Dongara, 
and in more recent years Kalbarti, as well as the offshore Abrolhos Islands (Fig. 1) (Caputi et 

al, 2000). Monit01ing the commercial catch occms monthly throughout the season in fom 
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depth ranges measured in fathoms (0-10 fin, 11-20 fin, 21-30 fin, and >30 fin), which for 
practical pmpose of this study were considered to be 0-20 m, 21-40 m, 41-60 m, and >60 m, to 
make them compatible with metric bathymetty depth intervals in Arc View GIS. For each depth 
sampled, the latitude and longitude of the pot sets are recorded, together with the number of 
pots sampled, the carapace length (CL), sex and other biological details of a minimum of 300 
lobsters in the catch. 

We used commercial catch length monitoring data for the coastal management zones (Zones 
B and C) in the months of Feb11.1a1y-June to obtain an annual index of coastal egg production.
Only dmi.ng these months does the commercial :fishe1y target resident lobsters, many of which 
are mature, as opposed to the earlier patt of the season when the fleet targets tnigrating immatme 
lobsters (Caputi et al., 2000). This index, which is a catch rate measure of eggs per pot lift, was 
derived by estimating the batch fecundity of each female sampled above size at maturity, using 
a CL-fecundity relationship developed by Chubb (1991): F = 1.92CL2·69

, where F is the number 
of newly spawned eggs and taking into account spatial vati.ations in size at maturity (Melville
Stnith and de Lestang, 2006) and size at double breeding ( de Lestang and Melville-Stnith, 
2006a). Even though commercial length frequency data were used to calculate egg production, 
it was necessary to assign matmi.ty status based on CL (Table 1 ), because most breeding animals 
moult out of a breeding condition (setose) from Febmaiy to May (de Lestang and Melville
Stnith, 2006a) and without ovigerous setae, they ai·e indistinguishable via externally visible 
characteristics, from immatme lobsters (Melville-Stnith and de Lestang, 2005). 

Table 1. 

S8
50

SB
9
s 

08
50 

DB 

Carapace length (mm, mean± 1SE) at which 50 and 95% of female Panulirus cygnus 

produce one (SB) and two batches (DB) of eggs per spawning season at six locations 
along the west coast of Australia (de Lestang and Melville-Smith 2006a). 

Fremantle Lancelin Jurien Dongara Kalbarri Abrolhos 

87.5 ± 0.22 82.2 ± 0.34 81.4± 0.32 74.9 ± 0.49 77.2 ± 0.34 65.0 ± 0.27 

92.8 ± 0.57 89.6 ± 0.87 90.6 ± 1.00 88.1 ± 1.26 87.5 ± 0.86 76.3 ± 0.51 

96.6 ± 1.52 90.4 ±0.74 84.6 ± 1.49 84.1 ± 1.46 86.5 ± 1.13 78.7 ± 1.58 

114.8 ± 3.82 100.8 ± 2.05 96.5 ± 3.50 98.6 ± 4.54 100.0 ± 3.48 96.8 ± 3.63 

Size at matmity and size at double breeding estimates have previously been determined for
deep water locations ( 40-80 m) at five coastal sites spanning the :fishe1y (Fremantle, Lancelin, 
Jurien Bay, Dongarn, and Kalbani.) (Melville-Stnith and de Lesta.ng, 2006). These measures 
were assumed to change in a progressive lineai· way between neighbouring locations and this 
assumption was used to estimate the size at maturity and size at double breeding for lobsters in 
each 5 nautical tniles (9.25 km) tt·ansect that did not contain estimates between 27°S and 34°S,
in coastal management zones B and C (Fig. 1). A single estimate of size at matmi.ty and size at 
double breeding was used for all of Zone A. 

In addition to spatial differences in size at maturity, Melville-Stnith and de Les tang (2006) have 
also shown temporal changes at coastal sites, but not at the Abrolhos Islands. Their results 
showed that size at the onset of matmi.ty declined at a similar rate (average 0.42 mm/year) and 
this value was therefore used in this study to retrnspectively estimate the size at matm·ity and
size at double breeding for all years before 2002, when robust size at matmi.ty estimates were 
produced for the five coastal locations from a comprehensive :fishery-independent sampling 
regime dmi.ng the peak of the breeding season (see below). These estimates were applied to 
the estimates of size at matm·ity and double breeding that were detennined for each 5-min. 
latitudinal transect in the coastal data set. No temporal changes were made to size at maturity 
or size at double breeding for Zone A. 
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Western rock lobsters mature at a much smaller size at the Abrolhos Islands than at the coast 
(Melville-Smith and de Lestang, 2006), resulting in a substantial p011ion of the egg production 
being produced by animals below the 76 mm CL legal size limit. Commercial pots are fitted 
with escape gaps that allow most of the catch below the legal size limit to escape and therefore 
using those monitoring data would have grossly underestimated the egg production index for 
the Abrolhos Islands. Therefore, egg production below the legal size limit at the Abrolhos 
Islands was adjusted using Fishe1y Independent Breeding Stock survey (IBSS) data, which 
were derived from an annual 12-day survey which has been undertaken since 1990 dming the 
height of the breeding season (Melville-Smith and de Lestang, 2006). The smvey covers all 
of the major island groups, uses standard pots with closed escape gaps, sets the pots on the 
same GPS positions each season, and covers a range of depths to 40 m (Melville-Smith and de 
Lestang, 2006). 

IBSS data were used to detennine the annual prop01tion of egg production attributable to females 
above and below legal size, in two depth categories (0---20 m and >20 m). This ratio was used 
to adjust upwards, biases in the egg production calculated using commercial monito1ing length 
frequency data. No IBSS data were available for years before 1990, so the mean egg production 
ratio between lobsters above and below legal size for the 1990s, was used to adjust commercial 
monitming data at the Abrolhos Islands in the 1980s. 

In considering decadal shifts in egg production, it was necessa1y to account for efficiency 
increases resulting from improvements in gear technology and industiy experience, othe1wise 
greater fishing efficiency would have the effect of biasing egg production upwards over time. 
Estimates of efficiency increases in the western rock lobster fishe1y vaiy (Caputi et al., 2000) 
and the ones applied in this study were 6% and 2% per year in zones B and C since the 1980s, 
and in Zone A a single one-off increase in the 1993/94 season of 18% (Wright et al., 2006). 

Weighting obseivations by the number of pot lifts used to calculate that paiticular catch rate, 
decadal egg production indices (eggs/potlift) were modelled for the fishe1y as: 

Yijklmon°25 = Z; + y/d) + ak + �(z;) + fd/z;) + gf,,iz;) + zd
!i +£n 

where Y ijklmon is the catch of eggs/potlift for zone i, decade j, month k, depth l and latitudinal 
block m (nested in zone i) for obse1vation n; z; is zone i E (Zones A, B, C); d

1 
is decade j E 

(1980-89,1990-99, 2000---07); ak is month kE (Febrnaiy, Mai·ch, April, May, June); f1 is depth l
E (0-20, 21--40, 41-60, 61-80 m); 8m is latitudinal blockm (each 8rn belongs to a specific zone); 
and y

0 
is yeai· o.

Least-squares means (SAS Institute Inc. 1989) were calculated for different factors and back
ti·ansfo1med to obtain standai·dised eggs per pot lift for each factor level. 

Egg production indices were calculated for each of the three decades (1980-89, 1990-99 and 
2000-2006) in each management zone, by taking the standardised estimate of egg production 
( eggs/potlift) for each zone over each decadal period and multiplying by the approximate area 
(in km2) for each zone (calculated using Arcview GIS). One scenai·io considered decadal 
changes in zonal egg production without accounting for efficiency increases associated with 
improvements in gea1· technology, whereas a second scenario incorporated the efficiency 
estimates of Wright et al. (2006). Egg production indices, standai·dised by month, latitudinal 
block and year, were calculated in four depth rai1ges (0-20 m, 21--40 m, 41-60 m, 61-80 m) in 
the three management zones in the fishe1y. 

Fisheries Research Repo11 [Western Australia] No. 193, 2009 79 



8.4 Results 

The spread of western rock lobster sampling between Februaiy and June 1981/82- 2006/07

shows that the bulk of sampling was close to the polis that me monitored, but there was also 
good representation over a much wider ai·ea of the grounds (Fig. I). Standai·dised egg production 

averaged over time for the western rock lobster fishe1y in the same depth and latitudinal blocks 
showed that the bulk of egg production was centred aI"Olllld the Abrolhos Island region of the 
:fishe1y, whereas it occuned mostly in offshore, deeper water regions along the coast ( e.g. 40-80

m) (Fig. 2).

Abrolhos �. 

Islands 

(Zone A) 

Zone B 

Zone C 

Depth (m) 
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IIANTI.E 
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Figure 1. Management zones and 20, 40, 60, and 80 m bathymetry lines in the Panulirus cygnus 

fishery and locations sampled between March and June 1981 /82-2006/07, Western 
Australia. 
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Figure 2. Mean (±1SE) annual percentage egg production of Panulirus cygnus lobsters above 
legal size sampled •in the Independent Breeding Stock Survey at the Abrolhos Islands in 
the 0-20 and 20-40 m depth intervals, as a percentage of total egg production. 

There was a general decrease in the contribution to total egg production by legal sized females 
at the Abrolhos Islands in the mid to late-1990s in both shallow and deep waters (Fig. 3). This 

was followed by a steady increase, particularly in shallow water, to the highest ratio over the 
15-year dataset being recorded in the 2006/07 season. A greater propo1iional contribution to
the total egg production index was made by legal sized lobsters in the 20--40 m range, than in
the 0-20 m range.
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Figure 3. Standardised egg production for Panufirus cygnus (millions of eggs/potlift) in grid-depth 

areas, using all monitoring data 1980/81-2006/07. 

Egg production indices over three decades have been calculated for each management zone in 

the fishe1y, assuming no efficiency increases (Fig. 4A). The Abrolhos Islands had a high index, 
with zones B and C showing similar indices, but generally lower ones than Zone A. When 
accounting for a single one-off increase in fishing efficiency of 18% in the 1993/94 season and 
annual increases of 6% and 2% in zones B and C, respectively, there was only a slight difference 

in the index for the Abrolhos Islands, but substantial changes to the prop01tional contributions 
to egg production of Zones B and C (Fig. 4B). 
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Figure 4. Total egg production indices (no. of eggsx106/potlift per management zone) (mean±1SE) 
for Panulirus cygnus for three decades with A, no increase in fishing efficiency and 
B, with a single one-off increase in fishing efficiency of 18% applied to Zone A in the 

1993/94 season and increases of 6% and 2% applied annually in zones Band C, 
respectively. 

Zone A consistently dominated in terms of the proportional contribution to total egg production, 
and during the 1980s, produced an estimated 70% of the egg production for the fishery. Between 
2000-2006, contribution to overall egg production by Zone A fell to 38%, with Zone B producing 
27% and Zone C 36%. 

Standardised egg production indices showed that the highest index per unit area in Zone A was 
consistently measured in the shallows in all decades (Fig. SA). By comparison, over the same 
three decades, egg production indices have dominated the deeper, offshore depths >40 m in 
zones B and C (Fig. SB, SC). 
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Figure 5. Standardised egg production indices (no. of eggsx106/potlift) (mean±1SE) for Panulirus 

cygnus by depth in A, Zone A, B, Zone B, and C, Zone C. 

8.5 Discussion 

8.5.1 Spatial changes 

The depth distribution of egg production indices in this study confum Chubb 's ( 1991) asse1tion 
that the majo1ity of the western rock lobster breeders occm in deeper offshore waters (36-73 
m) at the coast. It is unclear whether there has always been a scarcity of breeding animals in
shallow coastal waters, or whether this dist:Iibution is a result of greater fishing pressure in
the shallows compared with the deep. A series of interviews recording the recollections of
fishers and divers who were active as far back as the 1930s, reported large lobsters to have been
abundant in the shallows in the Pe1th metropolitan area, paiticularly before 1965 ( Ottaway et al.,
1985). That large lobsters were abundant in shallow waters ( < 40 m) at the coast in eadier years,
suggests these depths probably made a greater contribution to egg production than cmTently.

There is a ti·end for breeding females at the Abrolhos Islands to be larger at depths >20 m. 
Since both inshore and offshore fishing grounds at the Abrolhos Islands have high exploitation 
rates, the presence of larger breeders in deeper waters may indicate that females mature in 
the shallows where the pueruli settle, and gradually disperse into greater depths over time. 
Alternatively, it could be that the larger deeper water breeders may have recmited to the islands 
from the coast during the offshore migration phase. Regai·dless of their 01igin, egg production 
indices showed that the index in Zone A was generally higher in the shallows ( <20 m) than at 
other depths. 
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It has been shown from simulated larval tracks from release to settlement (Griffin et al., 2001), 
that western rock lobster larvae spawned at the northern and southern extreme ends of the 

fishe1y are no less likely to return to settle inshore than those released in the centre of the fishe1y. 
Although the species has a coastal distribution that extends from n01th of Carnarvon (24°S) to
south and east of Albany (35°S), we have restricted this estimate of egg production indices to
a considerably smaller area, but which covers c.95% of the commercial fishe1y. Given that 

the bulk of the lobster population is within this area, we do not consider the omission of data 
outside of this area to significantly change the conclusions of this study. 

Although the Abrolhos Islands only produce about 15-20% of the catch in the western rock 
lobster fishe1y, our data suggest that the island group is responsible for a disprop011ionately 
large contribution to total egg production in the fishe1y. High egg production in this zone is 
owing to large numbers of mature animals that occur at the islands, because of the relatively 

small size at maturity there compared with the coast (Melville-Smith and de Lestang, 2006), 
allowing much of the brood stock to be protected by the legal minimum size. 

This study assumed that indices of egg production within a grid area can be applied across all 
grounds of similar depth range within that grid. For this scenario to be valid, there would have 
to be a similar prop011ion of suitable breeding ground habitat across each grid area of similar 
depth range. This assumption will be examined in the future as data on habitat abundance are 
obtained. 

8.5.2 Temporal changes 

This study produced a different inte1pretation of the state of egg production in the western rock 
lobster fishe1y to previous results (Caputi et al., 2003; Phillips et al., 2007). Downward changes 
in size at onset of maturity documented by Melville-Smith and de Lestang (2006), which appear 
to be owing to a general temperature increase in the marine environment off Western Australia 
(Melville-Smith and de Les tang, 2006), or a genotypic response to size-selective fishing pressure 

(Allendo1f et al., in press; Melville-Smith and de Lestang, 2006). were not taken into account 
in previous estimates of egg production. These changes have resulted in substantially more 
mature females at the coast now being protected by the legal minimum size, which has been the 
primary driver increasing egg production in the coastal zones of the fishe1y (Fig. 4A, 4B). In 

contrast to other studies, which have suggested declines in egg production through the 1980s 
to the early 1990s and again from the late 1990s onwards, the present study suggests that egg 
production in coastal zones has increased. 

The significant temporal changes since the 1980s in the relative imp01tance to egg production of 
the three management zones in the western rock lobster fishe1y, has resulted from a combination 
of changes to the size at maturity over time on the coast, changes in management measures that 

have been introduced to protect the brood stock, changes in the prop01tional contribution to egg 
production of females below legal minimum size at the Abrolhos Islands, and to estimations 
that have been used to take increases in efficiency in the fishe1y into account. 

Estimates of egg production indices for the 1980s used the proportional indices for above and 
below legal size from the 1990s. It is unknown whether this assumption is justified given that 
there were few large spikes in puernlus settlement at the Abrolhos Islands over the 1980s (de 

Lestang and Melville-Smith, 2006b). Changes in the contribution to total egg production of 
lobsters above and below legal size at the Abrolhos Islands since 1991, appear to be related 
to strong year classes resulting from peaks of puemlus settlement that were recorded at the 
Abrolhos Islands in the mid-1990s ( de Lestang and Melville-Smith, 2006b ). 
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Efficiency increases in the fishery that have occuned over time as a result of improved technology 
(e.g., larger and faster boats, echo sounders, GPS, plotters, bait) has also placed uncertainty 

on temporal changes to the egg production index. Management has, by reducing effort in the 
fishe1y over time, contained increases in effective fishing effort that would have led to increased 
exploitation rates and greater pressure on the brood stock (Caputi et al., 2000). These effort 
reductions have decreased the number of allowable pots in the fishe1y (Caputi et al., 2000), as well 

as the number of allowable fishing days in the season ( de Les tang and Melville-Smith, 2006b). 

Calculations of increases in effective fishing effort in the fishe1y (i.e., effo1i taking into account 

efficiency increases), have previously considered that fishing eff01i expended in the shallows ( <40 
m) and deep water (>40 m) expanded at a rate of about 1-1.5% and 2-3% per year, respectively
(Caputi et al., 2000). However, there is unce1iainty sunounding these adjustments, which are
considered by many to be conservative (S. Gill, quoted in Depaiiment of Fisheries, 2008).

The efficiency increases that were used in this study were based on depletion of commercial 
catch rates over the fishing season (Wright et al., 2006) a11d in Zone B, were considerably greater 

than the constant adjustment of 1-2% per yeai· that has been applied to previous egg production 
indices for the western rock lobster fishe1y (Chubb, 2000). The compensation figure that has 
been applied is unlikely to be constant over time and over depth, but a potentially fat· larger bias 
is the possibility that the efficiency adjustment for one or all of the zones is inc01rnct. 

Another assumption that might have dist01ied temporal patterns of egg production is the question 
of whether fishing targeting high rates oflegally retainable lobsters necessai·ily provides a catch 

composition that is a reliable index of egg production in the area and depth being considered. 
Some fisheries for example, have recorded stocks contracting into optimal habitats at low 
population sizes (Mai·shall and Frank, 1995; Swain and Sinclair, 1994), a response considered 
to be owing to fish moving to more favourable habitat ( or hotspots) from neighbouring ai·eas

of lower statidard of habitat. It is possible that the distribution of western rock lobsters on the 
fishing grounds may be in response to the high exploitation rates that have been recorded in 
the fishery (Wright et al., 2006), by becoming more patchy as the residual fillimals become 
more selective in colonising available habitat. Some western rock lobster commercial fishers 
acknowledge that they now need to set their gear on cai·efully chosen habitat to achieve catch 

rates that previously could have been obtained with less accurate placement (T. Lissiman, pers. 
comm.). An increased concentration of effoti in a reduced spatial ai·ea of fishing would result 
in an increase in catchability and harvest rate, as has been observed in the depletion analysis by 
Wright et al. (2006). Although the 6% increase in "fishing efficiency" appears to be high, it may 

reflect the combined effect of increasing fishing efficiency and habitat contraction. 

The possibility that the breeding stock may be exhibiting density-dependent habitat selection 

responses is of concern, because the egg production index used in this study is an indirect form 
of catch rate. The potential to overestimate changes in stock abundance, or in this instance egg 
production, by using commercial catch per eff 01i as a proxy for stock abundance is well known 
(Walters and Maguire, 1996). The risk is that estimates of egg production indices in recent 

yeai·s could be under estimating those from eai-lier decades when the stock is likely to have been 
more widely dispersed over the grounds. 

8.5.3 Effects of the changes 

Compai·ed with the 1980s, a greater proportion of egg production in this fishery is now being 
produced by small breeders and from the coast rather than the Abrolhos Islands, which was 
previously the dominant centre of egg production. There have been concerns that there may 
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be differences in the quality of eggs and larvae produced by females of different size and from 
different aTeas in the fishe1y and that these might impact the smvival of early stage laivae. 
This possibility has been rejected by Melville-Smith et al. (2007), with their study concluding 
that the maternal identity and subsequent diet of western rock lobster possibly have a greater 
influence on laival competency than the size of breeding female and site of capture. 

8.5.4 Comparisons with other exploited fish stocks 

Spatial and temporal differences in reproductive output have been recorded in other species of 
spiny lobsters for which long te1m fecundity datasets are available (e.g., Jasus lalandii, Beyers 
and Goosen, 1987; P marginatus, DeMai1ini et al., 2003). The reasons for these differences ai·e 
uncleai·, but the appai·ent widespread variability of lobster fectmdity at size and size at maturity, 
shows the potential for plasticity of these pai-ameters. 

Rideout and Morgan (2007) compai·ed estimates of population egg production in three species 
of nmihwest Atlantic flatfishes using new and historic fecundity data extrapolated to the small 
breeders recorded in more recent years. In the most extreme example, the compai·ison resulted 
in egg production in yellowtail flounder Limanda ferruginea being overestimated by 41 %. In 
their study the application of historic fecundity data to recent length frequency samples led to 
the enoneous conclusion that the stock is better able to sustain fishing pressure than what it 
would have been had recent fecundity at length data been used. Although this is the opposite 
result to the one repmted here, the cause of the error was similai·, namely the estimation of egg 
production in a stock by assuming an invaii.ant size at matmi.ty. 

8.5.5 Future research 

Futme investigations into the state of egg production in the fishe1y will follow a number of 
different reseai·ch directions. The biological emphasis will be to isolate the causes of changes 
in size at matrni.ty. Some hypotheses have been developed (Melville-Smith and de Lestang, 
2006; N. Caputi et al., pers. comm.) and these will need to be refined. The stock management 
research emphasis will be directed at addressing some of the uncertainties in the egg production 
index, in pa1iicular by attempting to improve estimates of the annual efficiency increases. This
will be aided by a newly developed model for the fishery and improved biological pai·ameters 
that will go into the model (de Lestang et al., 2008). 

The contii.bution to egg production by shallow water llllfished areas needs to be assessed, 
rock lobster populations in newly proclaimed tmfished ai·eas on the coast are cmTently being 
monitored (Hyndes and MacAtihur, 2006) and in time these ai·eas will show whether there is an 
increase in breeding animals in these depths.

Finally, the question of density-dependent changes in habitat colonisation needs to be addressed. 
As a way of dealing with this issue, a new project has recently been initiated, which has as one 
of its objectives, to quantify habitat usage by western rock lobsters inside unfished reference 
ai·eas. At·eas in the deep water ( 40-80 m) suitable for closme to fishing are currently being 
negotiated with commercial fishers. 
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9. 1 Abstract 

Nine microsatellite loci were identified in the western rock lobster (Panulirus cygnus) using two 
different methods. The first method involved the screening of a small fragment paitial genomic 
library with a radioactive (CA)

6 
probe. The second method was based upon a capture emichment 

system and used biotinylated tetranucleotide microsatellite probes. The nine loci described are 
all ve1y polymorphic, with 11 to 34 alleles observed for each locus and heterozygosities ranging 

from 0.58 to 0.86. These microsatellite loci will be useful in analysing both the population 
stmcture and the mating systems used by this species and will add important information for 
the management of the wild stocks of this economically impo1tant species. 

9.2 Discussion 

The western rock lobster is Western Australia's most impo1tant single species fishe1y with 
annual hai-vests over the last decade ranging between approximately 9 and 14.5 thousand tons 

per annum. The elucidation and understanding of population and mating structures for this 
species will allow the inf01mation obtained to be inc01porated into an improved management 
strategy for the brood stock. In order to understand the population stmcture and mating systems 
of the western rock lobster, polymorphic, micro satellite genetic markers have been isolated and 
chai·acterised. Two strategies were used to develop these microsatellites, the first consisting of 

the construction of a Hae III small fragment libraiy which was screened with a (CA)n probe 
and the second libra1y was made using an emichment technique followed by screening with 
tetranucleotide microsatellite motifs. Nine microsatellite loci have been fully characterised and 
these ai·e described in this repo1t. 

A DNA genomic libraiy was made using Qiagen Tissue Kit (Qiagen) to isolate DNA extracted 
from tail muscle tissue. The DNA was digested with HaeIII restriction endonuclease (Promega, 

CA, USA) followed by excision of the 100-500bp region after agarose (1 % ) gel electrophoresis. 
Fragments were ligated into Sma I (Promega) digested, dephosph01ylased pUC 18 plasmid vector 
and ti-ansfo1med into competent cells (DH5a Invitrogen). Colonies were transfe1Ted to Hybond 
N+ membranes and screened with radiolabelled (CA)l0 probe. Thirty clones were identified 

after the first round of screening. Following successive screening rounds to fiuther isolate the 
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clones, twenty of these were sequenced. Plasmid DNA was isolated from the positive clones 
and sequenced using cycle-sequencing combined with IRD

800 
labelled ptimers on a Li-Cor 

gene sequencer. Primers were designed using Mac Vector (Eastman-Kodak, USA) or PRJMER 
3 software (Rozen and Skaletsky, 2000). Many of the loci identified had insufficient flanking 
DNA sequences or produced microsatellites containing few repeat units. Tbree loci (WRL 1, 
WRL 2 and WRL 3) identified by using this method were deemed to be useful. 

A second libraiy emiched for tetranucleotide microsatellites was prepared using genomic 
DNA B1iefly, rock lobster DNA (20ug) was digested with either Hae III or RsaI rest1iction 
endonuclease and ligated to super SNX linkers (Glenn and Schable, 2005). The ligated DNA 
was amplified by polymerase chain reaction (PCR) using the super SNX 24 primer. The PCR 
product was heat denatured and hybridised to a pool of 5' biotinylated microsatellite motif 
(GATA

5
, GGAT

5
, GAAA

5 
and GACA

5
) oligonucleotides at 45°C. The hybridising DNA was

captured on magnetic streptavidin beads and unbound or weakly bOlmd amplified lobster DNA 
washed away using a series of stringency washes (final wash at 1 x X SSC at 50°C). The
remaining captured DNA was recovered by heating the beads to 95°C for 5 mins in O.lX SSC
buffer and removal of the magnetic beads using a magnetic tube station. The eluted DNA was 
then subjected to an additional round of PCR amplification using super SNX 24 primer as 
desc1ibed by Glen and Schable, (2005). Following PCR amplification, the product was ligated 
into the plasmid (pGEM) using the pGEM T easy cloning kit (Promega) and used to transf01m 
TOPO 10 E. coli by electt·oporation. E. coli colonies were grided onto 82 mm petri plates, lifted 
and screened using 5' end labelled (32P) oligonucleotides. The genomic libraty emiched for 
microsatellites was screened using radiolabelled oligonucleotides identical to those used dming 
the capture process. The result of this emichment and screening process was the identification 
of over 70 clones containing identifiable microsatellite motifs. All four of the repeat motifs used 
in the emichment process were identified in P cygnus. However, a relatively high propo1iion of 
the loci identified showed little or no flanking sequences and hence were unsuitable for futther 
primer design. Fmthe1more, several clones had very lai·ge-sized repeat elements, which were 
not amenable to PCR amplification and so were not developed any futther. 

The PCR primers used in this study were made by Geneworks (Adelaide, Australia). PCR 
reactions were perfo1med in an Eppendorf the1mal cycler and comprised the following reaction 
mixture; approximately 20 ng of lobster DNA, 1 x PCR buffer (Invitrogen), 0.5 U Platinum 
Taq (Invitrogen), 1.5 mM MgC½, 2 mM each dNTP, xxug ofBSA(Roche Moleculai· Systems) 
and 1 pmol of labelled fotwai·d primer (IRD

800 
LiCor, USA or Beckman), 5 pmol of fotward 

and reverse primers as described in Table 1. The PCR cycling pai·ameters were as follows; 
denaturation at 95°C for 5 min followed by 35 cycles of 95°C for 20 sec, Tann for 30 sec and
72°C for 1 min, followed by a final incubation at 72°C for 5 mins. The cycling protocol was as
follows: 5 min at 95°C, 10 sec at annealing temperature, followed by 72°C for 30 sec, next 8
cycles at 94 °C for 30 sec, annealing temperature for 10 sec and 72°C for 30 sec, then 24 cycles
of 94°C for 20 sec, annealing temperature for 10 sec and 72°C for 30 sec. Next, 92°C for 20
sec, annealing temperature for 10 sec and a final extension of 72°C for 5 min completed the
tun. Fragment sizes were dete1mined with reference to stai1dard base pair ladder or an in-house 
generated allelic ladder. GENEPOP 4.0 (Raymond and Rousset 1995) was used to calculate 
heterozygosities, Fis and observed deviations from Hardy-Weinberg equilib1ium. 

Primers were designed for twelve loci, for which nine loci gave consistently reliable amplification 
ai1d displayed a relatively high degree of polymmphism. The three loci identified from the 
screening of the small inse1i libraiy with the (CA)lO oligonucleotide probe (WRL 1, WRL 2 
and WRL 3) ai1d six tetrnnucleotide motif containing loci identified through specific sequence 
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capture showed robust amplification reactions. The primer sequences for these nine loci (WRL 
1, WRL 2, WRL 3, S3, S8, S28, S36, S50 and W25) are described in Table 1 together with their 

associated GenBank accession details. The number of observed alleles for each locus ranged 
from 11 to 34 and the observed heterozygosity varied from 0.58 to 0.86. Deviations from 
Hardy-Weinberg equilibrium were detected in 8/9 loci tested. The majority of these deviations 
were also observed in three other sample collections from various locations (data not shown). 

Locus WRL 1 showed a significant non-amplification in 7/43 samples implying a "null" allele 
at high frequency in this population. When the frequency of the "null" allele was incorporated 
into the HW calculation there was still a significant deviation from HW observed for this locus. 
These nine loci when used on DNA extracted from eggs and parental tissue derived from a tank 
based mating experiment comprising four families, confinned a simple autosomal Mendelian 

inheritance for all loci ( data not shown). 

Deficiency of heterozygotes in marine inve11ebrates is not uncommon (Maggioni and Rogers, 
2001; Puebla, Parent and Sevigny, 2003; Divu, Karunasagar and Karnnasagar, 2008; Feng and 
Li, 2008). The reason for the observed departure from HWE seen in this study could include 
systematic enors in the genotyping of these loci, such as unrecognised polymorphisms in one or 
both of the primer sequences leading to the presence of an apparent "null" allele. Alternatively, 

a lack of a microsatellite motif could also lead to the presence of an apparent "null" as the 
fragment size would be ve1y small and hence be outside the nounal allele size range. Another 
possibility is that the population studied is not randomly mating or is under some fo1m of 
selective pressure, such as zygote viability selection, resulting in an apparent increase in 

homozygotes, as has been observed in some other marine species (Reece et al., 2004; Launey 
and Hedgecock, 2001; Malmquist et al., 2002). However, no homozygotes were consistently 
observed for a "null" allele in these populations except for the WRL 1 locus described above. 
As these microsatellites will be used to identify spe1matophores deposited on females during 
the mating process we have calculated that the probability of two samples being identical at all 

nine loci is less than 1 in 10,000 and in most cases is considerably lower. No significant linkage 
disequilibrium was observed between the loci in the population studied. 
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!1. Table 1. Panulirus cygnus microsatellite loci showing name of locus, GENBANK accession number, sequences of forward (F) and reverse (R) primers 
r,, 

with labled primer indicated "; the repeat motif, the annealing temperature (°C) , size of the doned PCR product in base pairs, the number of =:-
11) 

individuals genotyped (N), and the number of alleles detected (Na). Observed (H0) and expected heterozygosities (He) and probablility of�-
deviation from Hardy-Weinberg equilibrium (HW) using Weir and Cockerham (1984) are presented, F is Nei's (1987) F-statistics. 

g, 
11) 

Locus GenBank Primer sequence (5'-3') Repeat Annealing Size (bp) N Na Ho He HW Fis =:-

l 
ID Accession motif Temp (°C) 

number 
� 

? 
WRL 1 FJ001813 F-CCACAGTCACACGTGCATGG (CA) 55 143 41 15 0.61 0.82 <0.01 0.273 

� R-GAACCCAAACCTGGGGTGTT
11) 

WRL 2 FJ001814 F-CAACTTCCGACATTACGTCT (CA) 55 116 41 21 0.58 0.93 <0.01 0.335 8 

� 
R-GGATACCTGGCTCAGGTTGG

5" WRL 3 FJ001815 F - GCTCACAACAGAAAATGAATATCGG (GT) 55 125 41 21 0.73 0.93 <0.01 0.138 
� R-GAAAGAGTTGAACGTTGGTGAGTATG � 
� S3 EU152080 F:TTGCGTCGAGAAGCATTAGA (GGAT) 58 248 64 22 0.78 0.89 0.01 0.246 
- R:CATCCACCTAGCCAACCAAA 
'° 
.w S8 EU152081 F:CATTCTTCGAACAGTCCATATAA (GATA) 50 226 64 34 0.77 0.97 0.02 0.391 
N 

R:TGGAAGGAGCAACTGGAAGT 0 
0 
'° 

S28 EU152082 F:GGAAGGGGTGGGTTTACTGTAATG (GACA) 55 251 64 12 0.78 0.81 0.071 ns 
R:CATCCGCTCTGTTATGAGTCATC 

S36 EU152083 F:GGTCTGTCGACCTCTTTTCCT (GATA) 50 165 64 14 0.79 0.91 <0.01 0.333 
R: TCGAACACGGGACCTTATGT 

��o Fll1�?M4 F:GAGGTGTGCGTCATGACAAG (GACA) 48 217 64 30 0.86 0.97 <0.01 0.213 
R:TCTTCGGTTACACCCGTCTCT 

W25 EU152085 F:TCGTCCGTCACCGCCACCGA (GAAA) 53 205 64 11 0.64 0.72 <0.01 0.294 
R:CCAGTGAGCAATTACCAG 

\0 ...... 
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10.1 Abstract 

This study was primarily aimed at gaining insight into mate choice of western rock lobsters in the 
wild to assist in addressing the question of whether there are sufficient mature and pai1icularly 
lai·ge sized males, to mate with the females in the population. This has been of concern in this 
fishe1y because cunent managementrnles protect all mature females whilst they ai·e in a breeding 

state and lai·ge size females even in a non-breeding state, but there are no management measures 
to protect lai·ge males. Sampling was conducted periodically on a deep (50 m) offshore reef 
neai· the centre of the fishe1y, between October 2004 and August 2006. Microsatellite paternity 
assignment tests were used to detennine which males caught in pots on the site had mated with 

females (either deposited a spennatophore, or fe11ilised eggs) at the sampling site. Only six 
of the 284 sainpled male lobster had mated with females caught over the same period. Four of 
these identified males had mated with only one salllpled female, while the other two males had 
mated with three different females each. Multiple spennatophore samples matched each other 
but did not match any tissue salllples from males captured during the surveys. From the small 

number of male lobsters that were both salllpled and that had f e11ilised females at the sampling 
site, choice of mating pai1ner appeared to be random. Similarly, although the sample size was 
small, there appeai·ed to be no relationship between size of the male lobster and number of 
females that he mated. As a secondary output from this study, a total of nine male and three 

female lobsters were identified by the microsatellite analysis as being recaptured after moulting. 
These animals have provided inte1moult increment (growth) data. 

10.2 Introduction 

There has been increasing interest as to what affect human exploitation rates might have on 
mating systems in fished crnstacean populations (Butler and MacDiaimid, 2005). Many fished 
species of lobster and crabs in pa11icular, ai·e considered to be vulnerable to fishing pressure 
because of high exploitation rates and knife-edge size selection, which results in the removal 

of the lai·ge individuals from populations. Studies have shown for example, that this can lead 
to some females not mating due to low mate-encounter rates (Ennis, 1980), or recording low 
fe11ility rates due to males becoming sperm-depleted as a result of frequent mating (Rondeau 
and Sainte Marie, 2001). 

The western rock lobster fishe1y, which is input-controlled, is fished at ve1y high exploitation 
rates of up to 75% (Wright et al., 2006). The principal means of enswing the sustainability of 

the fishe1y is by monito1ing the size of the breeding stock (Chubb, 2000). Over the yeai·s, the 
breeding stock has fallen below target levels and various measures have been used to improve 
egg production (Phillips et al., 2007). Measures used to reduce fishing pressure on breeding 
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females has included: the introduction of the 'setose' rule, which requires fishers to return 
females with ovigerous setae or an external spe1matophore to the sea; and, the introduction of 
a maximum size rnle, which requires fishers to return large females ( over 115 mm carapace 
length (CL) south of 30°S and over 105 mm CL north of latitude 30°S) to the sea (Phillips et
al., 2007). 

High exploitation rates, combined with management measures to protect breeding females 
but not mature males, have raised concerns as to whether there are sufficient males to mate 
with the female brood stock (Chubb, 2000). Chubb (2000) has noted this to be of particular 
concern given Chittleborough's (1974) finding that females are considered to require males 
of approximately equal or larger size for successful mating. However,it should be noted that 
Chittleborough's (1974) work was done in an aquarium, using a limited number of animals 
across a nanow size range. 

This study was initiated to gain insight into mate choice of western rock lobsters in the wild 
and so to address the question of whether there are sufficient mature males to mate with the 
females in the population. In particular, we were interested in determining whether it is only 
large males that mate with the large protected females, as if so, managers would have to be 
especially concerned about possible dist01tions in the sex ratios of these size classes caused by 
this management measure. 

Previous research has provided some info1mation on mate choice and the number of broods 
catTied per season (Beny, 1970; Chittleborough, 1974), but those studies were both limited 
by the number and sizes of the animals and the unce1tainties that sunound studies conducted 
in a laborat01y setting. This study attempted to establish mating strategies in the wild by 
regulru·ly sampling lobsters on an offshore reef. Identification of individual male-female 
mating pa11nerships was established by matching DNA 'signatures' from spe1matophores or 
eggs canied on the females with DNA 'signatures' from male tissue samples., A by-product of 
this study was to use the DNA 'signatures' of individual animals, to establish moult increments 
for any animals that moulted between recapture events. 

10.3 Methods 

Western rock lobsters were sampled by potting at a site offDongru·a, Western Australia (29° 22.5'
S and 114°33.2' E) (Figure 1). The site was chosen because it was productive lobster habitat that
is regulru·ly fished by a small number of commercial fishers each season and is sunounded by 
an extensive sandy patch. The sandy patch was considered impo1tant in limiting movement by 
resident lobsters, although there was no evidence to confum or refute the possibility that adult 
lobsters might cross sand to move between hat·d grounds. Potting on the site was canied out by 
a licensed commercial fisher. Approximately 30 slat pots, as used in the western rock lobster 
commercial fishe1y, were used ( with closed escape gaps) on the site over a five-day period ( one
day soaks) in October 2004. This intensity of pot usage is fa1· in excess of what is generally 
used in the commercial fishe1y for a small, deepwater reef area, but the object was to define the 
extent of lobster distribution on the site and secondly, to use the daily catches to estimate the 
population size through a depletion experiment. 

It is recognised that because of moulting patterns and responses to environmental conditions, 
that lobsters are not always catchable. TI1erefore, the sample site was re-visited and repeatedly 
sampled over 3-5 day trips in November 2004, August 2005, September 2005, October 2005, 
November 2005, Febma1y 2006 and August 2006 to sample as many of the lobsters resident at 
the site as possible and to gauge the extent of movement on and off the experiment site. 
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For each lobster caught, details were recorded on their: sex, carapace length, presence of 

spennatophore (tarspot), stage of egg development, and, merns length (males only). Prior to 

being released, each lobster was tagged with a numbered cable tag around one of its antennae 
and a sample identification number was also assigned. 

29"10'0"S 

• Oongara
< 

29"20'0"S 

\ 

)
29°30'0"S 

114•3o•o·E 114
°
40'0"E 115'0'0'E 

Figure 1. The study site for collection of lobsters for the genetic analysis was west of Dongara town, 

Western Australia at 29° 22.5' Sand 114
° 33.2' E in a depth of approximately 50 m. 

A small piece of muscle tissue was sampled from each male lobster and female lobsters that 
bore eggs, by using a leather hole-punch to punch a 5 mm diameter tissue sample from the 

upper, fleshy region of the telson. A small sample of eggs were taken and spe1matophores were 
completely removed and kept from female lobsters. All samples were immediately stored and 

labelled in 70% ethanol. Lobsters were returned to the sea in approximately the same location 

as they were caught. 

Any lobsters that were re-caught were recorded as a 'tag-recapture' and assigned another 
identification number, if a new spe1matophore or eggs were sampled. Lobsters that showed signs 

of recently moulting and that had a scar on their telson were recorded as 'moult-recaptures' and 

were also assigned another identification number for a tissue sample and any new spe1matophore 
or egg samples. 
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Male and female tissue samples were genetically analysed at three loci (S50, S3 and W25, detail 
provided in Chapter 8 - Paper 7) to produce a 'signature' for each animal sampled, that fmmed 

the basis of a DNA 'libnuy'. All spe1matophores and egg samples were genetically analysed to 
identify the male lobster that had mated with the particular female lobster being sampled. 

Macro-code was used in Microsoft Excel to create a program (from herein refe1Ted to as the 
'matching program') that compared the genetic results for: spe1matophores and egg samples 
with male tissue samples in order to assign paternity; spe1matophores with spermatophores, to 
identify multiple matings (i.e. a spennatophore-spe1matophore match indicates that the same 

male mated with both females from which spe1maiophores were removed); male tissue with 
male tissue, and female tissue with female tissue, to identify individual lobsters that had been 
assigned more than one identification nlllllber (i.e. they were initially sampled and then re
caught as a 'moult-recaptme'). These latter matches inte1moult growth increments for males 

and females to be collected. 

10.4 Results 

I 0.4.1 Depletion study 

Based on catches oflobsters resulting from extensive potting on the reef area as well as on sand 
smrnunding the reef habitat, the approximate size of the site was 200 m by 200 m (Figure 2). 

- _\
N 

J( 

X 

)< 

0 25 50 100 200 
-==-c:i,---====---Metllrs 

150 

X 

OCIW.OTOH 

• 

IAgwld 
Study Silo 
HO_<lutll,U;UI 

X 0 

• • 

. , ..•···
•·

- -

114"33'20'E 

29•22•25-s 

29"22'30"� 

Figure 2. The number and distribution of western rock lobsters caught, tagged and processed for 
genetic samples in October 2004. This plot was used to determine the extent of the site. 
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Lobsters were collected from the site over five days in October 2004 and four days in November 
2004. The depletion study indicated that by the end of the ninth day, assuming no immigration 

or emigration, around 90% of the lobsters had been sampled from the site (Figure 3). 
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Figure 3. The daily cumulative catch of western rock lobsters, that had not been previously 
sampled on the site (x axis), plotted against the daily catch of lobsters that had not 
previously been sampled (y axis) over consecutive days during the sampling periods of 
October and November 2004. 

10.4.2 Sample collection 

A total of 850 female tissue samples were collected over the course of the study. Of this total, 
genetic tissue was only processed for those females that had eggs, or had not been previously 
recaptured (and only for the 2004/05 season), or were a moult recapture in 2005/06 season. 
These limitations reduced the sample size to 246 and of this total, 235 were successfully 
genetically analysed (Table 1 ). All captured males were sampled for tissue and of the 293 tissue 

samples collected, 284 were successfully analysed (Table I). Numbers of spe1matophore and 
egg samples collected and analysed are also provided in Table 1. 

Table 1. Number of samples collected and analysed over the sampling period (October 2004 to 
August 2006). 

Sample type 

Tissue 

Tissue 

Spermatophores 

Eggs 

96 

Sex 

Male 

Female 

Female 

Female 

No. sampled No. analysed 

293 284 

246 235 

295 276 

98 71 
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10.4.3 Paternity assignment of spermatophores 

The matching program used to match spe1matophore samples with the tissue samples taken 

from all mates caught over the duration of the smvey, showed that only six of the 284 sampled 
male lobsters had mated with female lobsters that had been caught over the same period. Four 
of these identified males had mated with only one sampled female lobster each, while the other 
two male lobsters had mated with three different female lobsters each (Figure 4). While the 

females involved in the single matings were sampled for these spermatophores in different 
sampling periods ranging from November 2004 to September 2006, the females involved in the 
multiple matings were all sampled in November 2005. 

The matching program which was used to match genetic results from all spe1matophores against 
each other, indicated that there were multiple spe1matophore samples that matched each other 
but that did not match any tissue samples from males captured dmi.ng the smveys. That is, 

those spe1matophores were the result of individual males that had mated with more than one 
female captured at the study site, but had not been sampled themselves. There were seven cases 
of double matings by individual male lobsters and :five cases of triple matings (Figure 4). The 
results suggest that the remaining 243 spennatophore samples were produced by 243 individual 
males, which were not sampled (Figure 4). 
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Figure 4. The number of western rock lobster spermatophore matches with identified (i.e. sampled 
(ID number shown) and unidentified (shown as'?')) male lobsters. 

The six male lobsters identified as having produced spe1matophores ranged in size from 81.6 
mm to 100.7 mm carapace length (CL) and were either sampled in October 2004 or August 
2005. Their female mating partners were of a larger size range (76.6 mm to 125.2 mm CL). 
Choice of a mating partner appears to be random, at least in te1ms of size (Figure 5). 
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Figure 5. Relationship between the size of female and male western rock lobsters that were 
identified as mating partners. 

SimilruJy, although the sample size is small, there appears to be no relationship between size of 
the male lobster and the number of females that he had mated in our samples (Figure 6). 
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Figure 6. Relationship between size of male western rock lobster and the number of identified 
matings with females sampled during this study. 

10.4.4 Paternity assignment of eggs 

The matching program was used to match the genetic results from egg samples taken from 
ovigerous females with the genetic results from all male tissue samples and indicated that only 

two of the egg samples were fathered by male lobsters that had been sampled in our surveys. 
One female was 92.9 mm CL and her mate was 93.4 mm CL. The potential mates of the second 
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female were more difficult to identify; the allele results from the genetic analysis of this female's 
eggs showed multiple allele peaks. 

Consequently, there were five males identified as possible mating partners and their lengths 

ranged from 61.4 to 90.8 mm CL, compared to the 90.1 mm CL female. 

Male ID 2228 (93.4 mm CL), sampled in August 2005, was identified thrnugh the genetic 

analyses of egg samples as mating in October 2004 with a female lobster of length 92.9 mm CL 
and through the spe1matophore analyses as having mated with a larger, female lobster of length 
125.2 mm CL in November 2004. This was the only sampled male that was identified through 
spennatophore and egg samples as having mated different female western rock lobsters. 

10.4.5 Growth 

The matching program used to match the genetic identity of tissue samples against each other 

produced nine male matches. Those animals grew between 1.5 and 5.9 mm after being at large 
for between 64 and 175 days, while another cluster grew between 6.9 and 15.3 mm after being 
at large for 300 to 358 before recapture (Figure 7). 
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Figure 7. Growth of male western rock lobsters that were recaptured (as identified by their genetic 
tissue match) and that recorded growth. 

A similar search for genetic tissue sample matches for females resulted in three matches with 
increments of 4.1 to 10.8 mm after 304 to 403 days at large between sampling (Figure 8). 
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Figure 8. Growth of female lobsters that were recaptured (as identified by their genetic tissue 
match) and that recorded growth. 

10.5 Discussion 

The results from this study were not as conclusive as had been anticipated. We had hoped that 

because the offshore lobster habitat of the study site was surrounded by sand, that besides an 
annual influx of white migrating lobsters settling on the reef there would be minimal immigration 
and emigration to and from the resident population. This turned out not to be the case and it is 
now clear that there was a substantial turnover of the population, with many of the animals not 
being recorded beyond the month in which they were sampled. Unfortunately, this unexpected 

result meant that the paternity assignment tests matched few males to egg or spe1matophore
bearing females and fmihe1more, there were relatively few animals that were recaptured after a 
period of time that was long enough to show a moult increment. 

It is known from tagging studies that western rock lobster breeders generally do not move 
large distances. Chubb and Cheng (unpub. data) showed from their extensive analysis of 
over 18,500 lobsters tagged between 1988-2000, that 98.6% of breeders were recaptured 

within 20 km of where they had been tagged. Results from this study were therefore notable 
in showing that while western rock lobsters do not necessarily move large distances, they do 
move frequently between outcrops of good habitat - a fact that was probably not previously 
appreciated. Frisch (2008) showed in a study on the social organisation and den utilisation of 

another Palinmid, Panulirus versicolor, that species moved frequently to and from nearby dens 
and the composition of the groups regularly changed. This behaviour might therefore not be 
uncommon in spiny lobsters, but the movements may be wider in P. cygnus than some other 
Palinmi.ds, in that few animals were recaptured on the same isolated sampling site after more 
than one or two months. 

That few males were identified as being the mating paiiners of breeding females on the study 

site is ce1iainly the result of frequent movement by both sexes on and off the site, but it may also 
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be that the large males were less catchable - a possibility supported by the fact that sex ratios 
during sampling at the study site were highly skewed towards females. 

Of the six males that were identified as being mating partners of females in the sampled 
catches, there appeared to be little relationship between the size and sex of prutners. Apart 
from a multitude of studies on Jasus edwardsii (e.g. MacDirumid et al., 2000; Buxton, 2004; 
MacDirumid and Stewru1, 2005a,b ), there is smprisingly little published inf01mation on mate 
size selection in spiny lobsters. 

Berry (1970) noted that Panulirus homams males are polygamous and that dominant males 
prevent subordinate males from mating. MacDirumid and Sainte-Marie (2006) state that mate 
selection is much more precise in Jasus edwardsii than it is for Panulirus argus. MacDirumid 
and Butler (1999) speculate that the reason for the difference between these latter two species, 
probably lies in the fact that there can be a 28 day lapse between mating and egg laying in P 
argus (Lipcius, 1985), but in the genus Jasus, the spetmatophore must be used by the female 
immediately after being deposited. The longer time period between mating and egg laying 

provides P argus females with greater oppo11unity to mate a number of times, thereby increasing 
the potential for spetm competition (MacDia1mid and Butler, 1999). 

As withP argus, P cygnus also has a lengthy period between mating and egg laying and the lack 
of relationship between size and sex of mating prutners in this study might be explained by the 
same reasoning provided by MacDia1mid and Butler (1999), above. In this rega1·d, it was notable 
that we did record at least one instance where there was evidence from microsatellite analyses 
of individual eggs, of a brood having been fe1tilised by more than one male - presumably due 
to multiple mating. Evidence for multiple mating in spiny lobsters is rru·e (the only reference 
that we could find was that of Mota-Alves and Paiva (1976) to this occm1ing in Panulims 

laevicauda). It is conceivable that, had there been more analyses of individual eggs per brood, 
we might have found more instances of multiple mating in P cygnus. 

As with the lack of relationship between the mating size of pa1tners in this study, so too was 
there no relationship between the size of the male and the number of identified matings with 
females sampled. This was not unexpected, given the appru·ent transito1y natt.ue of residency at 
the sampling site by both sexes. It is relevant to mention that, Frisch (2008) found no significant 
relationship between male Panuliros versicolor body size and the number of females co
habiting in their dens. The inference from this is that if the females co-habiting in the dens had 
been the only mating pru1ners of those males, tl1at as with this study there would have been no 
relationship between size of male and the number of females that they mated. 

There is evidence from other studies to suppo11 the fact that lru·ge spiny lobster males ru·e capable 
of mating with substantially more females than small males. For example, MacDirumid and 
Stewrut (2005) have shown in tank studies, that small (500 g) J. edwardsii males can mate 
with 1-5 females in a singe mating season, while large males (3000 g) can mate with up to 18 
females, however this has still to be confumed in field based studies. 

A small amount of growth data were obtained dming the course of the study. The increments 
show the typical double annual moult that is expected for individuals of the sizes that were 
recaptured. The growth increments were unusually vru·iable compru·ed to tag-recapture data, 
but this observation may be a reflection of the small sample size (12 individuals of both sexes, 
some of which had moulted more than once). 
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11.0 Benefits 

At the time that funds were granted for this project there was a lot of unce1tainty suuounding 
the effects that the setose and maxi.mum size rnles might be having by distorting sex ratios 

in the population and thereby possibly impacting mate choice and egg production. Questions 
were also being asked about whether eggs from different sized females and from different areas 
of the fishe1y were of similar quality. Also, what the contribution to egg production was in 
different management zones in the fishe1y. 

This project has succeeded in answering those questions - and at the same time has provided 
insight into aspects of other western rock lobster reproductive behaviour and physiology that 

were not pait of the project objectives. 

The benefit to fishers, administrators and researchers, is that decisions on the management of 

this fishe1y relating to reproductive issues, can now be made with fai· more certainty about 

likely impacts than prior to this work being unde1taken. 

12.0 Further Development 

Fmther development of the results of this reseai·ch will include: 

(i) Continued monitoring into the future of changes in size at maturity. Fmther monitoring
will be imp01tai1t to stock assessment model inputs. Fmthe1more, there ai·e more than
one possible causes for these changes in size at maturity - future monitoring may help to

nairnw the cause of these changes.

(ii) Development of additional polym01phic loci to enable microsatellite techniques to be used
to evaluate spatial and temporal population genetic structure in western rock lobsters.
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13.0 Planned Outcomes 

There were a number of planned outcomes identified in the funding application: 

(i) For this project to investigate to what extent the setose and maximum size rnles have
dist01ted sex ratios and affected the sizes of breeding animals in the population and
then depending on that result, to modify management rnles accordingly.

The project showed that while sex ratios are inevitably going to differ throughout

the fishe1y, mate selection is not necessarily size dependent. This means that small

males are quite capable of mating with much larger females. Also, that one male can
fe1tilise several females. Distorted sex and size ratios do not therefore appear to pose a
paiticular management issue to the western rock lobster fishe1y at cmTent ratio levels.

(ii) For this project to establish whether eggs from different regions in the fishery differ in

'quality' so that if there were differences these could be taken into account in the way
that the brood stock is managed. The project outcome was that eggs from different
regions do not differ significantly in terms of 'quality' and therefore there is no need to

manage the stock differently in different regions.

(iii) For this project to establish whether eggs from different sized females differ in 'quality'

so that if there were differences, these could be taken into account in the way that
the brood stock is managed. The project outcome was that eggs from different sized

females do not differ significantly in temlS of 'quality' and therefore there is no need
to manage the stock differently according to the size of breeding females.

(iv) For this project to examine the prop01tion of egg production emanating out of the

three different management zones in the fishe1y, so that egg production indices for the

fishe1y could be adjusted by values for production from the three management zones.

The project outcome delivered more than just this objective, by examining changes in the 

propo1tion of egg production in the three management zones by decade from the 1980s to 

2007. In future, total egg production indices for the fishe1y will be able to be adjusted by the 
propo1tional contribution from different management zones. 
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14.0 Conclusions 

This project has provided knowledge on reproductive biology issues relevant to managing the 
western rock lobster brood stock that will provide the scientific basis for future brood stock 

management decision-making capabilities for the fishe1y. Much of this research, as well as 
being of value to the fishe1y, has also been scientifically of interest, resulting in the project 
producing several peer reviewed journal a1ticles. 

Under the perfo1mance indicators of this project, it was stated that the project would be 
considered successful if it achieved the following three objectives: 

(i) Provides an evaluation of the biological risks that might result from the setose and
maximum size management measures that are cmTently in place to protect the brood
stock

The research has shown that the biological risks appear to be low, based on the fact
that small males in the wild would appear to be equally capable as are large males, of

fe1tilising large females. It is also apparent that males in the wild can and do, fertilise
several females. Skewed sex ratios would therefore not appear to be of concern in this
fishe1y.

Tue work did show that when water temperature is high in Janua1y and Febmaiy,
that high propo1tions of matme females moult into non-setose condition and therefore
become available to the fishe1y. This previously unknown fact while not necessarily a
risk, is useful for management to beai· in mind because with high exploitation rates and

probably higher average water temperatures under a future climate change scenaii.o,
there will be a need to monitor the effectiveness of the setose mle in protecting
breeders.

(ii) Results in an understanding of the likely smvival chai·acteristics of laivae hatching
from the smaller Abrolhos Island eggs compared to those from the coast.

Research has shown that the survival chai·acte1i.stics of laivae from small Abrolhos
Island females are not necessaii.ly any different to the laivae from small or large
females at the coast.

(iii) Quantifies the extent of the western rock lobster breeding grounds.

Tue extent of the breeding grounds so as to weight the overall egg production index
for the stock by the contribution of the management zones has been outlined in detail
both spatially and temporally (across three decades).

Given that the project achieved the above pe1fonnance goals (and much more), it would seem 
fair to conclude that it has been highly successful. 
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