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Abstract 
The chinaman cod, Epinephelus rivulatus, is a small-sized grouper (Serranidae: 

Epinephelinae) that occurs from the western Indian Ocean to the western Pacific. It is 

abundant within the lagoon of Ningaloo Reef, Western Australia, in areas dominated by 

limestone, sand and brown algae, and it is an important component of the Ningaloo 

recreational fishery. Concern over catch rates in this fishery prompted the present study 

into the biology and ecology of E. rivulatus at Ningaloo Reef, which was based on 

histological examination of gonads, analysis of otolith microstructure, and observations 

of individual fish within their natural environment. I also conducted a manipulative field 

experiment to determine the mechanisms controlling sex-change in E. rivulatus. This is 

the first time that unequivocal evidence of these mechanisms have been obtained for an 

epinepheline serranid, and the results are of ecological and managerial significance. 

This study showed that E. rivulatus may form populations with densities of at least 

3.1 fish per 100 m and sex ratios of about 5.5 mature females to each male. Individuals 

may migrate into new habitat although they are typically site attached. Males inhabited 

territories ranging from 94 to 200 m that were defended from other males, whilst the 

home ranges of females overlapped considerably and measured between 58 and 1 5 1 m . 

Males formed alliances with one or two large females whereas smaller females had 

relatively little intersexual contact and often moved through the habitat of more than one 

male. H o m e range size varied widely and was influenced more by habitat and resource 

availability than by body size or sex. 

E. rivulatus may spend between 21 and 61 days (mean = 37 d) in the plankton prior 

to settlement. The size at which 5 0 % of females from the main sampling location 

reached maturity was 194 m m total length, whilst 3 0 % of females within the 1+ age 

group and 9 0 % within the 2+ age group were mature. Mature female E. rivulatus within 

the samples ranged from 144 to 350 m m and 1 to 15 years (mean = 4.6 yrs), whilst 

males ranged from 221 to 381 m m and 2 to 24 years (mean = 9.4 yrs). The von 

Bertalanffy growth function described the length-at-age data well, providing an estimate 

of the asymptotic mean length (Loo) for the sampled populations of 307 to 338 m m and a 

Brody growth coefficient (K) of 0.416 to 0.530, indicating a rapid growth rate compared 

to other serranid species. The annual rate of natural mortality (M) for a relatively 
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unfished population of E. rivulatus was approximately 0.994 (63%). This is a high 

mortality rate compared to other serranid species, and combined with the rapid growth 

rate suggests that populations of E. rivulatus have a relatively high productive capacity. 

Individual E. rivulatus were protogynous hermaphrodites and males were 

significantly larger and older than females. The size and age at which female E. 

rivulatus changed sex varied considerably within and between each of the sampled 

populations, with the estimated median size at sex-change for each population ranging 

from 264 to 315 m m . The age at sex-change for all samples combined was estimated at 

5 years. Experimental manipulation of a population demonstrated that the sex-change in 

E. rivulatus is controlled by social factors such as the suppressive dominance of the 

males. Males have higher potential reproductive success, and if the appropriate social 

cues are present a female can change sex within three weeks, although the process may 

be delayed or halted by the intrusions of other males. 

Most female E. rivulatus were reproductive from July through to December when 

water temperatures at Ningaloo Reef ranged from an annual minimum of 21° to 24.5° C 

(annual maximum was 28.8° C). Observations showed that during the reproductive 

season E. rivulatus spawned within a short six day period and were quiescent for about 

three weeks as a new batch of gametes were ripened. The spawning cycle is probably 

influenced by the lunar cycle and other environmental factors. Over the short spawning 

period males became much more active and aggressive towards each other whilst 

females showed preference for spawning site and determined the timing of spawning. E. 

rivulatus spawned in pairs at least half an hour after sunset, and females may spawn two 

to three times each month although competitive interactions are likely to influence the 

spawning success of both males and females. 

E. rivulatus is a prominent species within the lagoon of Ningaloo Reef and may be 

more resilient to fishing pressure than many other serranid species. It is nevertheless 

vulnerable to overfishing and should be managed cautiously. E. rivulatus is also a useful 

species for examining fisheries and ecological related questions that might otherwise be 

impossible to answer. 
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Chapter One 
General Introduction 

This thesis documents the biology and ecology of the chinaman cod, Epinephelus 

rivulatus (Valenciennes) within the lagoon of Ningaloo Reef, Western Australia. Also 

known as "Charlie Courts" in Western Australia, E. rivulatus is a small-sized member 

of the family Serranidae, subfamily Epinephelinae that occurs in a variety of habitats 

and depths from 1 - 150 m (Randall & Heemstra 1991). E. rivulatus is found in tropical 

and subtropical waters from the western Indian Ocean to the western Pacific Ocean, and 

along the west coast of Australia it ranges from Rottnest Island northwards (Allen & 

Swainston 1988). Specimens captured off Geraldton are occasionally sold in Perth fish 

markets and restaurants (pers. obs.), although this species is currently of minor 

commercial importance. 

E. rivulatus is an important catch within the Ningaloo recreational fishery though, 

and the main impetus for this study was concern over the high catch rates of this species 

(Anon. 1992). According to anecdotal evidence, E. rivulatus were literally captured by 

the bucketload in years gone by. However, along with the establishment of the Ningaloo 

Reef Marine Park in 1987 came enforcement of new regulations prohibiting commercial 

fishing within the reef limits, limiting catches of E. rivulatus to four fish per day per 

fisher, and banning fishing of any kind within special conservation areas (Sanctuary 

Zones) (Anon. 1989). In 1992, the bag limit for E. rivulatus was increased to eight fish 

per day owing to the large numbers that were captured and to their popularity (Nowara 

1997). Research into the biology and catch statistics of E. rivulatus were planned at this 

stage by Fisheries W A (Anon. 1992) but did not eventuate, and in 1994 the bag limits 

were changed back to the original limit of four fish per day per fisher (Anon. 1994). The 

present study commenced soon after this time, and m y initial survey of Ningaloo Reef 

and discussions with fishers indicated that E. rivulatus was a common species within the 

Marine Park and frequently caught, often being a nuisance to people targeting other 

species. E. rivulatus are considered a good eating fish but their small size deters fishers 
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hoping to optimise the amount offish per bag limit. Nonetheless, they are a favourite 

catch of people with smaller boats who prefer to fish in the more sheltered waters of the 

lagoon, and they are a convenient supply of bait for operators who target larger species 

in deeper waters. The latter, along with the apparently c o m m o n practice of "high 

grading" (return offish to the water when the bag limit is reached and more desirable 

fish are captured), are questionable practices that are difficult to quantify but probably 

add considerably to the fishing mortality of E. rivulatus. Coupled with rapid increases in 

the number of visitors to Ningaloo Reef (Storrie & Morrison 1998), there was clearly a 

need to obtain biological information on E. rivulatus for management purposes. This 

information, which in the present study included data on age, growth and reproductive 

biology, is the traditional requirement of management. The ecological data on 

reproductive behaviour, spatial organisation, and mechanisms of sex-change are a very 

useful complement, having potential in the formulation of fisheries models and 

management advice (Medley et al. 1993), and allowing the biological data to be more 

efficiently collected and better interpreted (Sadovy 1996). 

The aims of this study extended beyond the specific protection of E. rivulatus stocks 

within the Ningaloo recreational fishery. Ningaloo Reef itself is a unique ecosystem that 

deserves greater appreciation. It is the largest fringing reef in Australia and the only 

Australian coral reef of a large size and quality which is easily accessible to visitors. The 

diversity of flora and fauna found along its length is comparable to that found at similar 

latitudes on the Great Barrier Reef, and includes a mix of both tropical and temperate 

species. Ningaloo Reef is home to more than 500 species offish, 250 species of corals 

and 600 species of molluscs, and it is one of the few places in the world where whale 

sharks can be reliably observed. Humpback whales also pass close by the reef on their 

annual migration routes, green turtles nest on many beaches during summer, dugongs 

feed on seagrasses within the lagoon, and numerous waders and seabirds have feeding 

and nesting sites (Anon 1989, Storrie & Morrison 1998). The present study, by 

providing data on one of the more prominent species of predatory fish (Appendix 1), is 

thus an important contribution to the understanding of the ecosystem of Ningaloo Reef. 

The abundance and accessibility of E. rivulatus also provided an opportunity to look 

at more general issues concerning the epinepheline serranids. Commonly known as 

groupers, cods and rockcods, the serranids are among the most ecologically and 

economically important benthic fishes within tropical and subtropical marine waters of 
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the world (Randall & Heemstra 1991). However there is a lack of information on many 

serranid species. For instance, prior to this study there was virtually no biological or 

ecological data on any serranid species along the west coast of Australia, despite the fact 

that several species are targeted or are important bycatch within several Western 

Australian fisheries (Kailola et al. 1993). One reason for this lack of information, 

notably on their ecology, is the difficulty in getting data. Larger species in particular are 

typically too mobile, too widely dispersed and often live in habitats that are too deep for 

the gathering of such data (Gilmore & Jones 1992, Coleman et al. 1996). Thus the only 

comprehensive ecological data on the serranids to date come from smaller, more site-

attached and more densely populated species (e.g. Shpigel & Fishelson 1989, 1991, 

Mackie 1993, Donaldson 1995a,b). E. rivulatus was therefore an ideal candidate to 

expand the limited knowledge currently available on the ecological and biological 

strategies of the serranids. 

The lack of ecological information is of concern because many serranids are notably 

vulnerable to overfishing (Thompson & Munro 1978, Manooch 1987, Ralston 1987, 

Bannerot et al. 1987, Beets & Friedlander 1989, Sadovy & Figuerola 1989, Huntsman & 

Schaaf 1994, Sadovy 1996, Coleman et al. 1996, Domeier & Colin 1997). A trait 

common to most serranids that may reduce their resilience to fishing pressure is their 

hermaphroditic life history, whereby individuals begin life and reproduce as a female 

before switching sex at some point to complete their life as a male. This female-to-male 

direction of sex-change is referred to as protogynous hermaphroditism, and heavily 

fished populations could potentially lack sufficient males to fertilise all eggs produced 

by the females (Bannerot et al. 1987, Huntsman & Schaaf 1994). 

Protogynous hermaphroditism is a common strategy among fish species inhabiting 

tropical reefs, and has been well studied in some of the smaller species including 

wrasses such as Thalassoma duperrey and Labroides dimidiatus, and the anthiine 

serranid Pseudanthias squamippinis (Fishelson 1970, Robertson 1972, Ross et al. 1983, 

Shapiro 1980, 1981). These authors hypothesise that individuals of these species may 

maximise their reproductive success by breeding as females when small in size and as 

males when larger, with the social environment providing the cues that determine when 

it is appropriate for an individual to make the change. 
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However, the factors controlling sex-change of female epinepheline serranids have 

not been unequivocally determined, despite the recurring message within the literature 

that this information is vital to their management (e.g. Shapiro 1987, Bannerot et al. 

1987, Williams & Russ 1991, Shapiro et al. 1993, Huntsman & Schaaf 1994, Sadovy et 

al. 1994, Ferreira & Russ 1995, Sadovy 1996, Coleman et al. 1996). This concern arises 

from the way management policies and sex-change may interact in either positive or 

negative ways depending on what causes these fish to change sex. For example, if sex-

change is socially controlled then a male removed by fishing activity may be replaced by 

a sex-changing female. Thus, at least at low levels of fishing pressure a population may 

show resilience (Bannerot et al. 1987, Huntsman & Schaaf 1994). However, if sex-

change has a genetic component, and females are only able to become male once a 

certain size or age is reached, then the consequences of fishing may be more serious. For 

instance, if the minimum size limit for a species is set below the size at which females 

change sex then males may be fished out without replacement by sex-changing females, 

resulting in a serious decline in the reproductive output of the population. 

Unfortunately, understanding the processes behind sex-change under natural 

conditions is particularly difficult because the transition is probably a rapid and 

uncommon process. Appropriate field experiments typically require the reliable 

identification and gender of individuals within a number of social units, followed by the 

experimental removal of dominant males and gathering of evidence to show that 

females have or are changing sex due to the experimental removal of the males. This is 

impossible to achieve for many serranid species. The study by Mackie (1993) on 

Cephalopholis cyanostigma (Serranidae: Epinephelinae) provided equivocal evidence 

that sex-change in this species was under social control. E. rivulatus presented an ideal 

opportunity to build on this work and gather more definitive information about the 

processes controlling sex-change in an epinepheline serranid. 

The general aims of this thesis were, therefore, to provide ecological and biological 

data on E. rivulatus for the purpose of its management within the Ningaloo recreational 

fishery and the management of the epinepheline serranids in general. I also wished to 

promote a greater awareness of the role that E. rivulatus plays within the unique 

ecosystem of Ningaloo Reef. This information is detailed within the following five 

chapters in a format that will facilitate their submission as journal articles. Chapters 2 

and 4 contain biological data fundamental to the science of fisheries management, 
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Chapters 3 and 5 provide insights into the ecology of E. rivulatus, and Chapter 6 

describes the sex-change experiment, which required data from the previous chapters to 

accomplish, and in turn provides information that is of biological, ecological, and 

managerial significance. Finally, the results of these studies are combined in Chapter 7 

to describe the life history of E. rivulatus, discuss the management of it within the 

Ningaloo recreational fishery, and consider further research opportunities. 
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Chapter Two 
Reproductive Biology 

Abstract 

The reproductive biology and sexual pattern of Epinephelus rivulatus were examined 

within the waters of Ningaloo Reef, Western Australia. Population structure and gonad 

morphology show that E. rivulatus is a protogynous hermaphrodite. Mature females 

ranged in size from 144 to 350 m m , with 5 0 % sexually mature at 194 m m . Males were 

larger than females and ranged in size from 221 to 381 m m . There were intrasexual 

differences in mean size and the size at sex-change between sites, whilst sex ratios were 

consistent between sites with approximately one male to 5.5 mature females. 

Histological data indicated that most female E. rivulatus (> 50%) were reproductively 

active from July through to December, when water temperatures were relatively cool 

and daylight hours were increasing. Peak spawning occurred between September and 

December according to the gonadosomatic index. Female E. rivulatus produce ripe 

oocytes in batches, and are capable of spawning at least twice over two or three 

consecutive days. 
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Introduction 

Cods and groupers of the Family Serranidae (sub-Family Epinephelinae) are 

ecologically and economically important demersal fishes in tropical and sub-tropical 

marine waters (Randall & Heemstra 1991). They are prominent reef predators and a 

distinctive part of the fauna on coral reefs. Many species are also valuable food fishes in 

commercial and recreational fisheries. However, aspects of their biology and ecology 

make them susceptible to over-fishing. For instance, they are relatively slow growing 

and long lived, larger species form breeding aggregations which can be decimated by 

fishing activity, and most appear to be protogynous hermaphrodites, with individuals 

maturing as female before changing sex to become male. The capture of protogynous 

fish, in which males are larger and less abundant than females has long been of concern 

because of the potential to diminish the reproductive output of a population through the 

removal of too many males (Olsen & La Place 1979, Shapiro 1987, Bannerot et al. 

1987). 

Because of their economic value the biology of various exploited serranid species is 

well known, particularly within Caribbean and western Atlantic waters where they 

support substantial fisheries (Moe 1969, Smith 1972, Thompson & Munro 1978, 

Bullock et al. 1992, Sadovy et al. 1992, 1994, Tucker et al. 1993). In contrast, virtually 

no biological data are available on this group within the waters of Western Australia, 

despite the fact that several serranid species are either targeted or caught as bycatch in 

commercial and recreational fisheries along the Western Australian coast (Kailola et al. 

1993). One such species is the chinaman cod, Epinephelus rivulatus, which is the most 

prominent serranid along Ningaloo Reef, central Western Australia, and a common 

catch within the Ningaloo recreational fishery (Ayling & Ayling 1987, Nowara 1997). 

Ningaloo Reef is the largest fringing reef in Australia and an increasingly popular tourist 

destination, which raises concerns over the exploitation of resident species offish such 

as E. rivulatus. The aim of the study described here was to provide information on the 

reproductive biology of this species, in particular to describe the reproductive 

development of male and female E. rivulatus, to confirm the sexual pattern of this 

species, and to detail the timing and duration of annual spawning activity. The 

relationship between spawning period and annual cycles of sea water temperature and 

day length were also examined. Together with a study of the reproductive behaviours 
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and mating system of E. rivulatus (Chapter 3), these data provide information on the 

reproductive ecology, sexual development, population growth potential and 

susceptibility of E. rivulatus to over-exploitation. 

Materials And Methods 

Study Sites 

Ningaloo Reef is separated from the mainland by a shallow lagoon which varies in 

width from 200 m to over 6 km. Within this lagoon E. rivulatus is common over sand 

and limestone substrata with high algal cover and relatively low abundance offish life, 

but is rare in coral rich habitats where other serranid species dominate (Ayling & Ayling 

1987, pers. obs.). Ningaloo Reef was protected for its high conservation value in 1987 

as the Ningaloo Marine Park, which stretches for 260 k m along North West Cape. The 

Marine Park is open to recreational fishing apart from certain areas (Sanctuary Zones) in 

which fishing has been prohibited. 

Information on the population structure of E. rivulatus was obtained from study sites 

in Sanctuary Zones at Mangrove and Osprey Bays (Figure 1). In Mangrove Bay the 

lagoon was 2 - 3 m deep and the topography uniformly flat with few coral heads or other 

structures present over a wide area. The substratum was hard limestone covered by a 

thin veneer of sand. T w o study sites were located in this area where algae and holes in 

exposed limestone provided cover for E. rivulatus. Currents through the study areas 

were either from the south or north, and there was often a surge present at high tide. At 

Osprey Bay the two sites were located along a limestone reef slope and adjoining reef 

flat. Most E. rivulatus and other fish were located along the reef slope which abutted a 

sand channel and extended upwards at angles between the vertical and 45°. Tidal 

currents flowed through the channel in a southerly direction and water depths varied 

from 6 m within the channel to 2 m on the reef flat. The reef was comprised of an 

eroded limestone base covered by sand and algae. In many areas the limestone was 

exposed and provided numerous small ledges and caves for shelter. Coral colonies 

(mainly Acropora and Pocillopora spp.) were present but these were usually small and 

scattered. Refer to Appendix 2 for complete description of the study sites and marine 

life within these two areas. 
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Reproductive data were also obtained from E. rivulatus captured from areas open to 

fishing activity at Tantabiddi and between North West Cape and the Murion Islands (E. 

rivulatus captured here are referred to as N W R e e f fish; refer to Figure 1). At Tantabiddi 

the water was 2 - 4 m deep. The habitat was flat and mainly sand, with the occasional 

large Porites massive or smaller coral head, and low mounds of exposed limestone and 

algae on which E. rivulatus were most abundant. This shallow area at Tantabiddi was 

near a deep oceanic passage through the reef and was probably not subject to high 

fishing pressure. N W R e e f fish were captured from a large area outside the reef lagoon 

where currents were typically strong and depths ranged from approximately 10 - 50 m. 

Reproductive Biology 

E. rivulatus used for analysis of reproductive biology were collected approximately 

monthly between August 1994 and December 1995, within the lagoon at Tantabiddi and 

Osprey Bay. O n each sampling occasion approximately 20 - 30 E. rivulatus from a wide 

range of size classes were captured using speargun or hook and line. The fish were 

captured between 0800hrs and 1 lOOhrs in 2 - 3 m of water and processed within four 

hours of capture. E. rivulatus captured from N W R e e f by recreational anglers were also 

used in reproductive analyses. These fish were stored frozen before being processed. 

Total and cleaned (viscera and gills removed) weights to the nearest gram, and fork and 

standard lengths to the nearest millimetre were recorded for each fish (because of their 

rounded caudal fin, fork length and total length of E. rivulatus are the same). All lengths 

given in this thesis are of fork length. Gonads were removed and preserved in 1 0 % 

formalin or F A A C C (Formaldehyde 4%, Acetic Acid 5%, Calcium Chloride 1.3%; 

Winsor 1984). Preserved gonads were weighed to 0.001 gm, sectioned transversely at 5 

- 7 u m and stained using Haematoxylin and Eosin for histological examination. Sections 

taken from central, anterior and posterior areas of the ovary often females indicated that 

development of oocytes was similar throughout the ovary. All sections were 

subsequently taken from the central region of each ovary. 

Sex ratios were estimated for populations of E. rivulatus within the study sites at 

Mangrove and Osprey Bays. The sex of most E. rivulatus within these sites was 

determined by cannulation as part of a study into the home range and spatial 

organisation of E. rivulatus (Chapter 5). Cannulation involves the insertion of a small 

diameter polyethylene tube (cannula; outside diameter 0.96 m m ) into the genital pore. 
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The cannula is then slowly withdrawn while gently aspirating by mouth to obtain a 

gamete sample (Shehadeh et al. 1973). Samples from non-reproductive or immature 

females were difficult to obtain because previtellogenic oocytes were usually too tightly 

bound within the tissue stroma. Cannula samples were preserved in an aqueous solution 

of 1 % formalin and 0.6% NaCl, so that they could be verified in the laboratory with a 

microscope (Shehadeh et al. 1973). Even during the reproductive season some fish could 

not be sexed because gamete samples were not obtained (between 4 and 2 0 % of total 

number cannulated, depending on the site). Nonetheless, the relative size of these fish 

and subsequent behavioural observations usually gave a reliable indication of gender. 

Many small individuals (<185 m m fork length) were not cannulated because the cannula 

could not be easily inserted. These were deemed immature females (IF) because they 

were smaller than the size (194 m m fork length) at which 5 0 % of female E. rivulatus 

were sexually mature, based on histological samples (see Results). The structure of the 

male gonad prevented insertion of the cannula tube further than a few millimetres, 

although samples of sperm were usually easy to obtain from reproductively active 

males. 

Description of the internal structure of the gonad, gonad maturity and evidence for 

hermaphroditism were determined from the histological samples. Nomenclature for 

stages of oogenesis and spermatogenesis was taken from Yamamoto (1956). Refer to 

Appendix 3 for description of the oocyte maturation stages in E. rivulatus. The 

developmental stage of each gonad was classified according to a modified version of 

that used by M o e (1969). This scheme was modified so that fish that had recently 

spawned but were still capable of further spawning during the course of the present 

reproductive season (F4) were distinguished from those fish which had recently 

spawned and were not likely to spawn again during the present season (F5). The 

presence of post-ovulatory follicles was used as evidence of recent spawning, with the 

description of these in northern anchovy (Hunter & Goldberg 1980) used to estimate the 

age of post-ovulatory follicles in E. rivulatus. The presence of oocytes in the migratory 

nucleus or hydrated stage of development indicated that spawning was imminent and 

likely to occur on the day of capture (Smith 1965). The definition by Hastings (1981) 

was used to describe transitional (sex-changing) individuals. The gonads of these fish 

had proliferating testicular tissue and degenerating ovarian tissue but did not yet have 

peripheral sperm sinuses containing spermatids. The criteria outlined by Sadovy & 

Shapiro (1987) were used in the diagnosis of protogynous hermaphroditism, and atretic 
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oocytes were classified into alpha or beta stages according to Hunter & Macewicz 

(1985). 

Spawning Season 

Staging of histological samples provided the most accurate means of determining the 

duration of the spawning season. The external appearance of the gonad was not used 

because of uncertainty in distinguishing between resting ovaries and testes. Additional 

information of spawning season was obtained from the ratio of ovary weight to somatic 

weight (body weight minus viscera, gonads and gills) using the formula: 

Gonadosomatic Index (GSI) = (gonad weight / somatic weight) x 100. 

Before calculation of GSI the relationship between fork length and gonad weight was 

examined in ripe females captured from Tantabiddi. Gonad weight was not independent 

of body size over the full range of mature female lengths (regression r2= 0.341; P < 

0.001; n = 44), indicating that GSI values were influenced by fish size. However, 

females of 248 m m (fork length) and larger showed little change in the relationship of 

body weight to gonad weight (r = 0.103; P = 0.095; n = 28), and hence only these fish 

were used in the analysis of GSI. 

Seawater temperature and length of daylight were compared with the annual 

reproductive cycle of E. rivulatus as likely cues used to determine the timing and 

duration of the spawning season. Temperature data were obtained using a datalogger 

secured 1 m above the substratum within Osprey Bay. Length of daylight was calculated 

from sunrise/sunset data obtained from the Perth Bureau of Meteorology. 

Statistical Analysis 

A two-way, fixed effects analysis of variance (ANOVA) was used to compare the size 

of E. rivulatus between sexes and locations. Analysis for this comparison was made on 

the untransformed data although the variances of this and the log-transformed data were 

not homogeneous. Given the large F-ratios of the test and distribution of the means and 

standard errors, the test was nonetheless useful. A posthoc comparison of mean lengths 

was completed using a Tukey H S D test for unequal sample sizes. A Kruskal-Wallis 

nonparametric A N O V A was used to examine differences in gonadosomatic indices 

between months. Samples gathered in 1994 and 1995 from four locations along 
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Ningaloo Reef for reproductive analysis were pooled. This assumes that there was 

minimal variation between years and location, as was indicated from examination of the 

raw data prior to pooling. Chi-square tests were used in the analysis of size at sex-

change and sex ratios. Critical P values for all analyses were set at P < 0.05. 

Results 

Population Characteristics 

Based on the histological samples, the smallest of 38 immature females selectively 

sampled at the end of the reproductive season (during February and December 1995) 

was 48 m m in length. The smallest mature female within the histological samples was 

144 m m and the largest 350 m m . Depending on location, the mean length of mature 

females was 240 to 294 m m (Table 1). Fifty percent of females taken from Tantabiddi 

within the reproductive season were sexually mature by 194 m m , and all were mature by 

240 m m (fork length; Figure 2). The smallest male was 221 m m and the largest 381 m m 

(means between 286 and 330 m m ) . 

The mean lengths of males and females were significantly different within all 

locations except NWReef. Mean lengths of each sex also varied between locations 

(Table 2; Figure 3); the posthoc comparison of means indicating that males from 

Tantabiddi, Osprey Bay and N W R e e f had similar mean lengths and were significantly 

larger than males from Mangrove Bay (Table 2). Mature females from Tantabiddi had a 

larger mean length than those at Osprey and Mangrove Bay, but were smaller than 

mature females taken from NWReef. The N W R e e f females were statistically similar in 

size to males from Mangrove Bay although this may be due somewhat to bias in the 

sampling offish from the N W R e e f area (captured by recreational fishers). The latter 

may also have resulted in the non-significant difference (P = 0.0685) between males and 

females from NWReef. 

Analysis of covariance showed that the regressions between standard length and fork 

length of male and female E. rivulatus captured at Tantabiddi were not significantly 

different (i>intercept,n=243 = 0.3092, Pslope, n=243 = 0.2476). Similarly, the regression between 

cleaned body weight and fork length for these fish were also not significantly different 
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Cf\ntercept,n=2i6 - 0.9925, Psiope,n=2i6
= 0.9851). Therefore, relationships for the pooled 

data are: 

Standard length (mm) = -2.472 + (fork length x 0.815) (n = 243, r2 = 0.999) 

Clean weight (gms) = 0.0000104 x fork length3042 (n = 216, r2 = 0.997) 

(refer to Appendix 4 for graphical description of the relationship between body weight 

and fork length for E. rivulatus captured from all locations at Ningaloo Reef). 

Only two immature (Ml) males and one transitional individual (351 mm fork length) 

were found in the samples, indicating that the transition from female to mature male is a 

rapid process and/or occurs infrequently. These three fish were captured in February or 

April, soon after the reproductive season had finished. Because of this low incidence of 

transitional or recently sex-changed (Ml) E. rivulatus in the samples, an estimate of the 

size at which sex-change occurred within each location was determined from the median 

value of the size range in which males overlap with females (Shapiro 1987). 

Comparison of these values indicated that there were significant differences in the size 

at sex-change among females within these populations (Table 3). Within the sites at 

Mangrove Bay E. rivulatus had the lowest estimated size at sex-change as well as the 

smallest range over which sex-change occurred. Although sex-change also happened at 

a relatively small size among the population at Osprey Bay there was a large range of 

sizes over which it occurred. The largest size and range for sex-change was among E. 

rivulatus taken from the N W R e e f area, although this is probably influenced by the wide 

area over which the fish were captured. The range of the male-female overlap divided by 

the maximum size can be compared between species (Shapiro 1987). In E. rivulatus the 

overlap range was between 8 and 3 4 % of maximum fork length for fish within the sites 

at Mangrove Bay and N W R e e f (Table 3). 

Sex ratios for the unfished populations within the study sites at Osprey and 

Mangrove Bays differed significantly from unity, with between 4.6 and 6.5 mature 

females present for every male. These ratios did not differ significantly between the four 

sites (Table 4). The female biased sex ratio, larger mean lengths of males, and size 

overlap range is highlighted in the size frequency distribution of £ rivulatus captured 

from Tantabiddi (Figure 4). 
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Reproductive Biology 

The gonads of male and female E. rivulatus were bi-lobed, elongate organs, joined 

posteriorly to form a short gonoduct which led to the urogenital pore. In both sexes the 

gonad was suspended from the rear of the body cavity by mesenteries and bound by a 

muscular wall and tunica. The testes and ovaries of non-reproductive E. rivulatus 

weighed less than 1 % of somatic weight and were similar in size and appearance. 

However, differences during the reproductive season were much more obvious, with the 

ovaries of ripe females weighing between 0.7 and 1 1 % of somatic weight (mean of 

3.4% ± 0.31SE), compared to an average of 0.197% (± 0.04SE) for the testes of ripe 

males. 

Internally the ovary consisted of numerous lamellae attached to the dorsal and lateral 

gonadal walls at a slightly oblique angle. Oocytes were produced and ripened within the 

lamellae (refer to Appendix A 3 for description of the oocyte maturation stages within 

the ovaries of E. rivulatus). During spawning the ovulated eggs were shed into the 

lumen, transported through an oviduct and released externally through the urogenital 

pore. Atretic oocytes (mainly late yolk globule stage) were a common feature within the 

ovaries. F e w ovaries contained post-ovulatory follicles, although when these were 

present they were quite numerous, suggesting that they are short-lived structures and 

indicative of recent spawning activity. Post-ovulatory follicles within the ovaries of E. 

rivulatus were small and comprised of a convoluted layer of light staining columnar 

cells with a large nucleus, similar in appearance to those of the northern anchovy 

(Hunter & Goldberg 1980). These cells were arranged around a narrow, folded lumen 

(Figure 5a). Assuming that post-ovulatory follicles in E. rivulatus age in a similar way 

to those of the northern anchovy, they become progressively smaller, denser and less 

convoluted with increasing age. In order to estimate timing of spawning for E. rivulatus 

the post-ovulatory follicles were classified as either "new" (spawning occurred within 

the past 24 hrs) or "old" (spawning occurred within the past 24 - 48 hrs) based on their 

appearance. In new post-ovulatory follicles the columnar cells formed a single unbroken 

layer around the lumen. In old post-ovulatory follicles the columnar cells were difficult 

to define. They no longer formed an unbroken layer and they were often separated from 

the outer connective tissue theca. 
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Histological examination of E. rivulatus showed that the ovaries of 64 (46%) of the 

mature females captured at Tantabiddi contained crypts of spermatogenic tissue in the 

spermatocyte or spermatid stage of development (Figure 5b). Six out of 32 (19%) 

juvenile female ovaries that were examined also contained scattered sperm crypts. These 

crypts tended to be aggregated together amongst the ovarian tissue and were more 

c o m m o n near the dorsal blood vessel. The number of crypts present within the 

transverse sections of the gonad was usually less than 20. However, ten of the 64 mature 

ovaries had up to 70 crypts of sperm within the gonad section, and two contained over 

160 crypts of sperm. Sinuses for the transfer of these sperm to the gonoduct for 

spawning were never present, and no other evidence was found in the gonad sections to 

suggest that these females were undergoing sex-change or reproducing as both male and 

female. One of the two females with ovaries containing more that 160 crypts of sperm 

was in spawning (F4) condition, and the other resting (F2). 

Within the testis the spermatogenic tissue tended to be more squat and lobate in 

shape than the ovarian lamellae. However, these differences were less obvious during 

the non-reproductive period when gamete reserves were low. Gonadal tissue of male E. 

rivulatus is of the acinus type (Smith 1965), with sperm forming in small crypts, and 

individual sperm within a particular crypt at the same stage of development. Sperm 

sinuses form within the walls of the testis to enable transfer of sperm. A lumen was 

present but no evidence was seen for its use in the transfer of sperm. In ripe males 

mature sperm were transferred to the peripheral sperm sinuses via sinuses within the 

testicular lobule. These intralobular sinuses developed within ripe testes through the 

rupture and joining of crypts of spermatozoa. The peripheral sperm sinuses ran 

longitudinally in the gonadal wall, uniting and passing down between the junction of the 

two lobes to form a duct that led beneath the urinal duct to the common urogenital 

opening. 

Distinctive clusters of cells were usually present within the muscle of the gonad wall 

(Figure 5c). These cells tended to be concentrated near the dorsal blood vessels and in 

some gonads appeared to be organised around a lumen. They were present within 

ovaries and testes during all reproductive states and are probably the same endocrine 

tissue described by Smith (1965), M o e (1969) and Sadovy & Colin (1995) for other 

serranid species. Melano-macrophage centres (Ferguson 1989), or yellow-brown bodies 

were also a c o m m o n feature among the gametic tissue in ovaries and testes. These are 
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repositories for the end products of cell breakdown and were most conspicuous soon 

after the reproductive season. They were also occasionally present within the ovaries of 

immature females. Parasitic nematodes (Phylometra spp.) were commonly found within 

or attached to the walls of the ovaries and testes of E. rivulatus, sometimes taking up a 

considerable portion of the gonad, causing inflammation of the surrounding tissue and a 

substantial reduction in gametic tissue. These nematodes are ovoviviparous and in some 

sections young could be seen within the parent. 

Reproductive Stages 

Given below are description of the cycles of reproductive maturation for the ovaries 

and testes of E. rivulatus. The ovarian developmental stages include modification of the 

scheme used by M o e (1969) so that spawned but still reproductive ovaries could be 

distinguished from spent ovaries. 

FI Immature Female. Macroscopically the ovary was small, rounded in cross-section 

and a translucent, pale rosy-pink. Microscopic examination showed that the lamellae 

were narrow and in fairly orderly rows. They were packed with previtellogenic oocytes. 

Blood vessels were small, there was little stroma or connective tissue and the gonad 

wall was thin and close fitting. Occasionally small yellow-brown bodies and atretic 

oocytes were also present amongst the oocytes. 

F2 Mature Resting Female (Figure 6a). Ovaries were longer and more angular than the 

FI stage and an opaque, pale pink colour. Yellow-brown bodies were often visible 

through the gonad wall. Lamellae within the ovaries of females that had only recently 

finished spawning were long, narrow and misshapen, and the tunica thin, loose and 

convoluted. Oocyte stocks were low and relatively few previtellogenic oocytes or 

oogonia lined the periphery of the lamellae, which were mainly filled with loose stroma 

and vascular tissue, large muscular blood vessels, and yellow-brown bodies. As time 

since final spawning increased the gonad wall became progressively thicker and tighter 

fitting as it contracted back to the resting state. Between February and April there was 

no sign of reproductive activity and there was a reduction in the amount of vascular 

tissue within the lamellae as the number of previtellogenic oocytes increased. The 

muscular blood vessels and yellow-brown bodies became reduced in size such that there 

were few signs in the ovary of F2 females to distinguish them from immature females. 
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As the reproductive period approached the occasional cortical alveoli stage oocyte 

appeared amongst the previtellogenic oocytes. 

F3 Ripe Female (Figure 6b). The onset of reproductive activity was marked by the 

maturation of oocytes into the early yolk globule stage of development. The growth of 

this batch of oocytes, and of another into the cortical alveoli stage, caused the lamellae 

to expand and fill the lumen. Previtellogenic oocytes and stroma were still numerous 

although the tunica became thinner as the ovary began to enlarge. In fully ripe females 

the ovary was expanded, round and firm. Colour was a pale apricot with an opaque, 

granular appearance. The dorsal blood vessel and its numerous branching vessels were 

usually prominent. Lamellae were large and filled with late yolk globule stage oocytes, 

with few other structures evident. The lumen was reduced and the gonad wall stretched 

thin. 

F4 Spawning Female (Figure 7a). In running ripe females the ovary reached its 

maximum length and diameter, and was a semi-translucent, pale apricot colour. If 

spawning had not occurred but was imminent then the lamellae were dominated by late 

yolk globule and ripe (migratory nucleus or hydrated) stage oocytes. If spawning had 

occurred then post-ovulatory follicles were present and the oocytes were less densely 

packed. The presence of post-ovulatory follicles and ripe oocytes together within the 

ovary of a particular female (Figure 7b; n = 19 (17% of ripe females)) shows that 

females may spawn at least twice over two or three consecutive days. However, the 

short duration of each spawning period (a few days of each month during the 

reproductive season; Chapter 3) may preclude more than three spawns before spawning 

is finished. The variable proportion of F4 females within the samples indicates that E. 

rivulatus do not spawn consistently throughout the reproductive period and only a 

certain proportion of females spawn at a particular time. This proportion varied from 

approximately 1 5 % to almost 9 0 % in samples containing at least eight mature females. 

F5 Spent Female (Figure 8a). At the end of the reproductive season the ovary was 

reduced in size, flaccid, and often bloody in appearance. Lamellae were misshapen and 

kinked. Internally they were disorganised with loose stroma and few previtellogenic 

oocytes. If many unspawned stage 4 oocytes still remained, then the female was only 

classed as F5 if 5 0 % or more of these were atretic. Otherwise the fish was classed F3 

(Hunter & Macewicz (1985) found that the probability of spawning in anchovy was very 
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low when more than 5 0 % of the advanced oocytes were atretic). Inflows of vascular 

tissue (leucocytes) were often found within the lamellae as the clean-up of unspawned 

oocytes and other debris of spawning occurred. 

T Transitional (Figure 8b). The sole transitional fish was captured in late April from 

N W R e e f and frozen after capture. The gonad was non-reproductive, small and compact 

in cross-section. It had a thick, muscular tunica and the lamellae were narrow and tightly 

packed. Muscular blood vessels, yellow-brown bodies and connective tissue filled the 

central portions of the lamellae and were evidence of change occurring within the 

gonad. Outer regions of the lamellae contained numerous previtellogenic oocytes and 

crypts of spermatogenic tissue. Many of the crypts contained spermatocytes although 

crypts of spermatids were also common and indicative of rapid proliferation of the male 

tissue. Most of the previtellogenic oocytes appeared intact and viable, although many 

showed the effects of freezing and had a granular cytoplasm. The remaining oocytes 

were atretic, with fragmented cytoplasm and ruptured follicular layer. The tunica 

showed signs of splitting although no peripheral or intralobular sperm sinuses could be 

distinguished. 

Ml Immature Male (Figure 9a). Two immature males were captured. Both had testes 

that were small in cross-section with a thick tunica. Blood vessels were common within 

the gonad wall and the lamellae were long, narrow and misshapen, resembling the 

lamellae of F2 females. Peripheral sperm ducts were small and filled with spermatozoa. 

Central areas of the lamellae contained connective tissue, vascular tissue and yellow-

brown bodies whilst outer regions were stocked with numerous crypts of spermatogenic 

tissue in all stages of development from spermatocytes to spermatozoa. Previtellogenic 

oocytes were also c o m m o n among the sperm crypts, with more than 300 vestigial 

oocytes in the transverse section of the testes of both males. In comparison, twelve other 

mature males were also found with vestigial previtellogenic oocytes in their testes, 

although only two of these had more than 100 oocytes within the transverse section. 

M2 Mature Resting Male (Figure 9b). Testes were small, straplike and quite angular in 

cross-section. The gonad wall was relatively thin and loose after spawning but soon 

contracted and became thick and tighter fitting. Peripheral sperm sinuses may still 

contain sperm but were much reduced in size. Testicular lobes were relatively small and 

well separated from each other. They varied in shape, some lobes appearing elongate 
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and narrow, others short and squat. Gametic tissue in the early stages of 

spermatogenesis dominated and connective tissue formed thick bands in some inner 

regions. Yellow-brown bodies were large and numerous, and the intralobular sperm 

sinuses contained sperm but were reduced in size and disjunct. Muscular blood vessels 

were conspicuous in the gonad wall. 

M3 Ripening Male. Testes were whiter and longer than M2 males although still 

relatively small with a thick tunica. Lobes were dominated by later stages of 

spermatogenesis with most crypts containing spermatocytes and spermatids. Intralobular 

and peripheral sperm sinuses were beginning to fill with spermatozoa. Connective tissue 

was also conspicuous within the lobes. This was a brief stage, with few males classified 

as such. 

M4 Ripe Male (Figure 9c). Testes were large and white and may release milt when 

squeezed. The tunica was stretched thin by the expanded testicular lobes and the lumen 

was small. Spermatocytes and spermatogonia were common early, but became confined 

to peripheral regions of the lobes as spermiogenesis proceeded. During early M 4 the 

intralobular sinuses were narrow and followed a complex pathway through the centre of 

the lobe. As more crypts of spermatids ruptured and released their contents the 

intralobular sinuses became wider and dominated the lobe. These drained into the large 

peripheral sinuses which were full of sperm. Yellow-brown bodies and connective tissue 

were inconspicuous. 

M5 Spawned Male. As the reproductive period progressed the tunica became looser and 

the lobes more flaccid and folded. Empty spaces appeared within the lobes as the 

reserves of spermatic tissue were used up, and the peripheral sperm sinuses contained 

variable amounts of sperm. In males which had recently completed spawning for the 

season the testis was small with a loose, convoluted tunica. The testicular lobes were 

reduced in size, containing few crypts of spermatocytes, numerous spermatogonia and 

reduced intralobular sinuses which still contained sperm. Thick bands of connective 

tissue filled some areas. Large yellow-brown bodies were conspicuous within the centre 

of the lobes, as were blood vessels within the gonad wall. 
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Reproductive Season 

Early signs of reproductive activity by some females began in M a y with the appearance 

of late previtellogenic oocytes (cortical alveoli stage) within their ovaries. Although 

samples for June were not obtained it is likely that the ovaries of many females ripened 

noticeably during this month, and whilst few ovaries sampled during July contained a 

fully mature (late yolk globule stage) batch of oocytes, nine percent of the females taken 

during this month showed signs of recent or imminent spawning (Figure 10a). By 

August most females in the samples were ripe, and from this month through to 

December the peak of reproductive activity and spawning occurred. By December the 

larger females had depleted reserves of vitellogenic oocytes in their ovaries and a few 

had finished for the season and were inactive. The January samples consisted mainly of 

resting females as well as a few spent individuals that had recently finished spawning 

for the season, and the February samples consisted solely of resting females. 

The duration of reproductive activity spanned the time of coolest seasonal water 

temperature (Figure 10b). At the start of the reproductive season in June the water 

temperature averaged 23° C and was dropping. Lowest water temperatures were 

recorded during August (21° C), and by December when the reproductive season was 

finishing, temperatures had climbed to 24.5° C. The warmest water temperature was 

28.8° C, recorded during March when E. rivulatus were non-reproductive. Annual 

changes in length of day preceded the water temperature cycle, and reproductive activity 

of E. rivulatus began when daylight hours were at their lowest (average 10.1 hrs) and 

starting to increase. The reproductive season continued until the length of daylight 

peaked in December with an average of 14.2 hrs. N o reproduction occurred throughout 

the downward slope of the daylight cycle. 

Annual changes in the gonadosomatic index confirm the reproductive season 

described by the histological data, and indicate that spawning peaked between 

September and December (Figure 10c). The GSI was not homogenous between months 

(Kruskal-Wallis A N O V A ; H(9,n=i4i)= 95.668, P = 0.0000), with gonad weight (relative 

to body weight) increasing in July and peaking in September. Since E. rivulatus may 

mature batches of oocytes on a monthly cycle throughout the reproductive season 

(Chapter 3), the GSI data indicates that the production of oocytes was higher than the 

loss rate through spawning until September. After this month there may have been no 
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more production of oocytes, resulting in a rapid decrease in ovary weight as spawning 

continued and the ovaries became depleted of gamete reserves. The high variability in 

GSI values of females captured between August and December may be due to 

differences between individuals in the time since last spawning. By January mean ovary 

weight had declined and was similar to that of resting females. From February to M a y 

the GSI remained low with little variation between females as the ovaries remained 

inactive. 

Discussion 

Protogynous Hermaphroditism 

Although only one transitional fish was captured during the study, the population 

structure and gonad morphology of E. rivulatus provide strong evidence that this species 

is a protogynous hermaphrodite. For instance, the female biased sex ratio and 

significantly larger body size of male fish are typical of protogynous species (Sadovy & 

Shapiro 1987). In such species, large males can gain extraordinarily high reproductive 

success by defending and mating with a group of females. In contrast, smaller 

individuals are less capable of maintaining a harem and hence should gain optimal 

reproductive success as a female (Warner et al. 1975, Nemtzov 1985, Warner 1988). 

However, a female biased sex ratio and larger male size can also be a result of other 

mechanisms such as differential mortality rates or habitat preferences between the sexes 

and hence do not provide unequivocal proof of hermaphroditism by themselves (Sadovy 

& Shapiro 1987). 

More reliable evidence of protogyny is provided by the structure of the testis. In E. 

rivulatus the presence of a lumen that is not used in the transport of sperm, the lamella

like form of the testicular tissue, and the common occurrence of previtellogenic oocytes 

in the male gonad are all indicative of prior ovarian function (Sadovy & Shapiro 1987). 

However, such evidence is also found in Epinephelus striatus which may undergo 

prematurational sex-change and is therefore functionally gonochoristic (Sadovy & Colin 

1995). N o E. rivulatus had functional male and female gametic tissue together within 

the gonad though, and all juvenile gonads examined were ovarian, leaving little doubt 

that this species is functionally a protogynous hermaphrodite. The c o m m o n occurrence 
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of non-functional sperm crypts within the female ovaries also suggest that females are 

primed to change sex if the correct cues are provided, and the low frequency of 

transitional individuals and immature males (recent sex-changers) suggest that the 

process of changing sex is rapid. 

Sex-change in smaller hermaphroditic species offish is thought to be controlled by 

social cues such as the aggressiveness of more dominant individuals or changes in either 

the sex or size ratios within a social group (Robertson 1972, Shapiro & Lubbock 1980, 

Ross 1990, Lutnesky 1994). However the mechanisms controlling sex-change in the 

epinepheline serranids have not yet been elucidated (Shapiro 1987, Coleman et al. 

1996), although the influence of exogenous cues are indicated in species such as 

Plectropomus maculatus (Ferreira 1993) and P. leopardus (Samoilys & Squire 1994) 

because of the wide range of lengths and ages at which individuals change sex. 

Substantial variation in the estimated median size and the range of sizes over which sex-

change occurred was evident also in E. rivulatus. This is expected in typical sampling 

schemes where individuals are captured over a relatively large area from populations 

experiencing different social and environmental conditions (e.g. North West Reef). 

However, even the data obtained from the population within Osprey Bay exhibited a 

wide variation in the estimated size at sex-change and range of sizes over which sex-

change can occur, particularly when compared with the populations within Mangrove 

Bay. This disparity is most likely a reflection of the differing social and environmental 

conditions that were evident between the locations. For instance, at Osprey Bay where 

the habitat was heterogenous and competition for space along the reef slope was strong, 

there were considerable size differences between male and female E. rivulatus 

occupying the slope and the adjacent reef flat (Chapter 3). As a result there was also 

considerable variation in the range of sizes over which sex-change occurred. In contrast, 

there was little variation in the size at sex-change of E. rivulatus within Mangrove Bay 

where the habitat was uniformly flat and featureless, and the fish were less likely to be 

distributed according to size and competitive advantage. Despite this variability between 

sites, the range of sizes over which sex-change occurs in E. rivulatus is relatively low 

compared to other protogynous serranid species (size ranges of sex change for ten 

species varied between 15 and 6 2 % of maximum length; median = 4 2 % , Shapiro 1987). 

This may be a general rule for smaller species according to the data presented by 

Shapiro (1987), perhaps because they live in stable, site-attached social groups in which 

the timing of sex-change is finely tuned to changes in the social environment. In 
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contrast, individuals of the larger species tend to be more solitary throughout much of 

the year except when they form short-lived annual breeding aggregations, and as a 

consequence the timing of sex-change may not always be optimal. 

Annual Reproductive Cycle 

Serranids tend to spawn from early spring to early summer and be reproductively active 

over 1 - 5 months (Thresher 1984, Shapiro 1987). The late winter start and five month 

duration of the E. rivulatus reproductive period is therefore both early and long for a 

serranid. In addition, the range of water temperatures in which E. rivulatus reproduce 

(21 - 24.5° C) is relatively cool compared to other Australian serranids such as 

Cephalopholis cyanostigma (28 - 29.5° C) and Plectropomus leopardus (24.2 - 28.5° C) 

from the central Great Barrier Reef (Mackie 1993, Samoilys 1997). Whilst there was no 

clear correlation between water temperature and spawning in E. rivulatus, the start and 

finish of the reproductive season and the trough and peak of the annual cycle of 

daylength may explain better the reproductive cycle of E. rivulatus. Colin (1992) also 

recorded that the initial spawning aggregation for E. striatus occurred around the 

shortest day of the year. Little correlation has been found between length of day and 

spawning season in other epinephelines though (Thresher 1984, Shapiro 1987, Tucker et 

al. 1993), and given that environmental factors such as temperature and photoperiod 

vary less in tropical than temperate waters, the influence of the environment on 

reproduction is likely to be more complex in fish species inhabiting tropical waters 

(Lam & Munro 1987). 

Management Concerns 

High air temperatures, strong winds and the threat of cyclones during spring and 

summer (September through to March) limit fishing activity at Ningaloo Reef during 

much of the E. rivulatus reproductive season. Through this time only minimal impact on 

the reproductive output of spawning populations would thus be expected. Of concern 

though, is the heavier fishing pressure at other times of year, especially from June to 

August when the reproductive period of E. rivulatus has commenced and the loss of 

spawning partners and disruption to the social environment by fishing activities may 

adversely affect reproductive output over the rest of the spawning period. This is 

particularly so in species such as E. rivulatus which reproduce in or near their normal 

living area (Chapter 3) and spawning partners may only be replaced by immigration or 
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recruitment. The relatively high removal of males because of their larger size and 

dominance in attacking a bait (pers. obs.) may have the biggest impact, since their 

replacement requires the immigration of nearby males or sex-change by females. Under 

light fishing pressure the replacement of males by either of these methods can happen 

relatively quickly in E. rivulatus (Chapter 6) and may cause relatively little disruption to 

the social environment. However, if fishing pressure is heavy or prolonged the impact 

on the populations and their reproductive output are likely to be considerably more 

severe and long term. 
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Table 2. Results of (a) a 2-way, fixed effects analysis of variance comparing the mean 

lengths of male and female E. rivulatus at Tantabiddi, Osprey Bay, Mangrove Bay, and 
NWReef. (b) A posthoc comparison of means between location and sex (Tukey H S D for 
unequal sample sizes). Analysis made on untransformed data. F, female. M , male. 

(a) 
Source df M S F P 
Location (L) 

Sex (S) 

SxL 
error 

3 
1 
3 

631 

20571.0 
232299.6 

12189.1 
895.8 

23.0 
259.3 
13.6 

0.0000 
0.0000 
0.0000 

(b) 

Tantabiddi 

NWReef 

Osprey Bay 

Mangrove 
Bay 

F 
M 

F 

M 

F 
M 

F 

M 

Tantabiddi 
F M 

*** 

*** 

*** 

*** 

*** 

*** 

ns 

ns 
*** 

ns 
*** 

** 

NWReef 
F M 

ns 

ns 

*** 

ns 
*** 

* 

Osprey Bay 
F M 

*** 

ns *** 

Mangrove Bay 
F M 

*** 

Table 3. Median values of the size range in which mature male and female E. rivulatus 

overlapped. Data taken from fish captured at various locations along Ningaloo Reef and 
are used to estimate the size at sex change. Also shown is overlap as a percentage of the 
maximum size of E. rivulatus in each population, and the results of a Kruskal- Wallis 
median test to compare median values among locations. FL, fork length in millimetres. 

sample size 
median FL (mm) 

overlap range 

Tantabiddi NWReef Mangrove Mangrove Osprey 
Site 1 Site 2 Site 2 

median test 

64 

298.0 
277-324 

% of max. FL (mm) 13 

57 
315.0 

221-350 

34 

Chi-square = 56.41376 

10 
278.0 

264-290 

8 

26 
263.5 

252-277 

8 

89 
285.0 
256-
341 
24 

df=4 P = 0.0000 

Table 4. Sex ratios ofE. rivulatus within the study sites at Mangrove and Osprey Bays. 

Also shown are the results of a Chi-square goodness of fit (GOF) test to analyse 

deviation of the sex ratios from unity, and a homogeneity test to compare the sex ratios 

between sites. M , male. M F , mature female. 

Mangrove Site 1 Mangrove Site 2 Osprey Site 1 Osprey Site 2 

number (M:MF) 

ratio (M:MF) 

GOF 
homogeneity 

11:69 

1:6.3 

31:143 

1:4.6 

5:30 

1:6.0 

32:201 

1:6.5 

Chi-square = 254.63 P < 0.001 

Chi-square = 1.47 0.5 < P < 0.75 
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Figure 1. Location of the sites used in the study of the biology and ecology of Epinephelus 
rivulatus at Ningaloo Reef, Western Australia. 
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Figure 2. Maturity curve showing the proportion of mature females within the samples 
of female E. rivulatus from Tantabiddi. Also shown is a logistic curve fitted to the data 
and sample sizes. Size class intervals are 20 m m . 
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Figure 4. Size frequency distribution of E. rivulatus captured at Tantabiddi. Sexual status 
of individuals was determined from the histological analysis of gonads. Measurements are 
of fork length and size class intervals are 20 mm. 
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Figure 5. Transverse sections ofE. rivulatus gonads showing (a), a post-ovulatory follicle 
within the ovary of a mature female. Designated age of the follicle was >24 hrs ('old'), (b) 
Crypts of spermatocytes within the ovary of a mature female, (c) Putative endocrine tissue 
within the testis of a mature male. Scale bar in each photograph = 30 urn DBV, dorsal blood 
vessel. pET, putative endocrine tissue. POF, post-ovulatory follicle. PS, perinucleolus stage 
oocyte S C , sperm- at ocytes. ST, spermatids. Y G S , yolk globule stage oocyte. 

Figure 6. Transverse sections ofE. rivulatus gonads showing (a), general structure of the 
ovary of a mature, non-reproductive female. Scale bar=500 um. (b) Detail of the ovary of a 
ripe female E. rivulatus showing early and late yolk globule stage and perinucleolus stage 
oocytes. Scale bar=50 um. La, lamellae. Lu, lumen. PS, perinucleolus stage oocyte. T, 

tunica. Y G S , yolk globule stage oocyte. 
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**r u ŝara* vjK^+^nyW^Zt^ POF 
Figure 7. Transverse sections of the ovaries of mature, spawning female E. rivulatus showing 
(a), general structure just prior to spawning. The ovary is dominated by yolk globule stage and 
hydrated oocytes. Scale bar = 500 um. (b) Detail showing post-ovulatory follicles and a 
migratory stage oocyte in the ovary of a female that had recently spawned and was soon going 
to do so again when captured. Scale bar =100 um. Hy, hydrated oocyte. M N , oocyte with 
migratory nucleus. POF, post-ovulatory follicle. Y G S , yolk globule stage oocyte. 

Figure 8. Transverse sections of (a), the ovary of a spent, mature female E. rivulatus, in 
which oocyte stocks are low and most vitellogenic oocytes are being resorbed. Scale bar= 
100 um. (b) The gonad of the sole transitional E. rivulatus captured within the reproductive 
samples showing numerous crypts of spermatic tissue and some atretic previtellogenic 
oocytes. Note that the gonad of this fish had been frozen before processing which has affected 
the appearance of some oocytes. Scale bar=60 um. A P S , atretic perinucleolus stage oocyte. 
A V O , atretic vitellogenic oocyte. C T , connective tissue. PS, perinucleolus stage oocyte. SC, 
spermatocytes. Y G S , yolk globule stage oocyte. 
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(b) 

mmmt 
(C) 

Figure 9. Transverse sections of male E. rivulatus gonads showing (a), the general structure 
of an immature male testis. Scale bar = 700 um. (b) Detail of the same immature testis show
ing vestigial perinucleolus stage oocytes among the developing crypts of spermatic tissue and 
recently formed peripheral sperm sinus. Scale bar=30 um. (c) General structure of the testis 
of a mature, ripe male showing the lobular structure of the gametic tissue. Scale bar = 800 um. 
La, lamellae. Lu, lumen. PS, perinucleolus stage oocyte. SC, spermatocytes. SS, sperm sinus. 
ST, sperm tissue. T, tunica. 
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Figure 10. Seasonal cycles of female E. rivulatus reproductive activity and 
environmental parameters at Ningaloo Reef. Reproductive data obtained during 1994 

and 1995 were pooled to increase sample sizes, which are indicated by the numbers 

within the bars or above the standard error bars. 
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Chapter Three 
Reproductive Behaviour and Mating System 

Abstract 

The chinaman cod, Epinephelus rivulatus, is abundant within the waters of Ningaloo 

Reef, central Western Australia. The behaviours associated with spawning in this 
th 

species were described from field observations on select individuals (18 August to 

23th September, 1996). These E. rivulatus had a short, intense period of reproductive 

activity over six consecutive evenings when spawning took place after sunset. Males 

were particularly aggressive towards each other during this time and females exhibited 

choice of spawning site. The males maintained high levels of activity among the gravid 

females that rested within their territories, and spawning occurred when a male moved 

in alongside a female and the pair rose in a tight spiral into the water column. Whilst 

spawning occurred in synchrony with the full moon during the month of observations, 

previous histological data indicated that this is not always the case. Spawning activity 

was followed by a longer non-reproductive period (ca 20 d) with fewer interactions 

amongst the observed E. rivulatus as they replenished their gamete reserves for further 

spawning. Males defended territories from each other whereas females had overlapping 

home ranges and sometimes moved between the territories of neighbouring males. 

Within each male's territory only the largest one or two females interacted frequently 

with the male and were never observed to move into the territory of a neighbouring 

male. Histological and behavioural evidence suggests that this cycle of spawning and 

replenishment may occur on a monthly basis. The mating system of E. rivulatus within 

the study site was probably based on defence by the males of preferred spawning sites, 

and the precise timing of spawning appeared to be controlled by the females. 
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Introduction 

The management of fisheries requires knowledge of the exploited fish's biology. A n 

understanding of the reproductive biology is particularly important and provides 

information on the population growth potential and susceptibility of a species to over 

exploitation (Garrod & Horwood 1984). A useful adjunct to biological data are direct 

observations offish in their natural habitat, which may provide unique information on 

the interactions between fish and their environment, and between fish and their 

competitors, mates, predators and prey. This knowledge can be invaluable in the 

interpretation of biological data, and allows more ecologically sound management 

decisions to be made. 

However, behavioural observations are often logistically difficult and expensive. 

This is particularly so for larger species of exploited fishes such as the groupers 

(Serranidae: Epinephelinae), which are often sparsely distributed during non-

reproductive periods, are too mobile, or live too deep for detailed observations to be 

made (Colin 1992, Gilmore & Jones 1992). In contrast, many of the smaller serranid 

species have lifestyles more suitable for observation by divers because they may be 

found in relatively high densities in more accessible locations, and are more site-

attached than the larger serranid species (Donaldson 1989, Mackie 1993, Shpigel & 

Fishelson 1989, 1991). Detailed observations of the social and mating systems and 

behaviours of these smaller serranids can thus be made, allowing a better understanding 

of their ecology and response to fishing activities. 

The chinaman cod (Epinephelus rivulatus) typifies the smaller serranids in forming 

relatively dense, stable social groups (Chapter 5). It is also abundant within the shallow 

and easily accessible lagoon of Ningaloo Reef, Western Australia, and a c o m m o n catch 

in the Ningaloo Reef recreational fishery (Nowara 1997). A recent study of the 

reproductive biology of this species showed that E. rivulatus are protogynous 

hermaphrodites (individuals reproduce as females before changing sex to reproduce as 

males) and are reproductively active from July through to December (Chapter 2). 

The purpose of the study described here was to examine the reproductive behaviours 

of E. rivulatus. Specific aims were to determine the duration and timing of spawning of 

E. rivulatus relative to the lunar cycle and time of day, to describe the behaviours and 
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interactions of spawning and non-spawning E. rivulatus, and to elucidate the nature of 

the E. rivulatus mating system. 

Materials And Methods 

Study Site 

Ningaloo Reef is the largest fringing reef in Australia, enclosing a shallow lagoon which 

varies in width from 200 m to over 6 km. Within this lagoon, E. rivulatus is the most 

common serranid species, being abundant over sand and limestone substrata with high 

algal cover, but rare in coral rich habitats (Ayling & Ayling 1987, personal 

observations). Ningaloo Reef has been protected for its high conservation value since 

1987 when the Ningaloo Marine Park was created. Recreational fishing is permitted in 

the Park apart from certain areas (Sanctuary Zones) within which fishing is prohibited. 

The present study was conducted in one of these Sanctuary Zones at Osprey Bay 

(Latitude 22° 14' S, Longitude 113° 50' E). The study site was located along a reef slope 

that abutted a sand channel and extended upwards at angles between the vertical and 

45°. Tidal currents flowed predominantly southwards through the channel, with water 

depths varying from 6 m in the channel to 2 m at the top of the reef slope (Figure 1). 

The reef slope supported an abundance of marine life and E. rivulatus were larger in 

size and more numerous along the slope than on the adjacent reef flat (Chapter 5). The 

reef was comprised of an eroded limestone base covered by sand and algae. In many 

areas the limestone was exposed and provided numerous small ledges and caves for 

shelter. Coral colonies (mainly Acropora and Pocillopora spp.) were present but these 

were usually small and scattered. Refer to Appendix 2 for complete description of the 

study sites. 

Behaviours Associated With Spawning 

Description of the behaviours associated with spawning in E. rivulatus were obtained 

from a series of S C U B A dives made at sunset between 23 August and 18 September, 

1996. Prior to these observations, 24 large female and 8 male E. rivulatus within the 

behavioural observation area were captured by snorkel divers using baited hook and 

line, sexed by cannulation and double tagged with a specific tagging code so that 

individuals could be identified during the subsequent observations. Cannulation 
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involved the insertion of a polyethylene tube (outside diameter 0.96 m m ) into the 

gonoduct, and withdrawal of a gamete sample by suction. T-bar anchor tags were 

secured into the muscle below the dorsal fin, in one of three positions on either side of 

the body. Each fish was then released at the precise location of capture. E. rivulatus 

usually recover quickly after being tagged and cannulated, and will readily take a bait on 

the following day. Thus the evening observation study was begun on the second evening 

following the tagging exercise. 

Two males were chosen as focal individuals and observed by divers who recorded the 

time and type of behaviour they exhibited, and the identity, sex and behaviour of 

conspecifics with which they interacted. The behaviours and interactions were 

categorised using pre-defined definitions (Table 1), and each observation period began 

approximately half an hour before sunset and ran for one hour (the time of sunset 

progressed from 1754 to 1810 hrs during the course of the study). The two focal males 

were reasonably large, had neighbouring territories (Figure 1), and were identified as 

males 1 (334 m m fork length) and 2 (339 m m fork length). The observed E. rivulatus 

habituated well to the presence of the divers and appeared to return to normal behaviour 

after the first evening of observation. N o behavioural observations were made within the 

study site at other times of day since no spawning activity had previously been recorded 

between early morning and late afternoon during several hundred hours of home range 

and behavioural observations (Chapter 5 and unpublished data). 

Video recordings of E. rivulatus inhabiting a nearby section of the reef slope were 

also made each evening by a third diver. There was a relatively high concentration of 

male and female E. rivulatus in this area, and special attention was given to the 

activities of a particularly large male (male 3; 381 m m fork length). From these 

recordings a detailed examination and description of the behaviours and interactions of 

E. rivulatus was subsequently made. O n completion of the observation study the 

territory size of the three focal males were estimated by measuring the perimeter of their 

defended territories and calculating the area these enclosed. 

In addition to the evening observations, approximately six medium to large mature 

females were captured every third day for histological examination of their gonads (n = 

53). These fish were taken from various locations between 0.4 and 5 k m from the 

observation area, so that the information gained from them may be directly relevant to 
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the observation study whilst having no likely influence on the behaviours of the studied 

fish. The purpose of these samples was to compare maturity cycles of the ovary with 

behavioural cycles over the observation period. Refer to Chapter 2 for methods used in 

the preparation and analysis of these gonads. 

Table 1. Description of the behaviours recorded during observations of male E. 
rivulatus at Ningaloo Reef. 

Behaviour 

Resting 

Swimming 

Bully 

Standoff 

Description 

Remaining within a half metre diameter circle on the substratum. 

Includes small changes in body position. M a y lie next to a conspecific if 
female and if no response is made (otherwise is considered an interactive 

behaviour as described below). 

Movement through the water. M a y be fast or slow and towards another 
fish, but does not include movement that elicits a response from a 

conspecific. 

Interpreted as an aggressive show of dominance by the male towards a 
female, this behaviour usually consisted of a short (ca 2 m ) , medium to 
fast chase with the male directly behind the female. The swim was often 
in a half circle as the female evaded the male. N o body contact was 
usually made, and neither fish appeared very stressed or alarmed after 
the behaviour. Varied from a 'light' bully in which the male showed less 

aggression and little change to body posture (may display 'pale-tail 
colouration'), to a 'heavy' bully, in which the male flared his gills out, 
had erect dorsal fin and outstretched pelvic and pectoral fins, distinct 
pale-tail colouration, and chased the female in a rapid, stiff and 

aggressive manner. 
A territorial ritual between two fish of similar sex (most notably between 
males) that rarely resulted in physical aggression. Intensity, duration and 
frequency varied, both between opponents and over time, with 
reproductive status an important determinant of how aggressive each 
male was. At peak spawning times standoffs were particularly intense 
and more frequently resulted in a fight, however, during non-
reproductive times the standoffs were less common and apparently 
perfunctory. One or both males would move towards the opponent in a 
slow, exaggerated swimming action, body angled so that the dorsal fin 

was towards the other fish. If the other male responded, they came 
together, perched on their pectoral fins, operculum to operculum and 

only millimetres apart. Colouration of both fish was barred. The males 
would then jostle, moving back a few centimetres and then lunging 
forward again, with the opposite opercula facing. During less intense 
confrontations the two fish appeared to be pushing each other, however 
when the fish were particularly aggressive they appeared to be ramming. 

One fish would break off and move with an exaggerated action in front 

of the other, the erect dorsal fin was towards the opponent. This 
behaviour appeared to be a display of size. The contest would continue 
for a variable amount of time, both males pushing and displaying, until 
one or both would move away (or a fight erupted). It was often not clear 

whether there was a winner or loser in these disputes. 
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Fight 

Chase 

Swimover 

Table 1 continued... 

A n extreme and rare act of aggression between two individuals of the 
same sex (usually male), and often the culmination of a standoff during 
peak reproductive activity. Fights were usually brief and violent, with 

the two fish swirling around each other, dorsal fins erect, in a blur of 
activity that kicked up a cloud of sand and sometimes resulted in torn 
fins and other injuries. If one individual managed to bite the other and 
maintain a hold the two fish may remain motionless for a time in this 
position. Colouration was generally barred. 

Fast movement by one fish after another. Usually between individuals of 
the same sex and associated with defence of territory, with the intruder 
fleeing the aggressive advances of the territory holder. More often seen 

between females than between males. Colouration was generally barred. 

A short burst of speed made by a male over the top or close alongside a 
resting female. Tail motion was exaggerated and the male often swam 
with his body at an angle from the vertical. 

Table 2. Total number of times certain interactions were observed between each focal 
male and the females within his territory. The interactions included: (1) male observed 
resting nearby a resting female (within 0.5 m ) , (2) male observed bullying a female, and 
(3) male observed resting when a female approached and swam nearby his position 
(within 0.5 m ) . The females were identified as dominant, large (> 250 m m fork length) 
or small (< 250 m m fork length). The dominant females were large in size and had more 
interactions with the male than did other females. Within the territory of male 1 there 
were two dominant females, whilst within the territory of male 2 there was one 
dominant female. Data obtained throughout the study (23rd August to 18th September) is 
pooled, with data obtained during the reproductive period (approximately from the 27th 

August to the 1st September) shown in brackets alongside the data obtained during the 
non-reproductive period. Note that data on approaches by females towards a resting 
male were only available for the non-reproductive period (from 3rd September to the end 
of the study). 

Malel 

Resting nearby female 

Bullying female 

Approached by female 

Dominant Female 

21(3) 

11(0) 

23 

Large Female 

14(5) 

3(0) 
10 

Small Female 

2(1) 

2(0) 

13 

Male 2 

Resting nearby female 
Bullying female 

Approached by female 

27(7) 
14(1) 

16 

9(13) 

15(9) 
3 

3(4) 

6(0) 
8 
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Results 

The evening observation study began 23 August 1996, one day after the first quarter of 

the moon and nine days since the previous new moon (age of the moon was thus 9 d). 

Full moon was 28 August (age of moon = 14 d), the last quarter 4 September (moon = 

21 d), and new moon 12 September (moon = 29 d). The evening observation period 

ended 18 September, three days short of a full lunar cycle, and two days before the next 

first quarter. 

Behaviour Of Males During The Spawning Period 

Swimming activity of the males was generally on the increase when the observation 

period began (23 August) and peaked for males 1 and 2 on the evening of the full moon. 

O n this evening the two focal males spent over 5 0 % of their time swimming at a rapid 

pace between vantage points (Figure 2a), where they would rest briefly, perched on their 

pectoral fins with strong pale-tail colouration (described below) and an alert appearance. 

Sometimes during their swims the males would alter course and speed up over a female 

that lay motionless and often difficult to detect upon the bottom (defined as a swimover; 

Table 1. Also refer to Table 1 for definitions of swimming and resting behaviour). 

The number of times that males made these swimovers peaked on the night of the full 

moon (Figures 2b). Male 2 was particularly active in this behaviour, swimming over as 

many as seven females in quick succession. Approximately ten females were grouped 

near position B at the base of the reef in the territory of this male (Figure 1), with 

several more at positions A and C. These females had very distended abdomens and 

were clearly ready to spawn (Figure 3), and although male 2 had conflict with other 

males he showed far more interest in the females (as indicated by the number of 

swimovers of females compared to standoffs with other males; Figure 2). Many of these 

females were untagged and had not previously been seen within the territory of male 2, 

which contained between three and six resident females during inactive times of the 

month. Whilst the origins of these immigrant females was unclear, it is assumed that 

most came from nearby areas of the reef flat, where E. rivulatus (generally smaller and 

more dispersed) were also found. N o spawning activity or build up offish was noted 

over the reef flat during the observation study. Male 1 made far fewer swimovers than 

male 2 during the short reproductive period but was more active in this behaviour at 

other times of the month (Figure 2b). The territory of male 1 contained about nine to 
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eleven resident females, with only two or three females moving in during the 

reproductive period. Swimovers by both focal males were mainly directed at the larger 

females and rarely at smaller females (Table 2.). 

Activity levels of male 3 peaked one day before the full moon and the peak of 

activity shown by males 1 and 2. Male 3 was bigger than other males in the area and 

dominated in territorial standoffs (Table 1, Figure 4) with neighbouring males. 

Compared to neighbouring males, male 3 also had the earliest and largest build up of 

females within his territory, which measured 61 m 2 and contained six to eight females 

during non-reproductive times of the month. In contrast, approximately sixteen to 

eighteen females were present within the territory of male 3 on the evening before the 

full moon. Most of these lay scattered amongst the algae and limestone lumps that 

spread out onto the sand channel (Figure 1) whilst several others rested on the reef 

slope. It was also on the evening prior to the full moon that male 3 was observed 

spawning separately with two females (described below). Both spawning events 

occurred within two metres of the observation position (in the channel amongst the 

limestone and algae), in quick succession at 1825 and 1827 hrs (29 and 31 minutes after 

sunset). N o more spawning was observed before the dive was completed at 1837 hrs 

although E. rivulatus were still active in the dim light. 

On the following night (full moon) male 3 remained active, swimming around his 

territory and stopping frequently for short periods of time. There were three other males 

that male 3 shared territorial borders with, and standoffs frequently occurred between 

them. Male 3 was observed fighting (Table 1) with the largest of these males (ca 350 

m m fork length) and chased off (Table 1) a smaller male who intruded into his territory. 

Torchlight showed that after dark there was ongoing activity among the males, and the 

females were still appeared alert and watchful when the dive ended at 1840hrs (43 

minutes after sunset). 

On the evening following the full moon male 3 was less active than during the 

previous two nights, perhaps because he had finished spawning as there were few 

females left within his territory. Male 3 was less aggressive towards the neighbouring 

males and he seemed to tolerate the presence of a small intruding male that appeared 

within his territory. This small untagged male (ca 310 m m fork length) had scrape marks 

on his sides and a tattered caudal fin, and during a fight observed between it and one of 
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the resident males the small male was badly bitten near the dorsal fin. Nonetheless, he 

remained within the territory of male 3, limiting his movements to an area surrounding a 

small coral colony. The neighbouring males were more active than male 3 on the 

evening following the full moon, frequently engaging in territorial disputes and female 

swimovers. Numerous females with distended abdomens were present within the 

territories of these males although no spawning was observed. 

Most of the females that had moved into the territories of males 1 and 2 over the 

previous three days were also gone on the evening following the full moon. Activity 

levels shown by these males were still high, but this was associated more with 

interactions with other males than with females (compare the number of female 

swimovers with males standoffs in Figure 2). The number of territorial standoffs that 

these focal males had with each other and other neighbouring males peaked two days 

after the full moon (30 August; Figure 2c). In the case of male 2, many of the standoffs 

were against a slightly smaller male (ca 320 m m fork length) that moved in on 30 

August and took over a substantial portion of the territory of male 2 (Figure 1). This 

intruding male had not previously been seen, and despite being smaller it showed more 

aggression than male 2 and kept control of this area of reef throughout the rest of the 

observation period. As a result, the territory of male 2 decreased from 41 to 34 m . 

Subsequent to this loss male 2 appeared to be extending his range further across the reef 

flat where a smaller, less aggressive male (ca 300 m m fork length) resided. Territory 

gains on the reef flat would not, however, compensate fully for the loss of territory on 

the reef slope where the female E. rivulatus were larger and more numerous. The 

territory of male 1 remained unchanged throughout the study at 41 m . 

Two days following the full moon there were only a few females visible within the 

territory of male 3 and this male showed little activity, resting for much of the time and 

rarely displaying pale-tail colouration. Male 3 occasionally patrolled his territory but 

showed little aggression towards neighbouring males. In contrast, the other males in the 

area were still active, swimming low over females and having confrontations with each 

other. Over the following couple of evenings there was progressively less activity 

among the males as E. rivulatus in the area entered the non-spawning period. 
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Behaviour Of Females During The Spawning Period 

Females exhibited different behavioural patterns to the males. Over the peak 

reproductive time when the males were most active, the females spent much of their 

time resting motionless on the bottom, perched on their pectoral fins with an alert 

appearance. Occasionally a female would move to a new location, sometimes rubbing 

her side along the sand as she did so. Although this behaviour was also seen in non-

reproductive fish it was observed more frequently during the spawning period. Larger 

females would also move in and displace a smaller female from its resting spot. 

Females usually showed little reaction when a male swimover was directed towards 

them, but they appeared watchful of the males' territorial disputes and would sometimes 

swim nearer to where the dispute was occurring. There appeared to be more activity by 

females towards the end of the peak in spawning activity, possibly by individuals still 

searching for a male mating partner, although it was not clear whether these fish were 

gravid. At this time females were occasionally observed making unusual movements 

away from cover, by swimming up about two metres into the water column before 

slowly descending, or by swimming rapidly across the sand channel to a small coral 

lump that lay at least 20 m from the nearest shelter. Females swimming into the 

territories of neighbouring males would usually have to contend with the aggressive 

advances of a female already resident in the area, and would sometimes be chased back 

out of the territory. 

Spawning Behaviour 

Only two events that were interpreted as spawning were observed during this study. 

Both of these involved male 3 and occurred approximately half an hour after sunset, one 

day before the full moon. During both spawns, male 3 and a single female rose quickly 

and vertically up off the substratum in a tight spiralling motion. At a height of about 1-

1.5 m the two fish separated and quickly arched back down towards the substratum, 

leaving behind a faint pale ball of presumed gametes that measured approximately 7 c m 

in diameter. During the short period immediately following spawning the gametes were 

not subject to predation by other fish, and they were quickly lost from view in the dim 

light. These two spawning events were preceded by intense activity by male 3 as he 

moved at a fast pace over the motionless, attentive females. Already swimming fast as 

he approached a female, male 3 would speed up and move in alongside, nudging at the 
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operculum of the female with his head but with little direct contact. This behaviour was 

observed on numerous occasions over the peak reproductive period, but usually the 

female would remain motionless or swim away a short distance whilst the male would 

circle briefly and move on. Although reproduction by males 1 and 2 was not observed, 

their activity patterns suggest that they spawned sometime after the observation period 

on the evening of the full moon (i.e. at least 30 mins after sunset). 

Behaviours During The Non-Spawning Period 

Activity of the focal males and other E. rivulatus during the non-reproductive time was 

characterised by long periods of rest and relatively few intraspecific interactions (resting 

behaviour is virtually the inverse of swimming activity shown in Figure 2a). The 

locations at which the focal males rested were similar to those used over the 

reproductive time, although the route taken between them varied depending on the 

activities of other animals in the area. Males were not as aggressive towards each other 

and made few swims over the females within their territories (Figure 2b and c). The 

males were often seen resting together with a female for periods lasting up to several 

minutes. The larger females received most attention (Table 2), with male 1 spending 

most time with two females (272 m m and 287 m m fork length) whilst male 2 

concentrated much of his attention on one female (296 m m fork length). These large 

(dominant) female(s) moved throughout the male's territory, and would often swim up 

to or close by him at any of his resting locations, and also follow him (Table 2). 

In contrast, the smaller females were usually ignored by the male, even though they 

would sometimes swim close by or rest next to him (Table 2). Occasionally the male or 

large female would bully or chase a smaller female (Table 1), sometimes into the 

territory of a neighbouring male. If the male bullied the dominant female she would 

swim away from him. However, if smaller females were bullied they usually remained 

close by and endured the aggression of the male. Females moved between the territories 

of neighbouring males, having occasional confrontations with other females and alert to 

the activities of other E. rivulatus, especially the males. The larger females, in particular 

the most dominant individual, were less inclined to move between male territories. 

45 



Other Behaviours 

Fights between the focal males and other males during the course of the observation 

period were rare, recorded only once for male 1 (on 31 August, the day after the number 

of standoffs peaked). Male 2 had more fights, all with the intruding male that took over 

part of his territory. These two males were first observed fighting on the evening after 

the full moon, and had two to three fights each evening over four consecutive 

observation periods. N o fighting was observed during the non-reproductive period until 

the final two days of the observation period, when male 2 was again observed having 

one fight on each night with the same male that had previously taken over part of his 

territory. After a fight the males usually rested for some time. Bullying and chasing of 

females by the focal males were also recorded at a low frequency, generally occurring 

zero to three times per evening throughout the study. Bullying occurred more frequently 

than chases and was usually directed towards the larger females (particularly the 

dominant females; Table 2). However, this behaviour was never recorded more than five 

times per observation period. 

Colouration 

Several colour patterns were exhibited by E. rivulatus, often in association with a 

particular behaviour. Males were usually a barred tan colour whilst resting, swimming 

or bullying females, although when resting over sand they were sometimes an overall 

pale colour. W h e n swimming fast or swimming over females the males typically 

displayed a cream pale-tail colouration (Figure 5). This colour pattern was commonly 

observed on fish identified as males but very rarely on a female. It was a temporary 

paling of the posterior and underside of the fish, with the intensity and extent of the 

cream colour positively correlated with the dominance and aggressiveness of the 

individual. The anterior of the body was usually tan and particularly dark along the 

border of the pale colouration. Over the reproductive period the males nearly always 

displayed this colour, even during the brief rests. During standoffs the males were 

typically barred (Figure 4) although this could change to a mottled, dark or pale colour, 

and when fighting or chasing they were often a dark hue. W h e n another male was 

nearby, a male would take on a mottled colour and raise his dorsal fin, especially if the 

dominant female approached. Females were typically a pale tan colour overlaid by faint 
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bars during the reproductive period. At other times the smaller females were usually 

pale or barred whilst the dominant females were dark or barred in colour. 

Sex Ratios 

The movement of females between the territories of neighbouring males resulted in 

variation in the sex ratios. Male 1 controlled a territory containing between three and six 

mature females during the non-reproductive period, whilst the territory of male 2 

contained between nine and ten mature females, and that of male 3 had approximately 

seven mature females. There were also a few small juvenile and immature females 

within these areas. These ratios were similar to that determined for populations within 

other sites at Ningaloo Reef (mature female to male ratio of about 6:1; Chapter 2). Over 

the short reproductive period however, the influx of females resulted in a significant 

increase in the sex ratios within the territories of the focal males (one-tailed paired t-test 

to compare increases in number of females of 6 to 13, 10 to 13, and 7 to 16 for males 1 -

3 respectively, t = 3.5; 0.025 < P < 0.05). These ratios do not take into account the 

presence of the small male that appeared within the territory of male 3 during the 

spawning period. 

Periodicity And Synchronisation Of Spawning 

The observation study ended nine days before the next full moon with little apparent 

change in most behaviours to indicate a build up towards spawning. However this is not 

surprising given the rapid increase in activity that preceded spawning among the 

observed fish. The resumption of fighting between male 2 and the untagged male that 

took over part of his territory suggests that another period of spawning was approaching. 

Gonadosomatic indices of the ovaries of mature female E. rivulatus captured during the 

behavioural observation period also indicate that these fish were again becoming ripe 

(Figure 6). The GSI shows a good correlation with the behavioural observations, having 

m a x i m u m values just prior to spawning and dropping substantially during the time 

when spawning was observed. By the end of the sampling period on 17 September 

(three days after the new moon), the GSI values were near that of the females sampled at 

the start of the sampling period, indicating that the females were again approaching 

spawning readiness. 
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Histological analysis of the gonad samples also showed a close correlation between 

the reproductive status of the ovary and the observations of spawning activity. Ovaries 

of spawning (F4) females which contained oocytes in the hydrated or migratory nucleus 

stage of development were only collected on the days following the full moon. The 

ovaries of two females within the samples taken the day after the full moon contained 

post-ovulatory follicles which indicate that these fish had spawned the day before the 

full moon. All females captured four days after the full moon also had post-ovulatory 

follicles within their ovaries and had probably spawned one or two days earlier. The 

ovaries of females collected at the end of the sampling period were ripe (F3), being full 

of late yolk globule stage oocytes and approaching spawning readiness. 

The close synchrony between gonad and observation data suggests that E. rivulatus 

throughout the sampling area were reproducing at a similar time during the course of 

this study. The evidence also indicates that spawning would occur again over the next 

full m o o n in September. However the occurrence of spawning (F4) females in 

histological samples obtained during 1994 and 1995 from other locations along 

Ningaloo Reef shows that reproduction may occur over a wide range of the lunar cycle 

(Figure 6). Although the data are limited there is some indication that spawning is 

concentrated between the full and new moon periods. 

Discussion 

Spawning Cycle Within The Reproductive Season 

This study indicated that during the reproductive season E. rivulatus spawn during short 

periods of intense activity (ca 6 days) and then become quiescent for periods of about 20 

days whilst gamete stores are replenished. The histological, GSI, and behavioural data 

provided similar evidence for the timing of spawning and indicated that this cycle of 

mating and replenishment may occur on a monthly basis. If so, then up to six spawning 

events may happen each year, and females have the potential to spawn about 18 times a 

season, based on the length of the reproductive season and three spawns per spawning 

event as shown by ovarian histology (Chapter 2). 

Peaks of spawning at intervals throughout the reproductive season have been shown 

for other serranid species (Shapiro 1987), although the conditions that induce spawning 
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in this group offish remain an area of conjecture (Domeier & Colin 1997). The 

behavioural observations indicated that the full moon was an important cue to spawning 

in E. rivulatus, as has been found in other serranids (Johannes 1978, Thresher 1984). 

However, the histological evidence (Chapter 2) suggests that this was coincidental to the 

present study, and therefore E. rivulatus may not follow a particular lunar-spawning 

pattern or there may be other environmental factors that also influence the timing of 

spawning. The latter could be correlated to the lunar cycle (e.g. tide, current and light 

intensity cycles), with the precise timing of spawning activity varying with the 

characteristics of a particular locality, including depth, topography and tidal regime. A n 

ebb tide occurring after sunset may also be favoured for spawning by certain fish species 

at Ningaloo Reef (J. Mcllwain, personal communication), and as a consequence it is 

likely that peak spawning times relative to the lunar cycle may vary between locations 

and years depending on the timing, synchronisation and importance of the various cues. 

Mating System, Mate Choice, And Competition For Mates 

The type of mating system exhibited by a species is dependent on which sex is limiting 

and h o w the limited sex controls access to mates (Emlen & Oring 1977). In E. rivulatus 

the female biased sex ratio and ability of the males to monopolise these females result in 

a polygynous mating system (as is expected in a protogynous hermaphrodite), although 

the particular form of polygyny is dependent on the means used by males to control 

access to the females. 

In the present study, the ability of male E. rivulatus to monopolise female mating 

partners was largely dependent on the control of territory along the reef slope. This area 

appeared to be a favoured living habitat since E. rivulatus were more numerous and 

larger in body size on the slope than on the adjacent reef flat (Chapter 5). The reef slope 

was also a preferred spawning site, offering reproductive advantages that attracted non

resident E. rivulatus and temporarily increased local densities. Preferences for particular 

spawning sites are also characteristic of larger serranid species that aggregate to spawn 

(Thresher 1984, Domeier & Colin 1997). These sites may enhance the survival and 

dispersion of fertilised eggs (Johannes 1978, Barlow 1981), and this was a likely benefit 

to E. rivulatus in the present study because the spawned eggs would be rapidly 

transported away from reef predators by the currents that flowed down the sand channel 

and through nearby breaks in the reef to the open ocean. 
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Thus the mating system of E. rivulatus observed during this study was most likely 

based on the defence by males of preferred spawning sites ('resource defence polygyny', 

Emlen & Oring 1977). Ripe female E. rivulatus appeared to show further preference for 

certain locations along the reef slope, possibly through choice of a particular area for its 

environmental features as well as for the qualities of the resident male. This choice of 

mate by female E. rivulatus was suggested by their attentiveness to the activities of the 

males on the days of spawning, and by the movement by females between the territories 

of neighbouring males. The larger, most dominant male (male 3) appeared to be most 

successful at monopolising access to the spawning females, whilst smaller males 

probably had fewer spawning chances and faced high levels of aggression. Although 

'sneak-spawning' was not observed by these smaller males, this act of releasing sperm 

into the gamete cloud of a spawning pair has been observed in another serranid, 

Mycteroperca tigris (Sadovy et al. 1994b). 

The competition between males for access to spawning females was demonstrated by 

the number of standoffs and fights that occurred between them. Less evident was the 

selective choice of female spawning partners by the males, although the attention 

towards the largest females during the non-reproductive period and the number of ripe 

females that were present when the fish were spawning suggests that the males may 

exhibit some choice. Furthermore, since E. rivulatus are pair spawners there is likely to 

be no competition between males at the time of spawning. As a consequence the males 

may release relatively small amounts of sperm compared to males of group spawning 

species. The testes of male E. rivulatus are thus relatively small and contain limited 

supplies of sperm (Chapter 2), and they may therefore allocate sperm carefully between 

female mating partners in order to maximise the number of eggs they fertilise 

(Dewsbury 1982, Shapiro etal. 1994). 

Whilst competition between male E. rivulatus was noticeable, competition between 

the females for mating opportunities was less obvious, even during the spawning period 

when the number of females per male doubled. Nonetheless, competition is expected in 

E. rivulatus given the female biased sex ratio (Berglund et al. 1993), although a rigid 

size-structured social hierarchy may defuse aggression (Sale 1978) such that only 

females of similar size or social status were ever observed having aggressive 

confrontations (present study and pers. obs). 

50 



As a consequence, competition between the females is more subtle and may occur, 

for instance, through the choice of resting positions which may enhance an individual's 

chances of making contact with a male during his territorial patrols. Competition for 

these preferred resting locations would therefore occur, as was indicated in the present 

study by the displacement of smaller females from their resting positions by larger 

individuals. Because of their size disadvantage, smaller females may therefore take any 

opportunity to spawn, even if conditions are suboptimal (Lutnesky & Kosaki 1995). 

Under such conditions a small female could gain higher reproductive success because of 

lowered competition for spawning opportunities with the male. However, by spawning 

early the female may incur a risk of greater interference from unspawned females and 

increased predation of mating partners and the spawned eggs, although there was no 

evidence of this in the present study. By spawning late there is also a risk of not 

spawning at all if the male has exhausted his supply of sperm. In this case an unspawned 

female may move into the territory of another male, as observed in E. rivulatus. But this 

again incurs a risk of being confronted and chased out by other unspawned females 

within the new male's territory. 

Spawning Strategies And Behaviours 

There are few detailed accounts of spawning behaviour in the serranids. In E. rivulatus 

the build up to spawning began about a week prior to the full moon in August 1996 

when the males became more active in patrolling and defending their territories from 

other males. T w o or three days prior to spawning the level of activity picked up 

dramatically as the males began courting the females which were gathering in their 

territories, by making rapid, powerful swims over them (swimovers). This build up in 

activity and the evening on which spawning occurred appeared to vary a day or two 

between the males. The largest male in the area (male 3) began spawning the evening 

before the full moon and again on the night of the full moon. However the activities of 

E. rivulatus within the neighbouring territories suggests that many of his neighbours 

may have begun spawning a day or two later and spawned on one night only, perhaps 

quickly exhausting their sperm supplies after mating with several females. L o w levels of 

courtship behaviour were still observed two days after the full moon, indicating that a 

few (probably less dominant) individuals were still spawning, however many of the 

females had departed by this time and the males were more interested in the defence of 

territory that had been gained or lost over the previous few days. 
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Distinctive courtship behaviour and colouration are characteristic of spawning in 

most serranids, although the details vary between species. Changes in colour patterns 

may signal courtship intentions and readiness to mate, and can also be used in 

dominance interactions (Colin 1992, Donaldson 1995). The pale-tail colouration 

observed in E. rivulatus was mainly used in dominance displays. It was exhibited by 

males towards females during the non-reproductive period, and on rare occasions by 

reproductive females engaged in particularly aggressive intra-sexual confrontations 

(pers. obs). This colouration was also a distinctive feature of males over the spawning 

period, and the intensity with which it was displayed may have conveyed the relative 

dominance of the bearer to other males and the gathered females. However neither 

female or male E. rivulatus displayed colouration that was interpreted as a signal of 

readiness to mate. Instead, the rapid swimovers by the males were an obvious display of 

courtship, whilst the energetic approach and nudging behaviour that males made 

towards the females were probably intended to show the male's readiness to mate and 

also induce the female to move with him into a spawning spiral. 

Spawning in other serranids also occurs around sunset (Thresher 1984, Domeier & 

Colin 1997). However in most species it has rarely been observed and may often happen 

after dark when unobtrusive observations are impossible. Certain aggregating species 

that spawn whilst light is available for observations appear to do so within a narrow 

time period of about 20 to 30 minutes (Colin 1992, Sadovy et al. 1994, Samoilys 1997), 

although non-aggregating species may take longer to complete spawning because of 

their more elaborate courtship rituals. In the present study, the two observed spawnings 

by E. rivulatus occurred approximately 30 minutes after sunset. Even if these spawnings 

involved less dominant females and occurred when conditions were suboptimal, it is 

likely that most spawning activity was commenced soon after this time and completed in 

the early evening. 

There are two main patterns of reproduction in the serranids: the non-migratory, 

single male/multi-female pair spawning strategy of smaller species such as Epinephelus 

fulvus, E. cruentatus, Cephalopholis spiloparaea and C. urodeta (Donaldson 1995, 

Sadovy 1996), and the migratory, aggregating, single male/multi-female pair spawning 

strategy of larger species such as E. guttatus, Mycteroperca tigris, and Plectropomus 

leopardus (Colin et al. 1987, Shapiro et al. 1993, Sadovy et al. 1994, Samoilys & 

Squire 1994). T w o additional size related strategies have also been observed in species 
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at extremes of the serranid size range, that of C. boenak which is non-migratory and has 

a single male/single female pair spawning mode of reproduction (Donaldson 1989), and 

that ofE. striatus, which is a migratory, aggregating, and group spawning species (Colin 

1992). 

The strategy observed in E. rivulatus was that of a non-migratory single male/multi-

female pair spawning species, but with certain features that suggest this species is near 

the upper size limit of non-migratory species. Firstly, the movement by some 

individuals into the spawning sites could be described as short migrations. Further, the 

mating behaviour ofE. rivulatus was similar to that of aggregating species such as 

Plectropomus leopardus and Mycteroperca tigris, in which males spend much energy in 

aggressive defence of their breeding territory, whilst the females are relatively inactive 

(Sadovy et al. 1994, Samoilys & Squire 1994). In contrast, courtship in smaller serranid 

species such as Cephalopholis spiloparaea and C urodeta involves elaborate 

behavioural rituals by the male and active participation by the females (Donaldson 

1995). Information on the social and reproductive patterns of species with body lengths 

between that of E. rivulatus (380 m m total length) and the smaller aggregating species 

such as E. guttatus (550 m m total length) may be particularly useful in evaluating the 

adaptive reasons for the reproductive strategies of small and large serranid species. In 

these species where the advantages in one spawning mode over the other are likely to be 

minimal, the importance of environmental parameters such as population density 

outside of the reproductive period and habitat topography may be examined. 

This study shows the usefulness of abundant, site-attached and accessible species 

such as E. rivulatus in the study of serranid mating and social systems. The data 

obtained in the present study provides a focus for further research on E. rivulatus and is 

useful in determining future sampling regimes, such as when gravid females may be 

captured for fecundity estimates. Furthermore, because E. rivulatus use the same habitat 

for living and reproduction, the management of this species will require different 

decisions from those used in the management of the aggregating species, which live as 

scattered individuals in habitats that are quite distinct from their spawning area. 
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Figure 3. A ripe female E. rivulatus with barred colour pattern and swollen abdomen, resting 
at the base of the reef slope immediately prior to the peak in spawning activity. 

Figure 4. Neighbouring male E. rivulatus engaged in a territorial standoff during the peak in 
spawning activity. 

Figure 5. A male E. rivulatus with the pale-tail colouration, swimming fast between vantage 
points during the peak in spawning activity. Note the tag beneath the dorsal fin. 

56 



18 -, 

15 -

12 -

GS
I 

G
)
 

CD
 

3-

0 _ 

i > 

O 

^—full moon 

o 

i 1 * I ' 
hi { i 

000000*******0000000000000 <1996 

*0 X 

x: 
kkkk kk 00 <1995 

( * * ®kkkk <1994 
i i i i i i i i i i i i i i i i i i i i i i i i i i i 

9 12 15 18 21 24 27 0 3 

Age of Moon (days) 

Figure 6. Mean gonadosomatic index (GSI, + SE) of mature female E. rivulatus 
captured during the observation study at Osprey Bay (n = 6 for each sample). Also 
shown at the bottom of the graph are the lunar ages of spawning for females, as 
estimated from histological evidence (asterisks). Data for 1996 were obtained during the 
present study, whilst data for 1994 and 1995 were obtained from previous samples. 
Hollow circles indicate lunar days when no spawning fish were found in the samples. 
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Chapter Four 
Age And Growth 

Abstract 

The age of individual chinaman cod (Epinephelus rivulatus) captured at Ningaloo Reef, 

Western Australia, was estimated from counts of annuli within sections of the sagittal 

otoliths. The annual periodicity of these annuli was determined from the recapture of 

fish that had been injected with tetracycline to mark their otoliths. These data were 

supported with evidence from analysis of the growth at the otoliths' margin, which 

indicated that the opaque band is formed in the otolith during summer, between 

November and February. Readability ofE. rivulatus otoliths was poor, leading to a low 

precision between counts and a rejection rate of samples from different sites between 20 

and 5 4 % . Nevertheless, the length-at-age data were well described by the von 

Bertalanffy growth function, which explained between 85.9 and 96.8% of the variation 

in the data. E. rivulatus is relatively fast growing for an epinepheline serranid, with 

values for the Brody growth coefficient, K, between 0.416 and 0.530. The asymptotic 

mean length, L», ranged from 307 to 338 m m , whilst the maximum observed length was 

380 m m . The instantaneous rate of natural mortality (M) ofE. rivulatus was estimated 

as 0.994, which is also high for an epinepheline serranid and indicates that populations 

of this species have a high productive capacity. 

Male E. rivulatus were significantly older than females, ranging between 2 and 24 years 

(overall mean = 9.4), whilst mature females ranged between 1 and 15 years (overall 

mean = 4.6) There were also significant differences in the lengths-at-age of individuals 

from different sites. Thirty percent of females were reproductively mature by age one 

and 9 0 % were mature by the following year, whilst the median age at which females 

may change sex to become male was estimated as five years. Timing of the formation of 

microbands within the otoliths suggest they are produced daily, although the evidence 

was not conclusive. Assuming daily formation, counts of the microbands in immature 
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females indicated that they hatched from mid August to late November and remained in 

the plankton between 21 and 61 days (mean = 37). 

Introduction 

The chinaman cod (Epinephelus rivulatus) is possibly the most abundant epinepheline 

serranid in the waters of Ningaloo Reef, Western Australia, and a c o m m o n catch within 

the Ningaloo recreational fishery (Ayling & Ayling 1987, Nowara 1997,pers. obs.). The 

large recreational catch is cause for concern as serranids are typically vulnerable to 

overfishing due to life history traits such as slow-growth and low levels of natural 

mortality (Manooch 1987). Therefore, there is a history of biological research on 

serranid species in the Caribbean and south-west Atlantic because of their high 

economic value (Moe 1969, Thompson & Munro 1978, Bullock et al. 1992, Potts & 

Manooch 1995). Nonetheless, whilst various species are targeted or caught as by

product in recreational and commercial fisheries off the Western Australian coast, there 

are virtually no data on serranids such as E. rivulatus that inhabit West Australian 

waters (Kailola et al. 1993). 

Knowledge of the age and growth characteristics and population dynamics of these 

exploited species is an essential requirement for management purposes, being used, for 

example, in estimating the effects of introducing a minimum legal length on the yield 

per recruit, and generally assessing whether growth overfishing is occurring. For 

prominent predators such as E. rivulatus at Ningaloo Reef these data are also needed in 

the broader context of reef ecology, and to provide information for the growing tourist 

market. Thus the aim of the present study was to provide information on the age and 

growth of E. rivulatus at Ningaloo Reef. In particular, the objectives were to provide 

age-at-length data and parameters of the von Bertalanffy growth function. These data 

were obtained from analysis of the ring structure in otoliths, which therefore required 

validation of the temporal periodicity in which these rings are formed. The relationship 

between otolith length and weight, and fish length and age were also examined, firstly to 

confirm that the otoliths continue to grow throughout the lifetime of E. rivulatus and 

hence can possibly be used in age determination (Fowler 1990), and secondly to assess 

this potential for predicting age from otolith dimensions. As serranids are protogynous 
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hermaphrodites, the age-structure of the populations were also examined for age at sex-

change, and the effects of gender on growth rate were investigated. 

Materials and Methods 

Study Area And Sampling Procedures 

Otoliths (sagittae) were obtained from E. rivulatus captured along Ningaloo Reef 

between August 1994 and September 1996 using speargun and hook and line. Sampling 

locations included Tantabiddi, Mangrove Bay, North West Reef (NWReef), and Osprey 

Bay. Refer to the Methods section of Chapter 2 and to Appendix 2 for details of these 

sites. Samples from Osprey Bay included fish captured at random over a wide area as 

well as from a site in which a study was made on the social structure ofE. rivulatus 

(Chapter 5), followed by an experiment on sex-change in this species (Chapter 6). 

Prior to removal of the otoliths, each fish was weighed (gm) and measured (mm), 

with measurements of fork length (FL) used in the present study (in E. rivulatus fork 

length is the same as total length). Otoliths were cleaned and stored dry in a gelatine 

capsule within a paper envelope. Unbroken otoliths of 203 E. rivulatus captured from all 

sites were weighed (to 0.1 mg) and measured (to 0.1 m m , maximum length along the 

longitudinal axis). The slope of the regression between the weights or lengths of the left 

and right otoliths did not differ significantly from one (Type II regression, t(Weights, indf) = 

0.8391, 0.5 > P > 0.2, lengths, indf) = 0.4697, P > 0.5), showing that there were no 

significant differences in these parameters between the two otoliths. Thus the right 

otolith was used in length and weight analyses due to larger sample size. 

Otolith Preparation 

Preliminary analysis indicated that growth rings could not be reliably interpreted in 

whole otoliths. Thus a 400-500 u m thick section was cut transversely through the 

central region of the otolith to provide a clearer view of the internal structure, using the 

left otolith where possible. In preparation for sectioning, each otolith was embedded in 

clear casting resin. The section was then cut using a Struers Accustom-2 low speed saw 

with a diamond blade, and both sides sanded with 1200 grade ebony paper and 9 micron 

lapping film to smooth the surfaces. The section was then glued to a glass slide using 
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D P X mounting medium, with the most interpretable surface uppermost. Immersion oil 

was placed on the exposed face of the section and the otolith analysed, mainly at 60x 

magnification, with a stereo microscope and transmitted light. The smaller otoliths of 

immature females which were to be inspected for daily increment pattern were similarly 

embedded and sectioned before careful sanding using 9 and 3 micron lapping film until 

between 170 and 300 urn thick. Regular inspection of the section using a compound 

microscope was required to avoid removing the inner ring structure. The section was 

glued to a glass slide with D P X mounting medium and covered with immersion oil prior 

to interpretation at 200-400x magnification using a compound microscope and 

transmitted light. 

Otolith Interpretation 

Terminology used in the description of E. rivulatus otoliths follows that of Wilson et al. 

(1983), except for the putative daily growth increments which are referred to as 

microbands in this study. These were defined as a pair of adjacent bands, one light 

(translucent) and one dark (opaque), with consecutive microbands radiating in a regular 

pattern from a central core (focus). These relate to the proteinaceous discontinuous zone 

and calcium carbonate incremental zone described by Watabe et al. (1982). Where 

possible, counts of these microbands were made from the core to the settlement mark 

(band formed at the time of transition from the pelagic to demersal habitat), and from 

the settlement mark to the otolith edge. The first discernible microband after the focus 

was presumed to have formed on the day of hatching. 

The number of microbands in each otolith section were counted on two occasions. 

Where the discrepancy between two counts differed by less than five percent the average 

was taken. If the discrepancy was greater than five percent a third count was made and 

the average of the two counts that differed by less than five percent was used. Otherwise 

no counts were used from that particular otolith. 

Annuli (singular, annulus) in the otoliths of E. rivulatus were also defined as a pair 

of adjacent translucent and opaque bands (rings), but in this case refer to putative annual 

marks which showed large variation in width and clarity. As preliminary observations 

indicated that the otoliths of E. rivulatus were difficult to interpret, all otolith sections 

were initially examined twice, with knowledge offish length and date of capture, in 

order to gain a better understanding of the characteristics of the ring structure. The 
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approximate location of the first annulus was determined from a regression of the 

distance between the focus and margin of immature female otolith sections versus the 

average number of daily increments within this distance. The distance to the 365th 

microband was then calculated, giving a rough but useful guide to the likely position of 

the first annulus. After I was familiar with the otolith structure, I made two further 

counts, at least three weeks apart and without reference to fish size. During these counts, 

the readability of each otolith was categorised from 1 (unreadable) to 5 (perfectly 

readable). Categories 2, 3, and 4 refer to poor, fair and good readability, respectively. 

Each otolith was read from the centre outwards along the proximal surface. Usually the 

ring structure was most interpretable in the ventral region of the section, between the 

sulcus acusticus and ventral apex. However, counts were also made along the dorsal 

region if the ventral region was uninterpretable or difficult to read. If counts along the 

ventral and dorsal regions differed a decision was made on the reliability of each and 

hence which to use in analysis. 

Otolith Readability 

After conversion of the annuli counts to ages (see below), the two age estimates made 

on each otolith were compared and the level of confidence in the interpretation of the 

otolith structure assessed. This was done by determining the percent agreement between 

the two estimates, and by calculating the precision of the age estimates using the Index 

of Average Percent Error (Beamish & Fournier 1981). Otoliths assessed as unreadable 

(category 1) were discarded, whilst those assigned conflicting ages were re-read a third 

time. This final age was used if it was within ten percent of one of the other estimates, 

otherwise the otolith was discarded. A subsample of 72 otolith sections were also aged 

by an experienced otolith reader from Fisheries Western Australia. 

Validation Of Otolith Rings 

Tetracycline: The temporal frequency in which the otolith growth rings were formed 

was validated using oxytetracycline (Terramycin™ , 100 mg/ml) to label the otolith with 

a mark visible under ultra-violet light (McFarlane & Beamish 1987). Dosage rate was 

50 mg/kg, with the correct amount for each fish calculated from a length-weight 

relationship for E. rivulatus, and injected into the peritoneal cavity. To validate the 

microbands, 23 small immature females (84 - 180 m m ) were captured in August 1996 

from Osprey Bay, using quinaldine and a hand net. Each fish was measured and injected 
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with a tetracycline-saline mixture in situ. The dorsal fin rays were then clipped to allow 

future identification, prior to release of the fish at the location of capture. Between six 

and 23 days later 14 of these small E. rivulatus were recaptured and their otoliths 

processed as described above. To validate the annuli, 71 mature E. rivulatus (201 - 327 

m m ) were captured using hook and line during May 1994. Each fish was injected with 

tetracycline and double tagged with t-bar anchor tags prior to release. After periods of 

357 to 405 days, 13 of these tetracyclined E. rivulatus were recaptured and their otoliths 

prepared as above. The otolith sections were then examined using a compound 

microscope fitted with an ultra-violet light source, and the number of annuli between the 

fluorescent mark and the margin of the otolith counted and compared with the time 

between captures. 

Marginal increment analysis: Analysis of the otolith edge (margin) was also used to 

examine the frequency and timing of deposition of the annuli. Because of the widely 

varying structure of these rings and the inability to obtain a consistent measurement 

along a particular axis within the otolith sections, the analysis of otolith marginal 

increment was made using a simple categorical system. This system was based on the 

relative amount of new translucent material at the margin compared to the width of the 

translucent material between the outer two opaque zones, as follows: 

Category Amount of translucent material at otolith edge (as a % 
of distance between the outer two opaque zones) 

0 Opaque zone at edge 

1 0 - 5 0 % 

2 5 0 - 1 0 0 % 

The inability to obtain consistent measurements along a particular axis also precluded 

the use of back-calculation techniques to estimate previous lengths at ages for individual 

fish (Campana 1990). 

Conversion Of Ring Counts To Ages 

Absolute age of each fish was estimated from the annuli count, marginal increment 

category, and date of capture. If the otolith of a fish captured during the time period 

when an opaque band was most likely to be formed had a wide translucent otolith 

margin (category 2), then the assigned age was the ring count plus one. The rationale 

here was that formation of the opaque band was imminent and should be accounted for. 
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However, if the otolith already had an opaque or narrow translucent band (categories 0 

and 1) at the margin, then the assigned age equalled the ring count. November 1 to 

February 28 was chosen as the critical time period during which the opaque band was 

most likely to form after analysis of the marginal increment data (see Results). For other 

fish captured outside this period, the absolute age was the same as the ring count. 

Microband counts obtained from the otoliths of immature females were converted 

into proportions of a year so that these data could be used in the analysis ofE. rivulatus 

growth. All these fish were younger than one year of age. Fish older than one year were 

placed in whole year classes prior to further analysis. 

Growth Parameters From Length-At-Age Data 

The von Bertalanffy growth function (VBGF, Ricker 1975) was used to describe growth 

in E. rivulatus because of the form of the plotted length-at-age data. This equation is 

typically used to describe the age and growth of serranids, thus permitting comparisons 

of the growth parameters between species. The V B G F was fitted to the size-at-age 

estimates using the FishParm software (Prager et al. 1989), which utilises Marquardt's 

non-linear least-squares estimation procedures. The V B G F is defined as: 

Lt = L»{l-exp[-K(t - t0)]}, 

where Lt is the mean length at age t, Loo is the asymptotic mean length, K is the Brody 

growth coefficient that defines the growth rate towards loo, t is the age of the fish (in 

years), and to is the theoretical age at which mean length is zero. 

Comparison Of Growth Between Sites 

An analysis of residual sum of squares (ARSS) was used to compare the VBGFs 

between the different populations of E. rivulatus. This required the calculation of an F-

statistic from the data for comparison with the critical F value, with the degrees of 

freedom of the numerator and denominator equal to 3(K - 1) and N - 3K (respectively), 

using the following formula (from Chen et al. 1992): 

F = RSS P - RSSS = RSS P - RSS5 

DFRSS^ - DFRSS, 3(£-l) 

RSS, RSS5 

DFRSS, ^ - 3 £ 

64 



Where R S S P = the residual sum of squares (RSS) of each V B G F fitted by pooled growth 

data, RSS, = sum of the RSS of each V B G F fitted to growth data for each individual 

sample. N= total sample size, and K= number of samples in the comparison. 

Whilst the ARSS will indicate an overall differences between growth curves, 

separate one-way analyses of variance were used to detect differences between the 

lengths offish within each age group. Ages were grouped by two year intervals for this 

analysis to improve sample sizes. Posthoc comparisons of means were also performed 

using the Tukey's H S D test for unequal sample sizes, with the assumptions of normality 

and homoscedascity examined and data log transformed as appropriate. Because of their 

protogynous nature it was assumed that the growth curves of male and female E. 

rivulatus were similar, although a t-test for independent samples was used to test the 

overall difference in mean sizes between the sexes. 

Estimation Of Natural Mortality 

Because the collection offish samples were biased towards medium to large females for 

the sake of reproductive analyses, it was not possible to obtain estimates of total 

mortality from catch curves. However, a preliminary estimate of natural mortality (M, 

per year) was obtained for E. rivulatus within Osprey Bay using the equation of Pauly 

(1984, page 75). This equation is a general relationship based on a large number offish 

species that is used to predict natural mortality from the von Bertalanffy growth 

parameters, K (per year) and Z» (cm), and mean annual surface temperature, T (°C): 

Log M = -0.0066 - 0.279 log L^ + 0.6543 log K+ 0.463 log T 

The E. rivulatus for which M was determined had been protected from fishing activity 

since 1987, within the Osprey Bay Sanctuary Zone. In this case natural mortality equates 

to total mortality (Z), and from this value annual survivorship (%) was estimated (= 100 

exp(-Z)). Mean annual water temperature for Osprey Bay (24.28 °C) was obtained using 

temperature data loggers that were secured to the substratum at a depth of approximately 

4 m. 

Relationship Between Fish Growth And Otolith Growth 

Relationships between age and length ofE. rivulatus and otolith weight and length were 

examined using linear and nonlinear regression. The FishParm software (Prager et al. 
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1989) was used to fit a number of nonlinear models to the raw and transformed data in 

order to select the one which best explained the variability of the data. Multiple 

regression analysis was also used to determine whether age was better predicted by a 

combination of otolith length, otolith weight and fork length, using either the raw data 

or the square/log transformations of them. The independent variables were fitted in a 

stepwise manner in order of best to least fit, with the inclusion level set at P = 0.10. 

Results 

A total of 531 sagittal pairs were obtained from E. rivulatus at Ningaloo Reef for the 

analysis of annuli. Readability of the otolith samples varied considerably between 

locations (Table 1). Otoliths of Mangrove Bay fish were particularly difficult to interpret 

due to the variability in the structure of the opaque bands (detailed below), and no 

agreement was reached on the ages of 13 E. rivulatus from Mangrove Bay that were 

aged by myself and independently by Fisheries W A personnel. Since the percent 

agreement between m y o w n two counts on these fish was also zero, none were used in 

further analyses. The otoliths of E. rivulatus from other sites were not as difficult to 

interpret as those of the Mangrove Bay fish, although reliability of the age estimates was 

still fairly low (Table 1). The percent agreement between myself and Fisheries W A 

personnel on the ages of 47 E. rivulatus from Tantabiddi and 11 from N W R e e f were 47 

and 0%, respectively. Forty-eight immature females between 51 and 175 m m fork 

length were also captured from Mangrove Bay for analysis of the microband structure of 

their otoliths. It was possible to obtain microband counts from 14 (29%) of these, whilst 

in the remainder the core was missing or it was covered by a dark crystalline matrix or 

by fissures that obscured the central region. 

Microband Structure 

In transverse section the microstructure ofE. rivulatus otoliths was quite complex. 

Viewed under compound microscope the central regions were often dark and fissured, 

with the inner ring structure and core partially or wholly obscured (Figure la). Fan-

shaped clusters of finely grained material were often present along the dorsal and ventral 

axes. These were similar in appearance to the clusters of aragonitic needles in the 

otoliths of the tropical snapper Lutjanus vivanus (Pannella 1980). Although there was 

often little microband structure within these clusters, a regular pattern of growth 
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increments was typical in most sections (Figure lb). The microband structure was 

generally clear and easy to interpret, with the three main sources of error listed below. 

(1) Counts of the first few rings were difficult to resolve using light microscopy. 

(2) The choice of settlement mark was assumed to be a band or group of several bands 

with distinctive optical characteristics that marked a decrease in subsequent microband 

widths (Figure lb). However, the identity or existence of a settlement mark was not 

validated in this study and it was sometimes difficult to distinguish a mark that could be 

identified as such. 

(3) Microbands near the otolith margin were also difficult to distinguish and were 

sometimes sanded away whilst trying to uncover the central core. It was also difficult to 

identify outer bands in fish that were older than about 150 days. 

Annuli Structure 

The annuli within the otoliths ofE. rivulatus were generally difficult to interpret, and 

relatively few otoliths could be read with any degree of confidence (Table 1). Figure 2a 

shows one of the few otoliths with a clear, unambiguous ring structure. Listed below are 

the main sources of difficulty in reading the otoliths ofE. rivulatus. 

The variation in width and clarity of the opaque bands, even within the same otolith 

section. At one extreme these were distinct, dark and narrow, whilst at the other they 

were faint and diffuse, and in some cases a band was only recognisable as a short 

smudge of brown located at a position where a ring was expected. W h e n the rings were 

wide and diffuse it was sometimes difficult to determine whether there was only one 

ring, or two or more close together. 

(1) Variable deposition of otolith material along the margin. This often resulted in an 

irregular ring structure, with some opaque bands widely spaced in one area of the otolith 

whilst almost touching in another. 

(2) Split or secondary rings. It was often difficult to identify these from annuli given the 

variable nature of the ring structure. A comparison between counts on ventral and dorsal 

portions of the otolith was useful, although these rings were a major source of the 

imprecision between counts. 

(3) N o one axis in the otolith section provided a consistently clear ring structure, which 

prohibited standardised measurements from being made. The most consistent area for 

counting rings was midway between the ventral apex of the section and the ridge of the 
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sulcus acusticus. The dorsal region of the section was often more opaque and unreadable 

than the ventral region. 

In general the first annulus beyond the core was relatively easy to identify. It was 

often preceded by one or more secondary rings which were also distinct but 

discontinuous, whilst the first one or two rings that followed the first annulus were 

typically faint and difficult to interpret. Figures 2b, 3a and 3b illustrate some of the 

above problems. The otolith section shown in Figure 2b has narrow, reasonably distinct 

ring structure in the ventral region of the otolith whilst the dorsal region is more opaque 

with poor ring structure. There are several possible secondary rings in the ventral region 

which made aging of this fish difficult. In the section shown in Figures 3a and 3b, the 

annuli in the dorsal region are diffuse and it is difficult to distinguish rings near the 

margin and sulcus. The early rings are also faint. Annuli in the ventral region are faint, 

discontinuous and have poor structure such that it is difficult to distinguish between true 

annuli and secondary rings. 

Validation Of Daily And Annual Growth Increments 

It was only possible to obtain a partial count of the number of microbands between the 

tetracycline band and the otolith margin in the otoliths of one juvenile. This fish was 

recaptured 23 days after it had been tetracyclined and was 133 m m in length. Although 

only 7 microbands were visible at the otolith margin of this fish, extrapolation of the 

width of these bands to the width between the fluorescent mark and the otolith margin 

provided an estimate of 22.8 microbands (Figure 4a and 4b). Thus, whilst the evidence 

is not conclusive, it is likely that the microbands in the otoliths were laid down daily in 

these otoliths. In all other fish, left at liberty for 6 to 16 days, the fluorescent band lay 

close to the otolith margin and the ring structure was too poor for estimates to be made. 

Twelve tetracyclined adult E. rivulatus were recaptured after periods ranging from 

357 to 405 days. All except two of these had a clear fluorescent mark in their otoliths, 

and in all of these only one opaque band was present between this mark and the otolith 

margin (Table 2, Figures 5a and 5b). The recaptured E. rivulatus were aged 6, 7, 9, 10, 

11,14 and 24 years, providing validation over a range of ages. Analysis of the marginal 

increment provided further evidence that only one opaque band forms each year (Figure 

6). Formation of this band mainly occurred during the summer months between 

November and February. By April the otoliths of most E. rivulatus had a translucent 
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edge, which increased in width through the winter months until August and September 

when the appearance of a new opaque band appeared imminent. 

Age And Growth 

Assuming daily production of microbands in the otoliths of all juvenile E. rivulatus, the 

time period between hatching and settlement for the 14 immature females from 

Mangrove Bay varied from 21 to 61 days, with a mean of 37 days (+ 3 SE, Table 3). 

Most of these fish were three to five months old when caught, and were estimated to 

have hatched from mid August to late November, within the peak spawning time for E. 

rivulatus at Ningaloo (Chapter 2). Average fork length of these 0+ females was 85.1 

m m (± 4.6 SE, Table 4). 

Mean ages of mature female and male E. rivulatus were significantly different (t-test 

for independent samples on pooled, square-root transformed data = -14.598, P3i7df = 

0.000. Levenes test for homogeneity of variances, F idf = 0.404, P = 0.525, Figure 7). 

The ages of sexually mature female E. rivulatus ranged between 1 and 15 years (average 

4-5, Table 5) , with 3 0 % of the one year old and 9 0 % of the two year old females 

reproductively active. Average length of females in these two age groups was 177 and 

227 m m which agrees with the estimated length at 5 0 % maturity of 193 m m (Chapter 

2). Males ranged between 2 and 24 years (average 9-10). The two year old male in the 

N W R e e f sample was abnormally small (221 m m fork length). The average age at which 

sex-change occurs in E. rivulatus at Ningaloo was estimated at five years, being the 

median value of all ages within the overlap of male and mature female ages (Shapiro 

1987). The range of this overlap (2 to 15 years) and presence of transitional fish between 

the ages of 4 and 10 years shows that sex-change in E. rivulatus occurs over a wide 

range of ages. 

Growth Model From Length-At-Age 

The plotted length-at-age data and fitted growth curves show that growth in adult E. 

rivulatus is most rapid during the first four years of life and asymptotes after about 

seven years (Figures 8 and 9). The data for Tantabiddi and Osprey Bay also suggest that 

growth of older females may be suppressed or that males may experience a burst in 

growth soon after sex-change. Von Bertalanffy growth curves fitted to the combined 

male and female data explained between 85.9 and 96.8% of the variability in length-at-
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age (Table 6). Values for the growth coefficient K indicate that E. rivulatus within each 

site have a rapid growth rate of up to 0.530 at Tantabiddi, and 0.416 for all sites 

combined. L*o estimates of 307, 338 and 318 m m fork length for E. rivulatus from 

Tantabiddi, N W R e e f and Osprey Bay compare to the maximum observed lengths of 

358, 380, and 358 m m for these sites, respectively. The growth curves also show that 

females dominate the samples up until about the seventh year, however there were 

occasional old females and young males. For a given age the males were typically larger 

in size than the females, suggesting that mean growth rate after sex-change is greater 

than before, or that there is a tendency for only faster growing females to change sex. 

Comparison of the individual growth functions by analysis of the residual sum of 

squares was done without the data for immature females from Mangrove Bay. The test 

indicated significant differences in growth between E. rivulatus from the different sites 

(Table 7). Further analysis showed that fish in the 6 - 7 year age group from N W R e e f 

were significantly larger in size than similarly aged fish from Tantabiddi and Osprey 

Bay (Table 8). This is due to the slight depression in the mean lengths of 6 - 7 year old 

fish compared to 5 year old fish in the latter two sites (Figure 8, Table 4). The analysis 

of variance also showed that 2-3 year old fish from N W R e e f were similar in size to 

fish of those ages from Osprey Bay and Tantabiddi, whilst 2-3 year old fish from 

Osprey Bay were significantly larger than similarly aged fish from Tantabiddi. All other 

age groups were similar in size within the three sites. 

Preliminary Estimation Of Natural Mortality 

Using the general equation of Pauly (1984), an approximation of the rate of natural 

mortality (M) for E. rivulatus at Osprey Bay was 0.994. This equated to total mortality 

(Z) in the absence of fishing in this area, and represents an annual survivorship of 3 7 % . 

Relationships Between Fish Age And Growth, And Otolith Growth 

The usefulness of otolith length and weight in predicting the age and body length of E. 

rivulatus was examined using regression analysis. The relationship between fish age and 

otolith weight was best described using either a power function (with intercept) or a 

logistic function, since both explained approximately 88%) of the variability in the 

natural log transformed data (Figure 10a). Although the relationship between age and 

otolith weight appears to be linear in older fish, linear regression of the raw and 
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transformed data for fish older than four years did not describe the data as well as the 

nonlinear functions. 

A power function also gave the best fit to the fish age versus otolith length 

regression, explaining 7 4 % and 8 4 % of the non-transformed and log-transformed data, 

respectively (Figure 10b). Because linear growth of the otolith slows in older fish, 

otolith length is a poorer predictor offish age than is otolith weight, which increases at a 

steady rate with age. Examination of the otolith sections showed that the relatively 

constant gain in weight was due to a thickening of the otolith as the fish ages. 

Relationships between fish length and otolith weight or length were strong (r = 

0.9600 and 0.9454, respectively, Figures 1 la and b). The best fit for the relationship 

between fish length and otolith weight was provided by the Weibull cumulative 

distribution function (Prager et al. 1989), whilst the relationship between fish length and 

otolith length was linear. The combination of otolith weight, log transformed otolith 

length, and fish length provided the best prediction of age in the multiple regression 

analyses, explaining 84.1% of the variability in age. These data show that otolith length 

is a good predictor offish length due to similarities in their growth trajectories, whilst 

otolith weight is by itself the best predictor offish age. 

Discussion 

Interpretation And Validation Of Annuli 

The ageing offish from otoliths can be a notoriously difficult and subjective task. This 

is particularly so for species inhabiting tropical reefs (Pannella 1980, Brothers 1982, 

Manooch 1987), and was the case for E. rivulatus. The otoliths ofE. rivulatus also 

showed differences in internal structure and hence readability between locations, as has 

been noted in tropical damselfish (Fowler 1995), and the congener E. guttatus, in which 

only 33%> of otoliths were legible in samples from St Thomas compared with 6 3 % of the 

otoliths in fish from Puerto Rico (Sadovy et al. 1992). 

Otolith growth in fish is a complex issue and the subject of numerous, yet 

inconclusive, studies (Pannella 1980, Fowler 1990, Beckman & Wilson 1995). It is the 

result of interactions between endogenous and/or exogenous cycles of somatic growth 
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rate and/or protein and aragonite metabolism, and the ecology, behaviour and 

physiology of each fish (Brothers 1982, Fowler 1995). Formation of the opaque zone 

often occurs through spring and summer during periods of fast otolith and somatic 

growth (Fowler 1995, Beckman & Wilson 1995), when the deposition of calcium 

carbonate (aragonite) on the otolith occurs as long, thick needles around the organic 

matrix (Pannella 1980). Deposition of the opaque zone in the otoliths of serranids 

generally follows this pattern, usually occurring sometime between March and July in 

species of the genera Epinephelus and Mycteroperca from the western Atlantic (Moe 

1969, Matheson & Huntsman 1984, Matheson et al. 1986, Bullock et al. 1992, Hood & 

Schlieder 1992, Potts & Manooch 1995), and November to February for E. rivulatus at 

Ningaloo Reef, as determined in this study. However, notable exceptions are the 

serranid species Plectropomus leopardus and P. maculatus, from the Great Barrier Reef, 

in which opaque zone formation occurs during winter and spring (McPherson et al. 

1988 in Williams & Russ 1991, Ferreira & Russ 1992). Preliminary data indicate that 

otoliths of P. maculatus from the north west of Western Australia may also form an 

opaque band in winter months (Mackie & Dunk, unpubl. data), suggesting a genus-

specific pattern in deposition of the opaque zone. 

These seasonal patterns in the formation of annuli in the otoliths offish are believed 

to be due in part to changes in water temperature (Beckman & Wilson 1995). Pannella 

(1980) noted that a range of at least 4 - 5° C is needed to sufficiently alter otolith 

growth such that annuli are produced, which is well below the annual fluctuations in 

water temperature of 19.7 to 29.7° C at Osprey Bay, and 16.6 to 29.3° C at Mangrove 

Bay (Chapter 2). Differences in the temperature range between these two sites provides 

one explanation for the differences in otolith readability, with fish at Mangrove Bay 

possibly producing more opaque material in their otoliths as a consequence of the wider 

range in temperatures they experience. Similarly, variation in temperature regimes 

between seasons may be a cause of the considerable intra-otolith differences in the 

width and character of adjacent annuli. 

Formation of one annulus per year was confirmed in E. rivulatus above six years of 

age. However, for an ageing technique to be considered accurate it must be validated in 

fish of all ages (Beamish & McFarlane, 1983). Thus a more comprehensive, 

tetracycline-based validation program is needed for E. rivulatus, since the otolith rings 

in younger age groups remain unvalidated. Furthermore, repeat injection of adult fish 
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with tetracycline over a number of years would prove useful in interpreting the ring 

structure within the otoliths ofE. rivulatus as this would produce a series of fluorescent 

rings at known time intervals. E. rivulatus would be ideal for such a study given its site-

attached nature and accessibility. Despite the difficulties in interpreting the otoliths of E. 

rivulatus, they nonetheless fulfil the requirements needed for ageing purposes, because 

they continue to grow throughout the lifetime of the fish, they display visible growth 

increments, and these increments are formed on a regular, determinable time scale 

(Fowler 1990, 1995). 

Planktonic Duration And Settlement 

Knowledge about the duration of the pelagic phase is important in understanding the 

recruitment dynamics of a species and in determining the extent to which offspring may 

disperse (Brothers 1982). This has important implications in the stock assessment of a 

fishery, for instance in assessing whether there is substantial input of new recruits from 

other areas, and in decisions on the location and size of marine reserves for recruitment 

of young into exploited populations. 

An estimate of the planktonic duration requires identification of a settlement mark, 

which was identified with varying degrees of confidence in the otoliths ofE. rivulatus, 

but remains unvalidated. Nonetheless, given the complex physiological changes that 

occur as the fish enters the benthic habitat, it is not surprising that a corresponding mark 

is left in the otolith (Victor 1982), and the optical characteristics and subsequent 

decrease in increment width are typical of the settlement mark in other tropical fish 

species (Victor 1982, Fowler 1989, Wellington & Victor 1992), including the serranid 

Plectropomus leopardus (Doherty et al. 1994). 

Validation of the microbands is also a necessary prerequisite for determining 

planktonic duration. The present study failed to provide unequivocal evidence that 

microbands are formed daily within the otoliths ofE. rivulatus, mainly due to the 

difficulty in reading microbands at the margin of the otolith. This problem m a y be 

solved in the future by injecting juveniles at two different times (up to two or three 

weeks apart) and then leaving them at liberty for a longer time period (at least a month) 

so that the tetracycline bands are clear of the margin when the fish are finally recaptured 

for examination of their otoliths. Nevertheless, if the microbands in the otoliths of E. 

rivulatus were deposited daily as the evidence suggests, then the duration of the 
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planktonic stage in these E. rivulatus was 3 - 9 weeks (mean 37 days). This is typical of 

reef fish species (Brothers et al. 1983), and compared to other serranids is close to the 

mean for Epinephelus striatus in the Bahamas of 42 days (Colin et al. 1997), but longer 

than the mean for Plectropomus leopardus on the Great Barrier Reef of 25 days 

(Doherty et al. 1994). E. rivulatus appear to have a more variable planktonic life than 

these two serranids, ranging from 21 to 61 days compared to 37 to 45 for E. striatus. 

Little is understood about the factors affecting planktonic duration (Wellington & 

Victor 1992), and virtually nothing is known about the transportation of E. rivulatus or 

other serranid larvae in the vicinity of Ningaloo Reef, apart from the fact that serranid 

larvae make up a small but distinct proportion of the larval fish fauna that enter the 

lagoon of Ningaloo Reef across the reef crest (Doherty & Mcllwain 1996). Since water 

inside the Ningaloo Reef lagoon funnels out to the open ocean via numerous reef breaks 

and re-enters across the reef crest (Hearn & Parker 1988), it is likely that many of the 

larvae spawned by E. rivulatus in the lagoon are carried out to sea before making their 

way back to the reef prior to settlement. The length of the planktonic phase in E. 

rivulatus may therefore be influenced by factors such as characteristics of the water flow 

at the spawning site, retention time in the lagoon, oceanic current speeds, and behaviour 

of the larvae. 

Back calculation of birthdates for newly settled juvenile P. leopardus and E. striatus 

indicated that spawning occurred near the new and full moons, respectively (Doherty et 

al. 1994, Colin et al. 1997). N o clear lunar pattern was evident for E. rivulatus, even 

with the addition of four days to the age of each fish to allow for a possible time lag 

between birth and production of the first increment (Colin et al. 1997). However, 

reproduction in E. rivulatus appears to be cued by other environmental factors besides 

lunar cycle (Chapter 2). Furthermore, because the ages designated to E. rivulatus were 

often an average, the birthdate estimate is thus an approximation and not reliable for 

exact predictions. 

Age, Growth, And Mortality 

Serranids are long-lived and slow-growing fishes, with maximum ages usually 

exceeding 10 years and values for the growth coefficient, K, typically between 0.10 and 

0.25 per year (Manooch 1987). For some serranid species the maximum age is more 

than 20 years (Appendix 5), which may also be reached by E. rivulatus at Ningaloo Reef 
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although few individuals older than 14 years were present in the samples. The high 

value for K (> 0.4) shows that E. rivulatus reach their maximum length at a rapid pace 

compared to many other serranids. Female E. rivulatus may also become sexually 

mature at a relatively early age since most were reproductive by age two. In comparison, 

only 5 0 % of female Epinephelus guttatus, a serranid about 1.5 to 2 times the body 

length ofE. rivulatus, had reached sexual maturity by age three (Sadovy et al. 1992). 

Data for E. rivulatus captured in the province of KwaZulu-Natal, South Africa, confirm 

the rapid growth rate (K = 0.502) and age at sex-change (4.5 years) (Fennessy 1998). 

However, these South African fish had a larger asymptotic length (Zoo = 351) and 

maximum length (435 m m total length), but younger maximum age, since the oldest 

female and male were only 10 and 14 years, respectively. 

The relatively young maximum ages of the South African fish may be due to the 

heavy fishing pressure they receive (Fennessy 1998), whilst the larger lengths are 

possibly a result of a deeper habitat, since E. rivulatus captured in the relatively deep 

waters of North West Reef during the present study were generally larger than those 

captured from the other areas. Recreational fishers also note that E. rivulatus captured in 

deeper waters off Ningaloo Reef are often larger, whilst E. rivulatus captured in deeper 

waters off Geraldton (Western Australia) also reach a larger size than the Ningaloo Reef 

fish (pers. obs.). Combined with a relatively long reproductive season (Chapter 2), the 

fast growth rate and early age at which females become sexually mature help explain the 

numerical dominance of E. rivulatus over other serranid species, especially in areas of 

sand, algae and eroded limestone that is a common habitat within the lagoon of 

Ningaloo Reef (Ayling & Ayling 1987, pers. obs.). 

Although the serranids are notably susceptible to mortality from fishing activities, 

little is known about their natural causes of mortality apart from the fact that it is 

typically low (Thompson & Munro 1978). Predation (particularly by sharks), 

parasitism, cold water shock, and red tides have been cited as the main causes of death 

in serranid species, especially of smaller individuals (Olsen & LaPlace 1979, Ralston 

1987). Certainly, predation is likely to cause high mortality of smaller E. rivulatus. 

However, parasitism may be a greater source of mortality among larger individuals, 

since parasitic nematodes (Phylometra spp.) were commonly found within or attached to 

the walls of the gonads (Chapter 2). The occasional E. rivulatus captured from deeper 

waters were also host to a large parasitic copepod which caused a cyst approximately 20 
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m m diameter to form within the flank of the fish. Injury inflicted during particularly 

aggressive territorial disputes (Chapter 3) may also result in death, either directly or by 

making the individual more susceptible to predation or infection. 

Ralston (1987) noted that estimates of natural mortality obtained using the Pauly 

(1984) equation were about 4 5 % greater than estimates obtained by the catch curve 

method for several species of serranids. If this were the case for E. rivulatus then M for 

this species m a y be 0.547 (an annual survivorship of almost 5 8 % ) , which is closer to 

values determined for other serranid species. However, Ralston (1987) also concluded 

from a review of the literature that the rate of natural mortality in serranids can be 

estimated as roughly twice the value of the growth coefficient, K. In the case of E. 

rivulatus from Osprey Bay (K= 0.464) and other locations at Ningaloo Reef, it is 

therefore likely that they do have relatively high rates of natural mortality compared to 

other species of serranids. Given this combination of relatively high growth and 

mortality rates, it is also likely that E. rivulatus have a relatively high productive 

capacity compared to other serranids. 

Otolith Growth 

Most body parts follow growth trajectories that are allometric to body length. This is 

also the case for otolith length in E. rivulatus. However, as linear growth of the otolith 

slows with age, the otolith becomes thicker and heavier at a rate that is consistent with 

age rather than length. Similar patterns of otolith growth have been observed in other 

fish, prompting investigation of the potential use of otolith parameters in estimating age 

for several fish species (Boehlert 1985). 

Accurate and efficient determination offish age is an essential requirement of 

analyses used in the management of exploited species (Fletcher 1991). In recent times 

examination of the internal ring structure of otoliths has been the most favoured 

technique for obtaining these age estimates. However, ageing fish by this method is 

often a time consuming and expensive task. Furthermore, and as highlighted in the 

present study, it often produces subjective and imprecise results. This has led to the 

investigation of otolith parameters as a more rapid and objective ageing methodology. 

Boehlert (1985), for instance, used a combination of otolith weight, otolith width, and 

otolith length to age rockfish (Sebastes spp.) accurately and objectively. Pawson (1990) 

showed that sardines (Sardinops aurita) could be satisfactorily aged using a 
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combination of otolith weight and fish length, whilst Fletcher (1991) found that otolith 

weight alone appeared to provide a means of estimating age in pilchards (Sardinops 

neopilchardus), that was as accurate as age estimates gained from scale and otolith 

readings. 

Similarly, the present study has shown that otolith weight may also be a cost effective 

and objective means of ageing E. rivulatus. Certainly, given the difficulties experienced 

in interpreting the ring structure of this species, further research into the usefulness of 

otolith weight is warranted. Such research should examine the amount of variation in 

the otolith weight of similarly aged fish and subsequent overlap between the 

distributions of otolith weight of different age classes. Comparisons of the age estimated 

using the weight of a particular otolith and the internal ring structure should also provide 

a useful cross-check of each methodology. Ultimately, it may thus be possible to 

develop an efficient and adequate ageing methodology for E. rivulatus that is based on 

measuring the relevant parameters of a large number of otoliths and examination of the 

internal ring structure of a sub-sample of these. 

Table 1. The number of E. rivulatus otoliths in each readability category. Category 1 = 
unreadable, categories 2 to 5 = readable with increasing degree of confidence (category 
5 = perfectly readable; refer to page 60). Percent readable is the percentage of otoliths 
placed in category 2 or greater and accepted for age analysis. Percent agreement is the 
percentage of otoliths that were assigned the same age between counts. IAPE is the 
Index of Average Percent Error. Data from Osprey Bay includes otoliths offish used in 
the sex-change experiment. 

Location 

Mangrove 
Osprey Bay 
Tantabiddi 
NWReef 

1 
31 
55 
43 
22 

Readability category 
2 
24 
85 
106 
26 

3 
2 
54 
61 
16 

4 

4 
1 

5 

1 

n 

57 
198 
211 
65 

Percent 
readable 

46 
73 
80 
66 

Percent 
agreement 

27.5 
61 
68 
54 

IAPE 

(%) 

19.0 
15.8 
17.0 
14.1 
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Table 2. Details of E. rivulatus captured at Ningaloo Reef and injected with tetracycline 

in order to determine the temporal significance of opaque growth zones in the otolith. 

The number of opaque bands refers to the number between the fluorescent tetracycline 
band and the margin of the otolith. 

Fish Sex Date of Forklength Days Number of Age Readability 

capture ( m m ) at opaque (yrs) category 
recapture capture liberty bands 

recapture 
OB33 

OB34 

OB43 

OB45 

OB49 

OB58 

R059 

R069 

R073 

R075 

F 

F 

M 

M 

M 

F 

F 

M 

M 

F 

F 

1/5/94 

23/4/95 

1/5/94 

23/4/95 

2/5/94 

10/5/95 

1/5/94 

10/5/95 

2/5/94 

10/5/95 

2/5/94 

10/5/95 

10/8/95 

14/9/96 

10/8/95 
17/9/96 

10/8/95 
17/9/96 

10/8/95 
18/9/96 

230 

265 

230 
277 

314 

332 
? 

314 

306 
326 

236 
260 

300 
325 

341 
350 

284 
295 

279 
285 

357 ] 

357 1 

373 1 

374 ] 

373 1 

373 ] 

401 1 

404 ] 

404 

405 

7 

7 

10 

9 

11 

i 6 

1 10 

I 24 

t 7 

I 14 

2 

2 

3 

4 

2 

2 

2 

4 

2 

2 

Table 3. Fork length (FL), estimated age, and backcalculated birth-date of immature 

female E. rivulatus captured at Mangrove Bay. 
Mean microband count 

Fish 

MAN1 
MAN14 
MAN16 
MAN17 
MAN18 
MAN19 
MAN22 
MAN23 
MAN31 
MAN43 
MAN44 
MAN46 
MAN47 
MAN48 

Capture date 

11 Aug 95 

16 Feb 95 

16 Feb 95 

16 Feb 95 

16 Feb 95 

13 Feb 95 

13 Feb 95 

13 Feb 95 

16 Dec 95 

24 Dec 95 

24 Dec 95 

24 Dec 95 

24 Dec 95 

24 Dec 95 

FL 
(mm) 
121 
88 
98 
99 
94 
93 
88 
100 
81 
65 
70 
63 

66 

66 

Core to 
settlement 

39.5 

48.5 

61 

21.5 

26 

44 

41 

27.5 

33 
? 

41.5 

40.7 

25.5 

31.5 

Settlement to 
margin 

218 

86 

77 

101 

156.5 

111 

95 

107.5 

91 
? 

66.5 

65 

64.5 

59 

Estimated 
age (days) 

257.5 

134.5 

138 

122.5 

182.5 

155 

136 

135 

124 

74 

108 

105.7 

90 

90.5 

Estimated da 
of birth 

26 Nov 94 

4 Oct 94 

1 Oct 94 

16 Oct 94 

17 Aug 94 

11 Sep 94 

30 Sep 94 

1 Oct 94 

14 Aug 95 

11 Oct 95 

7 Sep 95 

9 Sep 95 

25 Sep 95 

24 Sep 95 
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Table 5. Summary of age data for E. rivulatus captured within the sampling sites at 
Ningaloo Reef. Ages are in years. 

Immature 

females 
Mature females Transitional Males 

Location 

Tantabiddi 
Osprey Bay 

Mangrove 
NWReef 

n Oldest 

15 
6 

15* 
1 

2 
2 

1 
2 

n Range Mean(SE) 

99 1-11 3.8(0.23) 
93 1-15 4.8 (0.24) 

10 2-8 5.0 (0.58) 
22 1-8 4.9(0.51) 

n Age 

2 7,4 

1 10 

n Range Mean (SE) 

31 4-19 10.0 (0.58) 
40 3-24 8.9 (0.58) 

5 6-12 9.0(1.00) 
19 2-17 9.7(0.99) 

* refer to Table 3 for data on these fish. 

Table 6. Parameters of the von Bertalanffy growth function for E. rivulatus captured at 
sites along Ningaloo Reef, and for all sites combined (Ningaloo). Also shown are the 
coefficient of determination for the fitted curves (r2) and sample size (n). The ages of 14 
immature females from Mangrove Bay (determined from daily ring counts and 
converted to a proportion of the year) were included in each analysis to provide data on 
the 0+ age group. ASE; Asymptotic Standard Error. 

Location Loo (ASE) K (ASE) to (ASE) n 
Ningaloo 

Tantabiddi 

NWReef 

Osprey Bay 

321.7(2.7) 

307.4 (3.4) 

338.3 (4.9) 

317.8(3.9) 

0.416 (0.020) 

0.530(0.031) 

0.418(0.031) 

0.464 (0.030) 

-0.697 (0.089) 

-0.382 (0.073) 

-0.353 (0.073) 

-0.430 (0.086) 

0.859 

0.903 

0.968 

0.886 

340 
158 
57 
153 

Table 7. Results of an analysis of the residual sum of squares to compare the von 
Bertalanffy growth functions of E. rivulatus populations at Ningaloo Reef. Although 
data for the immature females from Mangrove Bay were used to obtain von Bertalanffy 
growth parameters for each site, such data were not included in the analysis shown here. 

RSS, residual sum of squares, df, degrees of freedom. 

Location R S Spooled df RSSsummed df F 

Ningaloo 
Tantabiddi 
NWReef 

Osprey Bay 
Summed 

130845.89 323 
51615.95 
14998.64 

53072.25 
119686.84 

141 
40 
136 
317 4.926 O.001 
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Table 8. Results of 1-way analysis of variances comparing the size-at-age ( m m and 
years) of E. rivulatus from three locations at Ningaloo Reef. Data are pooled into two 
year age classes to provide adequate replication. Also shown are the results of the 
posthoc comparison of means using the Tukey's H S D test for unequal sample sizes. All 
analyses completed on untransformed data. Note that the data (either raw or 
transformed) for age groups 2-3 and 8-9 did not pass Cochran's test for homogeneity of 
variances. 

Age df MS MS F P Tukey's HSD test 
(years) effect error Osprey Tantabiddi N W R e e f 
2-3 2,95 2168.36 

4-5 2,65 853.26 

6-7 2,51 2341.34 

8-9 2,27 791.14 

10-11 2,24 650.27 

12+ 2,23 469.38 

448.47 4.835 0.010 

460.44 1.853 0.165 

366.21 6.393 0.003 

288.64 2.741 0.082 

371.42 1.751 0.195 

354.23 1.325 0.285 

250.4 236.1 241.4 

278.7 

290.6 

314.8 

331.5 

271.3 

282.4 

304.2 

320.6 

287.4 

315.2 

321.3 

345.0 

339.0 331.4 345.9 
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Figure 1. Transverse sections of the otoliths of immature female E. rivulatus, viewed with 
transmitted light, (a) Cracks running through the core (scale bar=60 um). (b) Microbands, 
settlement mark (black arrow) and focus (white arrow; scale bar=50 Jim). 

Figure 2. Transverse sections of the otoliths of £. rivulatus, viewed with transmitted light, (a) 
A five year old male with clear annuli (scale bar=350 pm). (b) A male with reasonably clear 
annuli within the ventral (V) half of section, whilst the dorsal half is opaque and unreadable 
(scale bar = 400 p m ) . 

Figure 3. (a and b) Dorsal and ventral regions of the same otolith section of a male E. 
rivulatus, viewed with transmitted light. Estimated age of this individual varied from 9 to 15 
years, depending on the region in which counts of annuli were made and the criteria used to 
distinguish them. Scale bar in both photographs = 300 pm. 
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Figure 4. Transverse section of the otolith of an immature female E. rivulatus injected with 
tetracycline for validation of the microbands. Photographs show detail of the otolith margin, 
with (a), microbands between black arrows (made clearer by altering microscope focus), and 
(b), fluorescent tetracycline band. Scale bar in both photographs = 37 u m 

Figure 5. Transverse section of the otolith of a male E. rivulatus (OB45) injected with 
tetracycline for validation of annuli. (a) Detail of otolith near the sulcus showing annuli (black 
circles), (b) Same image, with fluorescent tetracycline band. Scale bar in both photographs = 

400 pm. 
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Figure 6. Percentage ofE. rivulatus otolith samples with either an opaque (category 0), 
narrow translucent (category 1), or wide translucent (category 2) margin. Numbers 
above bars indicate sample size, which include pooled data from different locations. 
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Figure 7. Age-frequency distribution of sampled male and female E. rivulatus at 
Ningaloo Reef. Data are pooled from various sites (refer to Table 4 for data by 

individual site). 
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Figure 8. Von Bertalanffy growth curves fitted to length-at-age data for E. rivulatus 
captured at three locations along Ningaloo Reef. Data for the 0+ age group are from 
Mangrove Bay. Crosses = females, circles = males. 
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Figure 9. V o n Bertalanffy growth curve fitted to length-at-age data for E. rivulatus 
captured along Ningaloo Reef. Sampling sites for data include North West Reef, 
Tantabiddi, Osprey Bay, and Mangrove Bay. Crosses = females, circles = males. 

87 



Figure 10. Relationships between (a) fish age and otolith weight, and (b) fish age and 
otolith length, for E. rivulatus at Ningaloo Reef. The otolith used in each comparison 
was the right sagitta, n = 165. Also shown are the allometric equations fitted to the log 
transformed data, and the associated coefficients of determination (note that the plotted 

data is untransformed). 
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Figure 11. Relationships between (a), fork length and otolith weight, modelled using a 
Weibull cumulative distribution function and (b), fork length and otolith length, 
modelled using a linear function, for E. rivulatus at Ningaloo Reef. The otolith used in 
each comparison was the right sagitta, n = 165. 



Chapter Five 
Hom e Range and Spatial Distribution 

Abstract 

The chinaman cod, Epinephelus rivulatus, is abundant within limestone and algae 

habitats of Ningaloo Reef, Western Australia. Individuals are protogynous 

hermaphrodites with a female biased sex ratio and, unlike many other serranid species, 

have lifestyles that are amenable to dive-intensive ecological research. This allowed 

description of the patterns of space use by individuals within three populations of E. 

rivulatus. Males occupied home ranges that averaged between 94 and 200 m , were 

contiguous in more densely populated habitats and showed little intrasexual overlap. 

The home ranges of female E. rivulatus frequently overlapped and averaged between 58 

and 151 m2. The home ranges of male E. rivulatus were generally larger than those of 

females, although there was wide variation in the data and no relationship between 

home range size and body length among individuals larger than 215 m m . 

The most densely populated habitat contained high abundances of potential prey, was 

well flushed by oceanic waters, and had numerous shelter holes. E. rivulatus within this 

habitat (reef slope) had relatively small home ranges compared to the adjacent habitat 

(reef flat). Movement by individuals from the reef flat to the slope is likely to occur as 

they grow larger and are more able to take advantage of opportunities to improve their 

social standing. The recapture of a male approximately twelve kilometres from the 

original tagging point shows that larger scale movements also occur. The high densities 

of E. rivulatus within the studied populations are indicative of the important ecological 

role this species plays as a prominent predator in the lagoon of Ningaloo Reef. The 

study also highlights the usefulness of marine reserves as refuges for populations ofE. 

rivulatus, allowing them to live and spawn without disruption and possibly providing a 

source of recruits for populations that are depleted by fishing. 
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Introduction 

All mobile animals move through their habitat in the search for essential resources such 

as food, shelter and mates. Hence the way in which these resources are distributed and 

the amount of competition for them will affect the living area and spatial distribution of 

individuals within a population. Description of the space in which individuals reside 

(e.g. size and shape) and their spatial arrangement relative to essential resources and to 

other conspecifics is therefore fundamental to understanding the ecology of a species 

(Brown & Orians 1970, Emlen & Oring 1977, Andrew & Mapstone 1987, Weiner 

1995). 

An individual's living area, exclusive of migrations, emigrations and unusual 

wanderings, is commonly referred to as a home range (Burt 1943, Stickel 1954, Brown 

& Orians 1970). The characteristics of these and the associated spatial and social 

organisation of individuals have been well studied in various species of coral reef fish 

which are usually site attached and have well defined, limited home ranges (Sale 1971, 

1978). These studies have focussed on small species such as damselfishes, which often 

have precise habitat requirements (Myrberg & Thresher 1974, Fricke 1980, Robertson 

1981, Shpigel & Fishelson 1986, Donaldson 1989) and exhibit variation in home range 

size and shape to suit temporal and spatial changes in the habitat. Typically, the better 

the habitat in terms of available resources the smaller the home range size, and the 

denser the population (Shpigel & Fishelson 1986, Hixon 1980, Schoener 1983, 

Morrissey & Gruber 1993). 

However, crowding may also increase the level of antagonistic behaviours among 

individuals and result in the displacement of subordinate or defeated individuals into 

less favourable habitats (Reese 1978). The portion of a home range that is defended by 

these antagonistic (territorial) acts from other individuals is termed a territory (Burt 

1943). Like home ranging, territoriality is also widespread among coral reef fishes, 

although the distinction between the two is not always clear and territorial behaviour 

may often be restricted to certain age or sex classes (Sale 1971, 1978, Thresher 1984). 

Restricted territoriality might be expected, for example, among individuals within the 

small haremic social groups that are typical of hermaphroditic species offish. In 

protogynous species, where individuals change sex from female to male, the social 

groups usually consist of a relatively large male and several smaller females, and the 
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social ranking of individuals often appears to be based on relative size (Sale 1978, 

Thresher 1984, Hoffman 1985, Baird 1988). Thus the smallest female is subdominant to 

all other group members whilst the male is most dominant. The male also has the most 

reproductive success because he has more mating partners, and is likely, therefore, to 

deter the females from changing sex since he will both lose a mating partner and gain a 

competitor (Robertson 1972, Fricke & Fricke 1977, Shapiro 1984). 

Interactions between most group members within these haremic groups are thus 

likely to be based on dominance and submissiveness, allowing considerable overlap 

between the home ranges of different sized individuals. However, individuals of a 

similar size or age may be expected to be territorial to each other due to similarity of 

resource exploitation (Krebs 1985), or because their positions within the size-structured 

social hierarchy are less clear and thus more open to challenge. A lack of overlap 

between the home ranges of such individuals may therefore be expected due to 

territorial behaviour (Brown & Orians 1970), resulting in the living space of individuals 

being a home range (general living area) with respect to some members of the social 

group, and a territory (defended area) with respect to others. 

The groupers (Epinephelinae: Serranidae) are a large group of ecologically and 

economically important reef predators in which the individuals of most species are 

protogynous hermaphrodites and the population sex ratios indicate a haremic social 

system with a social hierarchy similar to that described above (Thresher 1984). The 

patterns of space use in a few smaller sized and more densely populated species have 

been examined (Shpigel & Fishelson 1989,1991, Donaldson 1992, Mackie 1993). 

Information is also available on some of the larger, more nomadic serranid species 

(Carter et al. 1994, Shapiro et al. 1994, Zeller 1997), but the data are limited and little is 

known about the interaction between population density, habitat quality, body size and 

the characteristics of individual home ranges and social system. 

This paucity of detailed ecological information on the serranids is mainly due to their 

lifestyles, which often do not permit the intensive observational studies that have been 

conducted on other reef fish species. Indeed, ecological studies of any complexity may 

only be possible on smaller species of serranids such as the chinaman cod, Epinephelus 

rivulatus, a prominent predator within the shallow lagoon of Ningaloo Reef, Western 

Australia. Individuals of this species are protogynous hermaphrodites that occupy well 
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defined home ranges, are territorial towards certain conspecifics, and form populations 

with female biased sex ratios in which males are larger and more dominant (Chapters 2 

and 3). The abundance and accessibility of E. rivulatus made it amenable to dive 

intensive field studies, permitting the patterns of space use among individuals within 

three separate populations to be examined. Specifically, the aims of this study were to 

describe the relationship between the size and distribution of home ranges with fish 

length, sex and habitat. Inferences were also made on the form of the social system and 

movements by individuals based on these data. 

Materials and Methods 

The three populations of E. rivulatus used in this study were located in Mangrove and 

Osprey Bays, Ningaloo Reef (refer to Figure 1 in Chapter 2; in this study a population is 

used to describe a group of individuals of a species living in a certain area). Mangrove 

Bay is a fairly uniform, shallow habitat that is protected from direct oceanic swell. The 

substratum is relatively flat and featureless, composed of hard flat limestone with a thin 

veneer of sand and the occasional small coral head. Brown algae are abundant, 

particularly during summer, and visibility is often poor. The lagoon at Osprey Bay is 

relatively narrow and exposed to oceanic swell. The habitat is heterogenous, with the 

site used in the present study located along a reef slope and extending across the 

adjacent reef flat. The limestone substratum within the Osprey Bay site was eroded, 

covered by sand and rubble with occasional coral heads and abundant algae. Refer to 

Appendix 2 for further description of these sites. 

Two of the populations were located in Mangrove Bay and one in Osprey Bay, and 

all three were located in areas protected from fishing (Sanctuary Zones). Data used to 

describe patterns of space use by E. rivulatus within these populations were obtained by 

marking out the habitat in a grid pattern, and pinpointing the location of tagged 

individuals during each of a series of dives through the sites. Details are given below. 

Gridding And Mapping Of The Study Sites. 

The sites used in this study were chosen because of the relatively high concentration of 

resident E. rivulatus compared to surrounding areas. Each site was marked out in a grid 

pattern using metal rods secured into the limestone substratum at 6 m intervals, with the 
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size of each grid dependent on the number and distribution ofE. rivulatus. In Mangrove 

Bay the two sites were within 300 m of each other and are referred to as sites 1 (78 m x 

78 m ) and site 2 (108 m x 90 m ) . The site within Osprey Bay was also used in a study 

on sex-change in E. rivulatus (Chapter 6) and measured 214 m x 60 m. After marking 

out each grid, the topographical features of each site were mapped onto A 3 waterproof 

paper for use during subsequent dives to locate tagged fish. 

Capture And Tagging OfE. rivulatus. 

Because E. rivulatus of all sizes and both sexes are generally similar in colour and 

morphology, it was necessary to tag individuals using a coded tagging system so that 

they could be recognised underwater (although some untagged individuals were 

identifiable from their distinctive body markings). T-bar anchor tags secured between 

the pterygiophores of the dorsal fin were used, and the coded tagging system 

incorporated three tag colours, two tag lengths, and three tagging locations on either side 

of the body. 

Prior to tagging, E. rivulatus within the study sites were captured by hook and line 

attached to a 1 m length of wooden rod. Untagged E. rivulatus within the sites were 

targeted by skindivers, who remained on the surface and lowered the baited hook down 

near the fish. Captured fish were swum to a dinghy that was anchored nearby and 

tagged, measured (fork length, which is the same as total length in E. rivulatus), and 

sexed using cannulation techniques (described below). Distinctive body markings were 

also recorded. Each fish was then returned to the exact location of capture and released 

so that disturbance to the social and spatial organisation of individuals within the 

population was minimised. E. rivulatus processed in this way were typically stressed 

after release and would remain motionless in shelter, with apparently normal behaviour 

and willingness to take a bait usually resumed by the next day or two. 

Cannulation involves the insertion of a small diameter polyethylene tube (outer 

diameter 0.96 m m ) into the gonoduct and removal of a sample of gonad tissue by mouth 

suction as the tube is withdrawn. This is a useful sexing technique but it is not always 

successful, so to minimise injury of the fish only two attempts were made at cannulating 

them before release. The sex and reproductive status (mature or immature) offish that 

could not be captured or cannulated were estimated from their body size, using the size 

at which 5 0 % of female E. rivulatus are sexually mature along Ningaloo Reef (194 m m 
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fork length; Chapter 2). Only reproductively active fish could be cannulated, and so the 

first tagging session occurred in October and November 1994 within the reproductive 

season (Chapter 2). During this time 93 and 101 E. rivulatus were caught and processed 

in sites 1 and 2 at Mangrove Bay, respectively, and 232 within the Osprey Bay site. In 

January 1995, 84 fish were also captured for tagging within the Osprey Bay site, prior to 

the home range study in this site between 20th April and 9th M a y 1995. O f these 84 

fish, at least 34 (40%) had previously been tagged but had lost one of these or only had 

stubs of the tags remaining. The other 50 fish may have lost both tags, moved into the 

site since the initial tagging session, or had not been captured at that time. There were 

also evidence of tag loss by fish within the Mangrove Bay sites, and 83 and 137 fish 

were captured for tagging within sites 1 and 2, respectively, during July 1995. The home 

range studies within these sites commenced soon after (7-16 September 1995 in site 1, 

and 1 - 18 August 1995 in Site 2). Based on the known number offish that could not be 

captured, it was estimated that at least 9 0 % of the fish within each population were 

tagged prior to the home range studies. Most of these were small individuals. 

Space Use Patterns 

The location and size of home ranges for E. rivulatus within the three populations were 

estimated from a series of S C U B A dives made over six consecutive days through each 

site. During each dive the position and identity ofE. rivulatus were recorded onto a map 

of the site as I swam slowly in zigzag fashion between the metal rods marking each row 

of the grid. All areas of the grid and within 6 m of the outer perimeter were thoroughly 

searched for E. rivulatus with special attention given to ledges, holes and other likely 

shelters. In many cases a particular individual was observed and recorded on more than 

one occasion as I searched along adjacent rows of the grid. If an individual was 

swimming in an unhurried manner when observed, the locations at which it was first 

and last seen were recorded. However, if the individual was swimming fast (and hence 

possibly spooked by m y presence), only the location at which it was first observed was 

recorded. T w o dives (each approximately 2.5 hours duration) per day were required to 

survey each of the Mangrove Bay sites, with total dive times of 30.3 hours completed 

over six days in site 1, and 62.9 hours over 13 days in site 2. Due to the size and 

complexity of the site in Osprey Bay it was split into four, with each quarter taking one 

day to survey (two dives per day). Total dive time within this site was 108.0 hours 

completed over 24 days. Dives were swum in an East-West direction across the sites as 
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it was easier to keep track of position, however the starting point of each dive was 

varied to minimise the possibility of herding the fish. 

Only the home ranges of individuals observed at least once on each day of the dive 

series were used in analyses of home ranges (i.e. those fish with at least six location 

fixes). The outer perimeter of each home range was estimated from a compilation of the 

location fixes using the minimum convex polygon method (straight line connection of 

the outer location fixes; Mohr & Stumpf 1966). In a few cases a location fix was deleted 

because it was probably due to an unusual movement by the individual, based on the 

distribution pattern of other location fixes or observations made during the dives. The 

area of each home range was subsequently determined using a graphics digitiser. Prior 

to analysis of the home range data, E. rivulatus within the site at Osprey Bay were 

categorised by living area into either reef slope or reef flat inhabitants, depending on 

where 5 0 % or more of their home range was situated. 

Further information on the movement pattern of immature E. rivulatus (70 - 180 mm 

fork length) was obtained from half hour observations made on individuals within site 1 

at Mangrove Bay during August and November, 1995 (n = 15). These observations were 

made by divers who remained on the surface and as far from the fish as possible whilst 

plotting the distance and direction of movement by the fish onto underwater paper 

(using the grid markers as a guide). 

The amount of overlap between the home ranges of individuals was examined as an 

indicator of territoriality and social hierarchy, the premise being that greater territoriality 

amongst individuals will lead to less overlap in their living space. For this analysis each 

pair of females that had overlapping home ranges were categorised by their differences 

in body length (15 m m size classes), and by the amount of overlap in their home ranges 

(less than 1 0 % overlap, 10 - 5 0 % overlap, and more than 5 0 % overlap). Similar analysis 

was not required in assessement of territoriality between the males since the patterns 

were more distinct. 

Results 

The number of tagged E. rivulatus that were observed during the dives was low 

compared to the number that had originally been tagged within each site. One reason for 
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this is tag loss, as indicated by the observed loss of all or part of a tag by twelve fish 

whilst conducting the series of dives through site 2. Although probably a minor factor, 

some fish may also have died as a result of the tagging process. For instance, eight fish 

captured within the Osprey Bay site were foul hooked through the eye or in the gut 

(hooks left in the latter fish). Five fish were also released outside of their normal living 

area, and the combined stress of capture and aggression by territorial E. rivulatus is 

known to have killed at least one of these. Mortality is likely to have been higher among 

smaller fish which were probably more sensitive to the capture and handling procedures. 

The loss of one or both tags, or overgrowth of the tags by algae also caused confusion in 

the correct identification of individuals. For example, 32 home ranges within the Osprey 

Bay site could be attributed to two or three individuals because their sole remaining tag 

was similar in size, colour and location in the body. For some of these home ranges, the 

correct identity of the inhabitant was possible based on body length and/or body marks. 

However, it is likely in a few cases that a home range attributed to one individual may 

have actually been that of two fish. 

Emigration by tagged E. rivulatus out of the sites is also likely to have reduced the 

numbers observed during the dives. This was evidenced by the recapture of a 314 m m 

male almost two years and twelve kilometres from the location of original capture and 

tagging in site 1 at Mangrove Bay. However many other individuals exhibited greater 

site fidelity, and after two years were still located within the site in which they had 

originally been captured for tagging. At least some of these fish, identifiable because of 

their large size or particular body marks, were still within the same small area of reef. 

Population Densities 

Despite lacking data on individuals due to reasons outlined above, the three study sites 

were obviously well populated with E. rivulatus of all size classes which occupied 

overlapping, restricted home ranges (Figures 1 and 2). The population within site 1 

included 112 males and females (67 tagged and 45 untagged) and the home ranges of 65 

(58%) of these fish could be identified for further analysis (Table 1). In site 2 there were 

216 males and females (137 tagged and 79 untagged), and the home ranges of 105 

(49%) of these were identifiable. At Osprey Bay the population was estimated at 264 

individuals (153 tagged and 111 untagged) and the home ranges of 117 (44%) of these 

could be identified. 
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Densities offish within the Mangrove Bay populations were similar, with 

approximately two E. rivulatus per 100 m2. Overall densities offish within the Osprey 

Bay site were higher than at Mangrove Bay, although this was due to the large number 

of fish inhabiting the reef slope whilst densities on the reef flat were relatively low 

(Figure 1, Table 1). The distribution of home ranges shows that most of the fish on the 

reef slope were males and large females (> 275 m m fork length), whilst small to 

medium sized females (particularly those smaller than 245 m m ) were mainly found on 

the reef flat. A chi-square test for independence of the frequencies of females smaller 

than 275 m m versus that of large females (> 275 m m ) and males (pooled data) 

inhabiting the reef slope and the reef flat confirmed that the distributions were different 

(X2 (0.05,1)= 29.6, P< 0.001). 

Although the distribution of home ranges suggested that females within the smaller 

age groups (particularly fish below 215 m m , 216-230 m m , and 231 - 245 m m ) were 

not evenly distributed within the Osprey Bay site (Figure lc), analyses by chi-square 

were not significant (chi-square goodness of fit comparing the observed frequency 

distribution of females within five equal sections of the site with frequencies that would 

be expected if the fish were evenly distributed through the site. Analyses were done on 

each size group separately, and in each case P > 0.05). E. rivulatus within the two 

Mangrove Bay populations were more evenly dispersed through the sites compared to 

the Osprey Bay population. Nonetheless, 65 percent of the fish within site 2 occupied 

home ranges that included more limestone than sand (Figure 2), and when diving 

through these sites it was evident that these areas of exposed limestone provided more 

shelter and were preferred by E. rivulatus. 

Home Range Size 

Small (immature) females had relatively small home ranges and during the half hour 

observation periods they usually remained motionless in or near shelter, unless moving a 

short distance between shelters. These movements were made at a fairly rapid pace and 

were often less than 2 m, although swims up to 10 m were recorded. Immature females 

inhabiting the reef flat at Osprey Bay were the most mobile, occupying home ranges that 

averaged 66 m 2 (Table 2). In site 2 at Mangrove Bay and the site in Osprey Bay the 

largest home range was held by a female (Table 2). However, in all three populations 

the mean home range size of males was larger than that of the females. M a x i m u m home 
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range size for females was 389 m 2 and for males 434m2. Mean home range size of 

mature E. rivulatus varied from 58 m 2 for females within site 1 to 200 m 2 for males 

inhabiting the reef flat at Osprey Bay. 

An analysis of variance also indicated that the overall mean home range of male E. 

rivulatus was larger than that of mature females, although the difference was not large 

(Table 3, Figure 3). The analysis of variance also showed differences in the mean home 

range size offish inhabiting sites 1 and 2 in Mangrove Bay, and the reef slope and the 

reef flat in Osprey Bay (Table 3). The posthoc comparison of means indicates that E. 

rivulatus within the three populations form two distinct groups with respect to mean 

home range size; one group including fish with relatively small home ranges that 

inhabited the Mangrove Bay sites and the reef slope in Osprey Bay, and the second 

group including fish on the reef flat in Osprey Bay (Table 3). The home ranges of males 

within site 2 bridged the two groups, being similar to the smaller home ranges of E. 

rivulatus from most other locations except for males occupying the reef flat at Osprey 

Bay, and females within site 1 at Mangrove Bay. The home ranges of males inhabiting 

the reef slope were also similar to those of females on the reef flat. 

The relationship between body length and home range size was significant for E. 

rivulatus within all habitats except the reef slope at Osprey Bay (Table 4). However this 

relationship was due to the relatively small home ranges of small fish, since all 

regressions with fish less than 215 m m excluded were non-significant (also refer to 

Figure 3). Natural log transformations did not appreciably reduce the variability of the 

data, with the best fit (for transformed data from site 1) explaining 4 5 % of the 

variability in the data. Therefore, home range size is not influenced by body size in 

medium and large E. rivulatus. E. rivulatus on the reef flat at Osprey Bay were more 

sparsely distributed and had relatively large home ranges compared to fish inhabiting the 

reef slope at Osprey Bay and the two sites within Mangrove Bay (Figure 4). There were 

as no pattern in this relationship for fish within the latter three areas, however. 

Home Range Overlap 

The home ranges of male E. rivulatus generally did not overlap, whilst there was much 

overlap between the home ranges of females (compare Figure la with Figures lb-c, and 

the home ranges of males and females in Figure 2). Grouping of females into 15 m m 

size classes show that the home ranges of similarly sized individuals often do not 
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overlap either (Figures 1 and 2). Regression analysis further showed that when the home 

ranges of these similarly sized female do overlap, the frequency of substantial (>50%) 

overlap is less than for females with larger differences in body size (Figure 5, regression 

for Osprey Bay data: r2 = 0.4310, P U 3 df = 0.0079, and for site 2, Mangrove Bay data: r
2 

= 0.3639,7*1,13 df = 0.0173). Intersexual overlap in living area was common, and the 

home range of many females overlapped those of more than one male (Table 5). 

However some small females (< 275 m m ) inhabiting the reef flat within the Osprey Bay 

site appeared to have little or no male contact as there was no overlap in their home 

ranges. 

Discussion 

Spatial Distribution And Social Organisation 

The data show that E. rivulatus is a group-living species. However, E. rivulatus does not 

form strict harems like those of the serranid species Cephalopholis miniata and C. argus 

in which males defend large territories that were subdivided into secondary territories, 

each inhabited by an individual female and defended from neighbouring females 

(Shpigel & Fishelson 1991). In contrast, whilst male E. rivulatus usually had non-

overlapping living areas, those of females overlapped considerably and they often 

shared the habitat of more than one male. Further, E. rivulatus of both sexes (apart from 

small females, less than 215 m m long) also occupied similarly sized home ranges that 

were generally small in size, less than 200 m 2 at mangrove bay and 400 m 2 at Osprey 

Bay. These spatial characteristics closely resemble those of Cephalopholis cyanostigma, 

a slightly smaller serranid that is abundant within shallow, coral rich habitats on the 

Great Barrier Reef (Mackie 1993). 

The spatial distributions indicate that male E. rivulatus are territorial towards each 

other, as confirmed by behavioural observations (Chapter 3). Females are far more 

abundant, share considerable overlap in living area, and are therefore likely to have 

higher levels of intrasexual contact. Nevertheless, similarly sized females also exhibit 

territoriality towards each other since their home ranges overlapped less frequently, 

indicating the presence of a social hierarchy among the females in which an individual's 

status is based on relative size and similarly sized females are social competitors. 
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Nevertheless, it is apparent that the defence of discrete territories by similarly sized 

individuals is often not possible, perhaps because the social and environmental factors 

that attract individuals together overcome territorial aggression. As a result, similarly 

sized females are obliged to share more habitat as densities increase, and under these 

circumstances other factors such as the relative aggressiveness of individuals may 

ultimately determine the social relationships between individuals (Myrberg 1972, 

Carpenter 1987). 

The spatial data support the view that E. rivulatus have a flexible social system in 

which individuals may improve their status and reproductive success through growth 

and opportunistic movement into habitats with better resources and more chance of 

intersexual contact. Therefore, whilst E. rivulatus is essentially sedentary by nature with 

many individuals occupying the same area for periods spanning at least two years, they 

may nevertheless undertake movements into new locations. The presence of untagged 

fish is evidence that there may have been an influx of new fish into the study sites, and 

the recapture of the male that had originally been tagged in Mangrove Bay shows that 

they can move considerable distances. Similar movements by individuals were also 

noted for C. cyanostigma, with one individual recaptured approximately a kilometre 

from the point of tagging, and small but distinct changes in the location and size of 

home ranges occurred when males were experimentally removed from the study sites 

(Mackie 1993). Ontogenetic shifts in habitat are also typical of larger serranid species in 

which individuals change habitat and move offshore as they grow (Sheaves 1995, Ross 

& Moser 1995, Sluka & Sullivan 1996). However, in these larger species there generally 

appears to be a much greater spatial distinction between the habitats of juveniles 

(nursery grounds) and adults compared to smaller species such as E. rivulatus. 

Home Range Size 

The minimum area polygon method of estimating home range size is sensitive to the 

number of position observations made on an animal (White & Garrott 1990). It is 

possible, therefore, that the home range estimates provided here for E. rivulatus are 

underestimated, because of the small number of observations per individual fish. Due to 

the low mobility and relatively small area of movement of many individuals the 

estimates are nevertheless likely to be reasonably accurate. The data show that habitat 

may affect home range size, sex generally does not, and neither does body size once a 
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certain length (about 215 m m ) is reached. Habitat is usually regarded as the major 

determinant of living area in reef fish, affecting the availability of resources such as 

shelter, food and spawning sites (Ebersole 1977, Hixon 1980, Jones 1984, Shpigel & 

Fishelson 1986, Hourigan 1989, Shapiro 1991). Habitat quality and competitor densities 

were also the primary factors affecting territory size of the serranids Cephalopholis 

miniata, C argus and C. hemistiktos in the Red Sea (Shpigel & Fishelson 1991). 

The influence of habitat may also vary with ontogeny in E. rivulatus. For small 

females the primary concern is likely to be shelter from predation and aggression. 

However, as an individual grows, so may the need to move into areas that not only 

provide more appropriate shelter and greater abundance of prey, but also more chances 

of interacting with males and better dispersion of gametes during spawning (Shapiro 

1991). 

Management Issues 

Observations made during this study are applicable to the management ofE. rivulatus 

and more generally to other serranids. The high densities within the three populations 

are notable for several reasons. Firstly, there were far more fish within the study sites 

than were estimated from surveys made prior to the study, highlighting the difficulty in 

obtaining accurate counts from visual censuses of cryptic species such as E. rivulatus. 

Secondly, the high abundances combined with a wide variety and frequent consumption 

of prey species (Appendix 1) suggest that E. rivulatus may influence the distribution and 

abundance of a number of other species within the lagoon. Finally, because females 

grow fast, mature early (Chapter 4), and are reproductively active over six months 

(Chapter 2), the reproductive output of crowded populations like the ones studied here is 

likely to be high. 

The Sanctuary Zones (marine reserves) where the populations used in this study were 

found are viable management tools, as they provide refuges for exploited species from 

which the restocking of depleted areas may take place via emigration of adult fish and 

dispersal of larvae (Russ 1985, Watson etal. 1996, Roberts 1997). However, this study 

provides only some of the information necessary to judge the effectiveness of Sanctuary 

Zones in maintaining healthy populations of E. rivulatus for restocking purposes, 

because detailed information about exploited populations of this species is still lacking. 

This study has established that the information needed for such a judgement could be 
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obtained with a larger investigation that included populations ofE. rivulatus in both 

Sanctuary Zones and non- Sanctuary Zone areas. Future studies need to investigate 

patterns in the movement of fish and the reasons behind them, and provide direct 

measurements of the export of larvae, females and males from Sanctuary Zones to non-

Sanctuary Zone areas in order to establish that restocking actually occurs. 
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ô ̂  

VO 
"* ^ 
os rt 

r-H 
O g>* 
r- ̂  

• i 

o 
^ os 
Os ^ 

Os 

°̂ T|-* t~- ^ 

o 

^ 2 

in 
"̂t" os 

2$ 

in 

00 
•**• CN 

c >< a 
.3 ro 

fi a a a w 
a ca 



Table 3. (a) Analysis of variance and (b) treatment means for the natural log of home 
range area (m2), of male and mature female E. rivulatus inhabiting sites 1 and 2 at 
Mangrove Bay and the reef slope and reef flat at Osprey Bay. Note that sample sizes 
were unequal and a Cochran's test indicated heterogenous variances C26o,7 = 0.23, P = 
0.029. (c) A posthoc comparison of means between population and sex (Tukey H S D for 
unequal sample sizes). M F = mature female. M = male. Site 3 = reef slope. Site 4 = reef 
flat. 

(ajl 
Source 
Site 
Sex 
Site x Sex 
error 

df 
3 
1 
3 

252 

MS 
8.77 
2.93 
0.14 

0.40 

F 
21.79 
7.29 
0.35 

P 
0.0000 
0.0074 
0.7921 

(b) 
Treatment means 

Site x sex 

1:M 
1:MF 
2:M 
2:MF 
3:M 
3:MF 
4:M 
4:MF 

n 
9 
38 
24 
78 
18 
32 
12 
49 

Mean (SE) 
3.92(0.88) 
3.80(0.13) 
4.40(0.13) 
4.18(0.58) 
4.39(0.63) 
4.08(0.54) 

5.25(0.32) 
4.84(0.64) 

Site 

1 
2 
3 
4 

n 
47 
102 
50 
61 

Mean (SE) 

3.82(0.12) 

4.23(0.06) 
4.20(0.83) 
4.92(0.79) 

Sex 
M 
MF 

n 
63 
197 

Mean (SE) 

4.49(0.09) 
4.25(0.05) 

(£) 
Mangrove Bay Mangrove Bay Osprey Bay Osprey Bay 

site 1 site 2 reef slope reef flat 
MF M MF M MF M MF M 

Mangrove Bay 

site 1 

Mangrove Bay 
site 2 

Osprey Bay 
reef slope 

Osprey Bay 
reef flat 

MF 
M 
MF 
M 
MF 
M 
MF 
M 

ns 
ns 
* 

ns 
ns 
*** 

*** 

ns 
ns 

ns 

ns 
* 

*** 

ns 
ns 
ns 
*** 
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Table 4. Analysis of the relationship between home range size (m2) and fork length 
(mm) ofE. rivulatus at Ningaloo Reef. Regressions were made on pooled male and 
female data before and after natural log transformation of both home range and length 
data. P is the test statistic of the regression analysis of variance; a and b are parameters 
of the regression: home range size (m2) = a + (p x fork length (mm)). A n outlier in the 
site 1 data was removed before analysis. 

Site 

Mangrove Bay 
site 1 

Mangrove Bay 
site 2 

Osprey Bay 
reef flat 

Osprey Bay 
reef slope 

Osprey Bay 

reef flat & slope 

data 

raw 

transformed 

raw 

transformed 

raw 

transformed 

raw 

transformed 

raw 

transformed 

n 
64 

105 

68 

49 

117 

r2 

0.2327 

0.4500 

0.1105 
0.1623 

0.1634 

0.2637 

0.0694 
0.0443 

0.0034 

0.0167 

P 
0.0000 

0.0000 

0.0005 
0.0000 

0.0007 
0.0000 

0.0674 
0.1465 

0.5308 
0.1663 

a 
-65.25 
ln(-10.29) 

-22.74 

ln(5.16) 

-56.25 
ln(-6.62) 

-2.76 
ln(-0.33) 

92.66 
ln(1.66) 

b 
0.50 

ln(2.55) 

0.39 

ln(0.09) 

0.82 

ln(2.07) 

0.26 
ln(0.79) 

0.10 
ln(0.52) 

Table 5. The frequency of female home ranges that overlapped with zero, one, or more 
male home ranges within the Osprey Bay site. The data are divided into large (> 275 
m m ) and small (< 275 m m ) females occupying either the reef flat or slope. Note that this 
analysis only includes those females for w h o m home range size could be determined. 

Number of male home ranges overlapped by a female 
0 1 2 3 4+ 

Reef slope > 275 mm 
<275 mm 

Reef flat > 275 mm 
< 275 mm 

0 
0 
0 
9 

6 
5 
8 
15 

3 
6 
2 
13 

3 
8 
1 
3 

0 
1 
0 
4 
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Figure 1. Detail of the site within Osprey Bay showing the home ranges of (a), all male 
E. rivulatus, (b), females above 261 m m forklength, and (c) (overleaf), females below 
260 m m forklength. The home ranges of individuals seen on three or less occasions are 
shown as ovals. Shaded areas indicate the reef slope and limestone ledges on the reef 
flat. North is toward the top of the page, the shoreline is towards the right. 
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Kc) 

< 200 mm 

= 200-215 mm 

= 216-230 nun 

= 231 - 245 mm 
= 246 - 260 mm 
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= 261 - 275 mm 
= 276-290 mm 
= 291 -305 mm 
= males 

* = < 200 mm 
= 201 - 215 mm 
= 216-230 mm 
= 231 -245 mm 
= 246 - 260 mm 

Figure 2. Detail of site 2 within Mangrove Bay showing the home ranges of (a), male 
and female E. rivulatus above 246 m m forklength, and (b), females below 245 m m 
forklength. The home ranges of individuals seen on three or less occasions are shown as 
ovals. Stippled areas indicate substratum of exposed limestone and sand, all other areas 
are mainly sand. North is towards the top of the page, the shoreline is towards the right. 
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Figure 3. Relationship between home range size and the body length of male and 
female E. rivulatus within the study sites at Ningaloo Reef. 
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Chapter Six 
Experimental Investigation Of Sex-Change 

Abstract 

The cues controlling sex-change have been elucidated for several species of 

hermaphroditic fishes that inhabit coral reefs, but not as yet for the epinepheline 

serranids. M a n y of the latter are commercially important food fishes and there is a real 

need for such information for fisheries management purposes. Whilst the lifestyle and 

habitat of many epinephelines precludes the intensive field work needed to learn more 

about sex-change, some species, such as the chinaman cod (Epinephelus rivulatus) 

within the Ningaloo Reef, Western Australia, are more amenable to such studies. A 

male removal experiment conducted on an assemblage ofE. rivulatus demonstrated that 

protogynous sex-change in this species is socially controlled, apparently by the 

suppressive dominance of the males and more dominant females. Given the opportunity, 

a reproductively ripe female can change sex and become a male with ripening testis 

within three weeks, although interactions with males may delay this process. Sex-

change begins with an influx of somatic tissue into the gonad and resorption of the 

oocytes. A s the female tissue is resorbed, spermatic tissue proliferates, with putative 

Leydig cells appearing in large numbers later in the transition process. The experiment 

indicates that populations of E. rivulatus maintain a constant sex ratio under conditions 

of low fishing mortality. However, this species may be less resilient to higher levels of 

fishing pressure. 

Ail. 
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Introduction 

Sequential hermaphroditism, in which individuals start life and reproduce as one sex 

before undergoing sex-change to reproduce as the other sex is virtually unheard of in 

most vertebrate groups. However among various families of teleost fishes it is a 

common phenomenon (Atz 1964, M o e 1969, Reinboth 1970, 1980). Species within 

these families may be protogynous hermaphrodites, in which individuals change from 

female to male, or protandrous hermaphrodites, where the direction of sex-change is 

from male to female. Many such species offish inhabit shallow tropical seas where it is 

possible to study this phenomenon in some detail. These studies have progressed from 

the identification of sex-changing species and morphological description of their gonads 

to determining the adaptive significance of this strategy, the cues that trigger an 

individual to switch sex, and the physiological changes that occur during the process 

(Smith 1965, Chan & Phillips 1967, M o e 1969, Hastings 1981, Shapiro 1988, Cole & 

Robertson 1988, Nakamura et al. 1989, Lutnesky 1992, Shapiro & Rasotto 1993, 

Brusle-Sicard et al. 1994, Cole & Shapiro 1995). 

Experiments to determine the cues and evaluate the possible selective advantages of 

hermaphroditism in fishes have been of particular interest since 1970 when it was 

shown that individuals of two small protogynous species could be induced to change sex 

by removing the dominant male from a social group (Fishelson 1970, Robertson 1972). 

Male removal experiments have since become a useful tool in the study of sex-change in 

protogynous species and show that social control of sex change in fishes is a common 

phenomenon (Warner et al. 1975, Fricke & Fricke 1977, Moyer & Nakazono 1978, 

Shapiro & Lubbock 1980, Shapiro 1980, 1981, Ross etal. 1983, Nemtzov 1985, Warner 

& Swearer 1991). This was in contrast to previous beliefs that the cues to sex-change 

were primarily genetic, with individuals changing sex upon reaching a certain size or 

age (Bullough 1947, McErlean & Smith 1964, Smith 1967, Charnov & Bull 1977). 

However the cues controlling sex-change have not been elucidated in many species, 

and they may not necessarily be social. For example, in the cyprinodontid fish Rivulus 

marmoratus, seawater temperature and photoperiod were controlling factors in the 

production of primary or secondary males (Harrington 1967). Reinboth (1987) also 

noted that larger members of the family Serranidae (sub-family Epinephelinae) in which 

individuals are usually solitary, are possibly not cued to change sex by social events. 
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Many of the epinepheline serranids (cods and groupers) are protogynous 

hermaphrodites, and the wide range of sizes and ages over which various epinepheline 

species have been shown to change sex suggests that the main cues for sex-change may 

be social or environmental, which would vary more between locations than would 

genetic cues (Ferreira 1995). Further, individuals of various epinepheline species have 

been induced to change sex through administration of steroids (Kuo et al. 1988, Tan-

Fermin et al. 1994, Kuo 1995). Nonetheless, Shapiro et al. (1994) described an 

experiment in which sex-change could not be induced by the removal of males from 

caged social groups of the red hind (Epinephelus guttatus). Thus the serranids remain an 

enigma in terms of the cues that cause individuals to change their sex under natural 

conditions (Shapiro 1987). 

Many epinepheline serranids are commercially important food fishes and the 

uncertainty over the cues for sex-change create management problems. This is because 

the males in protogynous species are generally larger, older and fewer in number than 

females. Thus, if too many males are removed by fishing, the reproductive output of the 

population could be seriously diminished due to a shortage of sperm for fertilisation of 

eggs (Shapiro 1987, Bannerot et al. 1987, Williams & Russ 1991, Huntsman & Schaaf 

1994). The extent to which this happens will depend on whether males removed by 

fishing are replaced by sex-changing females, and this in turn is dependent on whether 

the cues controlling sex-change are genetic or environmental (Shapiro 1987, Williams & 

Russ 1991). 

There is therefore a need to elucidate the cues controlling sex-change in the serranids. 

However, the intensive type of diving research used to learn more about sex-change in 

other hermaphroditic species would be much more difficult to perform on many 

epinepheline species because of their large home ranges, low densities and inaccessible 

habitat (Colin 1992, Gilmore & Jones 1992, Coleman et al. 1996). This is one reason 

for the lack of information on sex-change in this group. Nonetheless, some of the 

smaller serranid species that live in more densely populated and site-attached social 

groups are more amenable to experimental manipulation and thus may provide 

important insights into the controlling factors of sex-change in this group offish. 

One such species is the chinaman cod (Epinephelus rivulatus), which is abundant 

within the shallow waters of Ningaloo Reef, Western Australia and a common catch in 
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the Ningaloo recreational fishery (Nowara 1997). E. rivulatus is a protogynous, site-

attached and group living species in which males are significantly larger but fewer in 

number than females (Chapters 2 and 5). The abundance and accessibility ofE. rivulatus 

made it an ideal species to learn more about the process of sex-change in a serranid. 

Therefore, it was the purpose of the present study to conduct a male-removal experiment 

and determine whether this caused sex-change in females and, if so, describe the 

histological changes to the gonads and alterations to the social environment. 

Materials and Methods 

The present study was based on an experiment to determine if protogynous sex-change 

in a similar sized epinepheline, Cephalopholis cyanostigma, could also be induced by 

removal of males from social groups (Mackie, 1993). However, whilst the latter project 

did indicate that females changed sex to replace the males, the results were equivocal 

because of the small number of males removed (four), and because the sex of cod within 

the sites prior to the experimental removal of males could only be determined by 

behavioural evidence. 

The experiment conducted on E. rivulatus was therefore done on a larger scale so 

that more males could be removed, with cannula used to obtain physical evidence of the 

gender offish prior to the experimental removal of the males. Cannulation techniques 

(insertion of a small diameter polyethylene tube, or cannula, into the gonopore of the 

fish to obtain gamete samples) are explained in Chapter 2. The technique had been used 

to determine gender of several hundred E. rivulatus prior to the cannulation of E. 

rivulatus during the sex-change experiment. As it is difficult to obtain cannula samples 

from non-reproductive E. rivulatus, the sex-change experiment was conducted at the 

start of the reproductive season in August and September 1995. 

The assemblage of E. rivulatus used in the sex-change experiment was located along 

an area of limestone and coral reef bordering a sand channel within Osprey Bay (Figure 

1). Depth of water ranged between 2 and 6 m in the study site, which measured 214 m 

by 60 m and was located in an area closed to fishing activity. Refer to Appendix 2 for 

detailed description of the site. A study to determine the social organisation ofE. 

rivulatus in this assemblage had been completed three months prior to the present 
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experiment (Chapter 5), providing information on the sex and home range of each E. 

rivulatus in the site. Most of these fish had also been tagged to allow identification of 

individuals underwater. This information was needed in the sex-change experiment to 

determine which males to remove, where to find them, and to examine the movement 

patterns of individuals subsequent to the experimental removal of males. The study site 

contained at least 264 E. rivulatus, including about 32 males (Chapter 5). The sex ratio 

of E. rivulatus within the site was 1 male to 6.3 mature females, with mean fork lengths 

of males and mature females during the home range study being 323 m m and 245 m m , 

respectively. All body measurements used in this study are of fork length (FL), which is 

the same as total length in E. rivulatus. The estimated length at sex change for E. 

rivulatus within Osprey Bay was 278 m m (Chapter 2). 

Phase 1 

General procedures for the sex-change experiment were to re-cannulate all E. rivulatus 

within the study site that were 250 m m or longer, which is below the size of males 

previously caught in the area. Selected males were then removed from the population. 

Finally, after a period of three to four weeks, all fish longer than 250 m m were captured 

and their gonads examined using histological techniques to determine whether any fish 

had undergone sex reversal. Re-cannulation of E. rivulatus within the study site was 

necessary because at least seven months had passed since the fish had been cannulated 

for the home range study and some may have changed sex. Three weeks was considered 

long enough for sex-change to have commenced among E. rivulatus during the 

experiment, based on the study made on C cyanostigma (Mackie 1993). 

The re-cannulation exercise was completed between the 19th and 27th of August 

1995. O f 167 E. rivulatus captured during this time, the gender of 8 8 % was confidently 

determined. E. rivulatus were captured for cannulation by snorkellers (myself and two 

assistants) using a baited hook and line tied to a short stick. Location of capture was 

noted and each fish was taken to a dinghy anchored nearby where it was put into a 

bucket of seawater, processed, and released at its site of capture. Processing was done 

by myself and involved measurement, identification by tags or body marking, 

cannulation, and clipping of the dorsal fin. The latter was done to identify cannulated 

from non-cannulated fish. Sixty-three (38%) of the E. rivulatus captured for cannulation 

did not have tags for identification and had either not been tagged during the home 
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range study or had lost their tags. These fish were left untagged in case the process of 

tagging affected susceptibility to sex-change, but were identified by their length, body 

markings and location within the site. 

On completion of the re-cannulation exercise 20 males were removed from within 

the central region of the study site on the 28th and 29th of August, 1995 (Figure 2A). A 

large female (343 m m ) was also inadvertently removed at this time because it was not 

reliably cannulated and was assumed to be male. This central region from which the 

males were removed was termed the "manipulated" area. At least 16 males occupying 

territories on the northern and southern extremities of the site were left untouched so 

that histological changes to the ovaries of females within these "control" areas could be 

compared to those of females within the manipulated area from where males were 

removed. This experimental design was considered appropriate because it minimised the 

potential interference by neighbouring males in the ability of a susceptible female to 

change sex, as highlighted in the previous work on C. cyanostigma (Mackie 1993). 

Further, because female E. rivulatus may move between the territories of more than one 

male (Chapter 3), it was thought necessary to remove all males from an area in order to 

ensure that a susceptible female's normal interactions with males were sufficiently 

altered for sex-change to occur. 

Approximately three weeks after the removal of males, all E. rivulatus that were 250 

m m or larger (apart from most of the control males) were captured from both control 

and manipulated areas of the site for sampling of gonads. This occurred between the 

18th and 25th of September 1995, with completion of the experiment to this stage 

referred to as Phase 1. Sex-change was deemed to have occurred if the gonad of a 

particular fish that had been cannulated as female before the removal of males was 

either transitional or male when captured at the completion of the experiment. Because 

of the movement by females between male territories and the large number offish used 

in the study, it was not possible to determine with which particular male a sex-changing 

individual may previously have been associated. 

Phase 2 

A subsequent survey of the manipulated area of the study site was made on the 15th of 

December to assess numbers and movement of E. rivulatus since Phase 1. This survey 

was limited to the reef slope and about 15 m of the adjacent reef flat where E. rivulatus 
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were most abundant. Using S C U B A , I carefully searched the area in a zigzag pattern, 

with the location, length and identity (if tagged) of E. rivulatus marked onto a map of 

the site printed onto underwater paper. Following the survey most of the larger E. 

rivulatus observed within the manipulated area were captured for sampling of gonads. 

The aim of this second phase was to determine if further sex-change had occurred and 

whether new males had moved into the site. As some of the fish within the site were 

particularly flighty and wary of divers, not all could be caught for sampling purposes. 

Processing Of Samples And Histology 

All E. rivulatus removed from the study site for sampling purposes were taken by 

speargun. Within four hours of capture each E. rivulatus was measured and weighed. 

Gonads were removed and placed in F A A C C (Formaldehyde 4%, Acetic Acid 5%, 

Calcium Chloride 1.3%; Winsor 1984), whilst the otoliths (sagittae) were cleaned and 

stored dry. The otoliths were subsequently sectioned and an estimate of the age of each 

fish determined as per the methods outlined in Chapter 4. Preserved gonad samples were 

weighed and several 3 m m thick portions removed from along the length of one lobe for 

preparation and analysis using standard histological techniques. Sections were cut at 5-7 

u m and stained using Haematoxylin and Eosin. These sections were examined under 

light microscope in order to determine the gender and reproductive maturity of each fish 

based on the following gonad developmental stages (refer to Chapter 2 for complete 

details of these stages and to Appendix 3 for oocyte maturation stages): 

Immature Female (FI): Ovary showed no evidence of prior spawning. 

Mature Resting Female (F2): Ovary small. The ovarian lumen was large and the tunica 

was thick and contracted, or becoming so. Lamellae were narrow and contained 

previtellogenic oocytes, oogonia, and the occasional vitellogenic oocyte. 

Ripe Female (F3): Ovary large, firm and expanded with a granular appearance. The 

tunica was narrow and the dorsal blood vessel large. The lumen was filled by the 

expanded lamellae which were dominated by yolk globule stage oocytes. Previtellogenic 

oocytes and oogonia were uncommon. 

Spawning Female (F4): Ovary large and expanded, with a thin tunica. If captured just 

prior to spawning the lamellae were dominated by hydrated and yolk globule stage 
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oocytes. If spawning had recently occurred then post-ovulatory follicles were present 

and the vitellogenic oocytes were less tightly packed 

Spent Female (F5): Ovary reduced in size, flaccid, and often bloody in appearance. The 

lamellae were misshapen with a loose stroma and disorganised appearance. Few 

previtellogenic oocytes and sometimes vitellogenic oocytes (mostly atretic) were 

present. 

Transitional (T): Only one transitional E. rivulatus had previously been captured 

(Chapter 2). In the present study an individual was considered to be changing sex if the 

gonad showed an abundance of developing spermatic tissue in the presence of 

degenerating ovarian tissue, and no peripheral sperm sinuses (Hastings 1981). 

Immature Male (Ml): As with the transitional stage, immature male E. rivulatus were 

rare, with only two previously captured in samples (Chapter 2). Both fish were also 

taken during the non-reproductive season and had small testes with a thick tunica. Blood 

vessels were abundant and the lamellae were long and narrow. Central regions of these 

were filled with connective and vascular tissue, and yellow-brown bodies whilst 

peripheral regions contained numerous crypts of developing spermatic tissue and 

previtellogenic oocytes. Peripheral sperm crypts were small and filled with spermatozoa. 

Mature Resting Male (M2): Testis was small and straplike. The tunica was thick and 

compact, or becoming so. Peripheral sperm sinuses were small and the testicular lobes 

of variable shape and well separated from each other. Yellow-brown bodies and 

vascular and connective tissue were numerous whilst spermatic tissue in the early stages 

of spermiogenesis dominated. 

Ripening Male (M3): Testis was still relatively small with a thick tunica. The lobes were 

dominated by later stages of spermatogenesis and the intralobular and peripheral sperm 

sinuses were filling with spermatozoa. 

Ripe Male (M4): Testis was large and white with a thin tunica and expanded testicular 

lobes. The latter were dominated by spermiogenesis whilst connective tissue was 

reduced. Peripheral and intralobular sperm sinuses were well developed and filled with 

spermatozoa. 
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Spawned Male (M5): Testis was small with a loose tunica. The lobes contained little 

spermatic tissue and thick cords of connective tissue. Large yellow-brown bodies and 

blood vessels were also common. 

Atretic oocytes were classified into two stages according to Hunter & Macewicz 

(1985). During the initial (alpha) stage of atresia, the entire oocyte is resorbed (all yolk 

and cytoplasm gone), whilst the second (beta) stage involves degeneration of the follicle 

(granulosa and thecal cells). 

Results. 

Phase 1 

Following the removal of 20 male E. rivulatus from the manipulated area, between 20 

and 27 days elapsed before capture and sampling of all possible sex-changing fish. Of 

the 117 E. rivulatus taken during this time, 40 came from the control areas and 77 from 

the manipulated area. The sex of these fish and the changes that occurred within the 

control and manipulated areas are explained below. 

Manipulated Area. 

Two E. rivulatus captured within the manipulated area were classified as transitional 

and four as recent sex-changers (new or immature males) at the end of Phase 1. Nine E. 

rivulatus captured in this area were mature males that had immigrated into the study 

site. Figure 2b shows the location where these immigrant males, new males and 

transitional fish were captured. T w o control males had moved or extended their home 

ranges into the manipulated area, two resident males had been inadvertently left in the 

area when the others were removed to begin the experiment, and 58 were mature 

females (Table 1). 

One of the four new males was immature (Ml) whilst the other three were maturing 

(M3). Three of these four males were cannulated as female at the start of the 

experiment. The fourth had not been cannulated and was not tagged. However the testis 

of this male was similar to those of the other recently sex-reversed males (described 

below) and it was likely that this fish had only recently changed sex. Figure 3a shows 

the cannula sample of the immature male taken just prior to the start of the experiment, 
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whilst Figure 3b shows the histological section of the gonad of this same individual 

when captured at the end of Phase 1. 

The nine immigrant males captured within the manipulated area were mature (M4) 

and had apparently moved in to the area to replace the males removed at the start of the 

experiment. Most of these immigrant males were taken along the slope at the northern 

section of the manipulated area where the highest concentration ofE. rivulatus was 

found during the home range study (Figure 2b, Chapter 5). Three of these males had 

previously been tagged but were only seen once or twice during the home range study. 

These males apparently inhabited territories outside the study site but occasionally 

roamed into it. They had moved at least 30-40 m from the border of the study site to 

their location of capture. The largest immigrant male (335 m m ) had also been tagged 

previously but was only observed outside the study site. This male had moved at least 

115 m to the location at which it was captured at the end of Phase 1. The remaining five 

immigrant mature males taken within the manipulated site had not previously been 

tagged or cannulated. The testes of five of the nine immigrant males contained oocytes 

which had not yet been resorbed following sex-change. One of these males in particular 

had a high number of these oocytes (approximately 350 within the transverse section of 

the gonad), which indicates that it had changed sex fairly recently. However none of the 

testes of these males showed any other histological evidence of sex-change within the 

time period of the study. 

Two males had inadvertently been left in the manipulated area of the site at the start 

of the experiment. These were both small in size (286 and 292 m m ) and were not 

captured for cannulation prior to the experiment. Both were tagged and had changed sex 

since October 1994 when they were cannulated prior to the home range study. The testis 

of one contained relatively few vestigial oocytes whilst the testis of the other contained 

none, and both were reproductive (M4) males and therefore unlikely to have changed 

sex within the time period of the experiment. 

All 58 female E. rivulatus captured from within the manipulated area of the site were 

reproductively ripe (F3). The ovaries of 29 of these females (49%) contained small 

crypts of spermatic tissue (usually less than 20 crypts in the transverse section of gonad). 

However, these fish were not considered to be changing sex because the ovaries of 

mature female E. rivulatus often contain spermatocrypts (Chapter 2), and there were no 
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other histological indications of sex-change, as described previously for the transitional 

stage. 

Lengths of the original males removed from the manipulated area at the start of the 

experiment were relatively large, being within the upper half of the size range of all 

males that were captured from Ningaloo Reef (Figure 4). In contrast, the lengths of the 

immigrant males were smaller (except for one individual), and barely overlapped with 

the range of lengths of the original males. Lengths of the two transitional fish were 

similar to that of the larger immigrant males, whilst the newly sex-changed males were 

generally larger than both the transitional fish and immigrant males, but still relatively 

small compared to the original males (Figure 4). Few females were of similar size to any 

of the original males. Some females were larger or equal in size to the immigrant males, 

two of the newly sex-changed males, and both transitionals (Table 1, Figure 4). A 

comparison of the lengths of immigrant males and the resident males that had been 

experimentally removed at the start of the experiment showed that the former were 

significantly smaller (Table 2). However the influence of the large immigrant male 

resulted in a non-significant comparison in mean lengths between the immigrant males 

and the females that had or were changing sex. The two large control males (330 and 

333 m m ) that appeared to have extended their home range into the manipulated area 

were not included as immigrants in these analyses because the interest was on males 

with completely translocated territories. 

The ages of male and transitional E. rivulatus within the site at Osprey Bay are 

shown in Figure 5, excluding data for one transitional, two immigrant males, and four 

resident males which could not be reliably aged. The age distributions mirror that of the 

length data for these fish, showing that most of the original males were older than the 

transitional fish and immigrant males, with a mean age of 9.5 (0.58 SE) and a range of 

6-14 years. The females that successfully changed sex were also generally older (mean 

of 7.5 years (1.5 SE), range 5-11 years), than the transitional fish (4 and 7 years) and 

immigrant males (mean = 4.9 (0.44 SE), range 3-7 years). 

Control Area. 

Thirty-three of the 40 E. rivulatus taken from the control areas were ripe or spawned 

females (F3 and F4) and seven were ripe mature males (M4). The testes of none of these 

males contained vestigial oocytes and all had been previously cannulated as male. A 
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female from the control area with a home range abutting the manipulated area had over 

380 crypts of sperm within the transverse section of its ovary (Figure 6). This is a high 

number, for whilst the ovaries of female E. rivulatus often contain sperm crypts, it is 

rare to find individuals with more than 160 crypts in the transverse section of the ovary 

(Chapter 2). At 327 m m this female was also large compared to the average size of 

females and sex-changers within the study site, although it was smaller than the control 

male (345 m m ) with w h o m it had an overlapping home range. It is possible, therefore, 

that the large female was in a state of physiological conflict due to the opposing 

influences of a dominant resident male and the sudden loss of adjacent males. 

The ovaries of 17 (52%) of the 33 females taken from within the control area also 

contained crypts of spermatic tissue but were not considered to be in the process of 

changing sex. Since 4 6 % of the females sampled at other locations along Ningaloo Reef 

for reproductive analysis also contained sperm crypts within their ovaries (Chapter 2), 

the occurrence of them within the control females is normal. N o E. rivulatus taken from 

within the control areas had therefore changed sex or were in the process of doing so 

since the removal of the males to commence the experiment. 

Description Of The Gonads Of Transitional Or Sex-Changed E. rivulatus 

Transitional Fish: The two fish classified as transitional had both been cannulated as 

female prior to the experimental removal of males, with 21 and 22 days elapsing 

between removal of the latter and capture of the two transitional fish (Table 1). The 

histological sections showed that the gonads of both fish had been ripe ovaries with a 

full complement of mature oocytes, but at some time prior to capture major 

physiological and morphological changes had commenced (Figures 7a,b and 8a,b). A 

comparison of sections taken from different sections of the gonadal lobe showed that 

these changes were occurring simultaneously throughout the length of the gonad. The 

gonads of both fish were large and relatively heavy (9.70 and 12.47 g), and comparable 

in weight to the ovaries of reproductively mature female E. rivulatus (Chapter 2), 

indicating that the transitional process had only recently begun. 

The dorsal blood vessel in the transitional gonads were large, and other conspicuous 

blood vessels also ran longitudinally through the tunica. The latter was stretched thin by 

the expanded lamellae. These lamellae filled the ovarian lumen and were dominated by 

yolky oocytes in alpha and beta stages of atresia. Numerous previtellogenic oocytes and 
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crypts of spermatic tissue were also present within the somatic tissue that occurred in 

pockets amongst the degenerating oocytes. Yellow-brown bodies (melano-macrophage 

centres) were also a c o m m o n feature within the gonads of the transitional fish. The 

somatic tissue was comprised of connective and fibrous tissue, and various types of free 

cells (mainly leukocytes). It was not possible to identify reliably the nature or purpose 

of these cells using haematoxylin and eosin stained sections and light microscopy, and 

they were often mixed together with some showing the effects of post-mortem lysis and 

fixation. However, it was likely that they were involved in the dual process of removing 

ovarian tissue from the gonad and development of the spermatic tissue. 

The previtellogenic oocytes were concentrated within this somatic tissue and along 

the periphery of the lamellae. At least half of these oocytes were atretic. In some the 

outer cytoplasm was less basophilic and/or had split from the central mass of cytoplasm, 

and the nucleus appeared necrotic. These oocytes were similar in appearance to those in 

the red grouper, E. morio, which were undergoing "rejuvenilization" and regressing 

(Moe 1969). In other previtellogenic oocytes the cytoplasm was fragmenting and 

breaking apart and the oocyte had been invaded by macrophages. The nucleus soon 

broke down and a layer of hypertrophied cells containing basophilic cytoplasm 

surrounded the oocyte. 

The first signs of atresia in the ripe, yolk globule stage oocytes that dominated the 

gonad was deterioration of the zona radiata. This lost its striations and rapidly became 

eroded. Macrophages apparently moved through the zona radiata into the oocyte, but 

were usually difficult to distinguish within the oocyte until later stages of atresia. The 

nucleus of the atretic oocyte disappeared early in the resorption process. The granulosa 

cells became hypertrophied and filled with yolk material. The yolk globules ruptured 

and oil droplets fused. As atresia continued the oocyte became reduced in size and filled 

with vacuoles, remnants of yolk and yolk vesicles, which progressively became more 

grainy in appearance. 

Sex-Reversed Fish: The sole immature (Ml) male was captured 19 days after 

experimental removal of the original males. The gonad of this male was small and 

compact in cross-section, with a thick muscular tunica and long, narrow lamellae. The 

dorsal blood vessel was large and smaller vessels ran longitudinally through the tunica 
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and down the middle of the lamellae. Numerous capillaries carried blood to the 

peripheral regions of the lamellae. 

As in the transitional gonads, the testis of this immature male was characterised by 

high levels of cellular activity. The vitellogenic oocytes were gone, although within a 

conglomerate of cells in one lamella were macrophages that contained an acidophilic 

substance that may have been yolk (Figure 9a). Generally the lamellae were dominated 

by crypts of spermatocytes. Spermatogonia were common in peripheral regions of the 

lamellae, with scattered crypts of spermatids also present. Numerous previtellogenic 

oocytes (200+ in the transverse section) in the chromatin nucleolus stage of 

development still remained. These were mainly located towards the periphery of the 

lamellae. Central regions of the lamellae contained connective tissue and numerous 

small yellow-brown bodies. N o sperm sinuses were yet present within the lamellae 

although a sinus had formed within the peripheral regions of the gonad, just below the 

muscle layers of the tunica and separated from the underlying germ tissue by one to 

several layers of connective tissue. This sinus was almost empty apart from a few cells, 

including a group of sperm that had entered via a ruptured cyst (Figure 9b). Several 

other cysts of maturing spermatids also lay next to the sinus, separated only by a thin 

membrane. 

A distinct cell type, similar in size to blood vessels and characterised by an ovoid 

nucleus and a pink staining cytoplasm was also present among the germ connective 

tissue within the lamellae. These cells were usually grouped together and were 

particularly abundant within distal regions of some lamellae (Figure 9c). These cells 

were thought to be Leydig cells because they were similar in gross appearance and the 

timing of their proliferation during the sex change process to Leydig cells in the 

protogynous rice eel, Monopterus albus (Chan & Phillips 1967, Yeung et al. 1985). 

However, the identity and function of these cells in the immature male E. rivulatus 

could not be reliably determined using haematoxylin and eosin stained sections and light 

microscopy. These cells were not obvious within the gonads ofE. rivulatus at other 

stages of development. Similar cells were found though, either singly or in small groups, 

within peripheral regions of the gonadal lamellae of the transitional fish and maturing 

males. 
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Of further note were the cords of putative endocrine cells within the muscle layers of 

the tunica (refer to Chapter 2 for details of these). These cells were also present within 

E. rivulatus of both sexes and all reproductive status, but were more abundant within the 

gonads of these new males. There were also many cells within the lumen of the gonad, 

including masses of Leydig cells and other tissue which appeared to have sloughed off 

from the sides of the lamellae and tunica. 

The testes of the two maturing (M3) males were larger and less compact than that of 

the immature male. In transverse section both gonads were ovarian in structure, with 

relatively long lamellae and a large lumen. Previtellogenic oocytes at the chromatin 

nucleus stage were numerous in one testis (almost 200 in the transverse section of the 

gonad), but relatively few in the other (about 48 in the transverse section). In both testes 

the connective tissue within the central regions of the lamellae was looser than in the 

testis of the immature male. The dorsal blood vessel was large and there were numerous 

other blood vessels within the thick muscular tunica. The lamellae were dominated by 

crypts of spermatocytes and spermatids in approximately equal proportions. 

Spermiogenesis was also underway and some crypts of spermatozoa had ruptured and 

joined together (Figure 10). Other matured crypts of spermatozoa had joined with the 

peripheral sperm sinus which was still small but filled with sperm. Numerous putative 

Leydig cells were also present within the testes of the maturing males. These were 

reduced in number compared to the immature male and mainly found in the distal 

regions of the lamellae. In one of the maturing males many of these cells appeared 

degenerate and the tissue around them loose and disorganised. 

The fourth male classified as a recent sex changer (M3, 322 mm) had not been 

previously cannulated. However the testis of this fish was histologically similar to that 

of the two other M 3 males, with a thick muscular tunica and an abundant supply of 

blood, numerous endocrine cells, and narrow lamellae that were dominated by 

spermatocytes, spermatids and connective tissue. There were also about 180 vestigial 

oocytes in chromatin nucleolus stage of development within the testis of this male. Of 

particular interest were the presence of several incompletely resorbed vitellogenic 

oocytes which were surrounded by fibrous tissue (Figure 11). Some were still within the 

lamellae whilst others were embedded in a mass of somatic and germinal tissue in the 

lumen. Only one of these vitellogenic oocytes still contained recognisable yolk. 
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Immigrant Males: The testes of all eight immigrant males were classed as early to mid 

M 4 (ripe). Spermatic tissue in all stages of development filled the testicular lobes, the 

tunica was stretched thin and the dorsal blood vessel was large. Spermiogenesis was 

underway and intralobular sinuses were developing. Peripheral sperm sinuses were 

relatively large and filled with sperm. Few yellow-bodies were present and there was 

little connective tissue within the lobes, which varied widely in shape. A transverse 

section of a particularly ripe immigrant male is shown in Figure 12. 

Phase 2 

Survey And Sampling Of Fish Within The Manipulated Area 

The survey of the study site to determine whether there had been further immigration by 

males or sex-change by females, was completed 81 days after sampling of E. rivulatus 

during Phase 1, and 108 days after the initial experimental removal of males. Thirty-

three E. rivulatus above 230 m m fork length were observed along the slope in the 

manipulated area of the site. Most of these were untagged and approximately 240-250 

m m in length, although three were between 290 and 320 m m fork length. T w o of the 

latter were untagged, whilst one had been tagged but could not be identified because the 

ends of both tags were gone and only stubs remained. This individual and one of the two 

untagged fish could not be captured for subsequent sampling because they were too 

wary and could not be approached. However, when followed both fish limited their 

movements to a small area of reef (approximately 30 m in length), rapidly doubling 

back instead of continuing along the slope. This indicated that these fish were not just 

passing through, but had established territories in the area. Although it was not possible 

to identify either of these fish, the tagged individual was probably male as it displayed 

the pale colouration at the rear of the body that is usually only observed on reproductive 

males (Chapter 3). Assuming that these three fish were males, then the ratio of males 

(including transitionals; see below) to mature females was at least 4:29 (1:7.25) along 

the reef slope at the end of Phase 2. 

Sixteen E. rivulatus were captured from within the manipulated area following the 

completion of the survey. These were selected for capture based on their relatively large 

size or because they were new to the area. Fourteen of these 16 E. rivulatus were 

females. Seven of these were ripe (F3), six were mature but inactive (F2), and one was 

spent (F5) and had apparently finished spawning for the season. The sole male taken in 
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these samples was 318 m m in length. The testis of this fish was ripe (M4) with no 

oocytes present. It was untagged and had moved in from an unknown location. 

The gonads of one of the 16 fish were transitional. This individual was 254 mm in 

length and four years old, thus making it one of the smallest males captured at Ningaloo 

Reef and one of the youngest within the Osprey Bay samples once the sex-change 

process was completed (Figures 3 and 5). The gonads of this transitional fish were small 

(0.734 g) and compact in cross-section (Figure 13). The tunica was thick with a large 

dorsal blood vessel and conspicuous blood vessels running down the narrow lamellae. 

Central regions of the lamellae were filled with somatic tissue, whilst peripheral regions 

contained previtellogenic oocytes and numerous crypts of spermatic tissue. The latter 

were mainly spermatocytes and gonia (presumably spermatogonia), although small 

crypts of spermatids were also present. Distinctive clumps of putative Leydig cells were 

distributed amongst the somatic and germ tissue. These were more dispersed than in the 

gonads of the immature males sampled during Phase 1. Loosely structured yellow-

brown bodies were also common. Only one large, incompletely resorbed vitellogenic 

oocyte remained within the transverse section of this transitional gonad, and many of the 

previtellogenic oocytes were atretic. In the latter the nucleus was no longer present and 

the cytoplasm was fragmented. These oocytes were surrounded by hypertrophied thecal 

cells containing oocyte cytoplasm. In addition to these there were numerous smaller 

oocytes approximately 8-15 u m in diameter. These had a large nucleus with a single 

nucleolus sometimes evident, and dark staining cytoplasm. They were usually found 

singly along the periphery of the lamellae and did not show signs of atresia. Peripheral 

or intralobular sperm sinuses were not evident. 

Discussion 

This study resulted in the replacement of twenty males by six sex-changing females, 

nine immigrant males, and two control males. Another sex-changing female and three 

more immigrant males were also found at the end of Phase 2. At both times the number 

of sex-changing individuals were not the near one-for-one replacement of removed 

males by sex-changing females that has been observed in similar experiments (Fishelson 

1970, Shapiro 1980,1981, Warner & Swearer 1991). Nevertheless, in both cases the 
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population was returning to the 1:6 sex ratio of the undisturbed Osprey Bay population 

(Chapter 2). 

Proof of sex-change by female E. rivulatus was provided by cannulation and 

histological evidence. Further, the number E. rivulatus that were in the process of, or 

had recently completed changing sex within the manipulated area as a result of 

removing the resident males was high relative to the numbers obtained from the control 

areas (none), and in samples taken for reproductive and growth analysis (Chapters 2 and 

4). In these samples only one transitional and two immature (recently sex-changed) 

males were found out of 412 fish. Thus social cues are important to sex-change in this 

species of serranid, although there is possibly a minimum size and age at which females 

are not physiologically or psychologically capable of changing sex. This minimum size 

may be around the size of the transitional fish captured during Phase 2 (254 m m ) , since 

it was at the low end of the male size range and there were was no evidence of smaller 

females changing sex despite the relatively high female bias in the sex ratio at the time. 

However, whether a female succeeds in changing sex to replace a male may also 

depend on the interactions she has with other E. rivulatus, in particular with immigrant 

males. The latter, being generally quite small, were probably seeking to claim vacant 

male territory along the reef slope as this area is likely to be particularly advantageous to 

reproduction (Chapter 3). The interactions between the potential sex-changing females 

and immigrant males may have been competitive (both trying to gain control of the 

same area of reef), and/or suppressive (the immigrant males trying to dominate the 

females and keep them as highly fecund mating partners), and is likely to have lowered 

the incidence of sex-change. Such interference from outside males has been noted in 

similar experiments on other protogynous group living species (Robertson 1972, 

Nemtzov 1985, Mackie 1993). The ability of a female to change sex may also be 

dependent on the amount of competition received from other females, particularly when 

two or more equal sized, dominant females are living in close proximity. In this 

situation the aggressiveness of each individual may be important in deciding which 

female changes sex to replace a male (Mackie 1993). 

Thus relative size was an important factor in determining whether a female was able 

to change sex to replace a removed male. In some cases the female was large enough to 

commence the transition process soon after the males were experimentally removed. For 
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smaller females though, the data indicates that the process was probably delayed or 

slowed. 

Phase 2 of the experiment showed that few male or female E. rivulatus had moved 

into the manipulated area to replace those removed during Phase 1. This may be due in 

part to the small size and low abundance of the remaining E. rivulatus, making it 

socially and reproductively a less attractive habitat. Although given the heavy depletion 

of the population during Phase 1 and the high quality of the resources available on the 

reef slope (e.g. food, shelter and spawning sites; Chapter 3), it is more likely that there 

were few fish available to move into the area. Furthermore, the wariness of the E. 

rivulatus during Phase 2 suggests that the depletion process had spooked the remaining 

fish and made them more cautious of divers and/or the area. Future monitoring of the 

site will determine whether this population is able to recover to former levels, a likely 

scenario given the abundance of E. rivulatus in many areas of the Ningaloo Reef lagoon. 

However, when groupers of the genus Cephalopholis were experimentally removed 

from reefs in which they were dominant predators, they showed little sign of recovery 

after three years (Shpigel & Fishelson 1991), thus indicating that E. rivulatus may take 

some time to re-establish itself in the site. Monitoring the rate at which this re-

establishment occurs will provide useful ecological data on the dynamics of the 

community and the resilience of E. rivulatus to fishing pressure. 

Mechanisms Of Sex-Change In E. rivulatus 

The interpretation of sex-change experiments should be made with care because there is 

a chance that the process of removing the males was in itself a cue for sex-change to 

occur (Shapiro 1981). It is also possible that sex-change by individuals in the present 

study may have been initiated prior to commencement of the experiment. This is 

unlikely though, given absence of sex change in the control areas and the low incidence 

of sex-change by E. rivulatus under normal circumstances compared to the amount of 

sex-change and associated activities that occurred immediately after the experimental 

removal of the males. 

Several theories have been proposed to explain the proximate control of sex-change in 

other hermaphroditic species, and one or more of these might explain such in E. 

rivulatus. The following possibilities are based on the reproductive and social 

characteristics ofE. rivulatus, as discussed in Chapters 2 and 5. 
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Inhibition Of Sex-Change: In early studies it was hypothesised that presence of the 

dominant male in a social group suppressed or inhibited the natural tendency of females 

to change sex (Robertson 1972, Fricke & Fricke 1977). Certainly, in E. rivulatus the 

aggressive dominance by the male is evident, particularly towards the largest one or two 

females within the social group (Chapter 3). These are the only females with which the 

male maintains a close relationship, possibly because the largest females produce the 

most eggs and are more likely than smaller females to change sex if the opportunity 

arises. Thus, the male, at risk of losing a favoured mating partner and at the same time 

facing increased competition from a new male should benefit by suppressing the 

tendency to change sex in these females. In E. rivulatus this suppression is probably 

achieved by frequently lying close to the female in order to maintain close contact, and 

by occasionally chasing her in an aggressive manner, with flared gills, erect fins, and a 

rapid, stiff swimming style (Chapter 3). The performance of the male during territorial 

disputes with neighbouring males may also influence his domination over the females 

that observe these disputes. 

Inducement Of Sex-Change: Sex-change in a susceptible female E. rivulatus may also 

require the presence of smaller females. According to this theory a minimum number of 

other females can stimulate sex-change regardless of whether the dominant male is lost 

or removed. The stimulation may occur when the number of smaller individuals in a 

social unit relative to the number of larger individuals surpasses a critical ratio for a 

particular female (size ratio induction; Ross et al. 1983), or when the sex-ratio 

increases beyond a critical ratio (sex ratio induction; Shapiro 1980, Shapiro & Lubbock 

1980). In E. rivulatus the latter appears more appropriate given the stable sex ratios that 

occur between different populations inhabiting different areas of Ningaloo Reef 

(Chapter 2). This mechanism would enable sex ratios to keep relatively constant even 

under conditions of continuing female recruitment and low male mortality (Coleman et 

al. 1996), although possibly not in the short term due to disruptions such as caused by 

the present experiment. 

The sex ratio induction hypothesis might also explain the presence of relatively small 

males that appear in populations of E. rivulatus (Chapters 2). These may have 

previously been subdominant females living on the periphery of a social unit, and not 

subject to high levels of intersexual interactions like more dominant females. Thus 

unlike the latter, the subdominant female may be more capable of changing sex under 
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the stimulation of rising sex ratios. Sex-change by subdominant females that 

experienced low levels of contact with the male was also observed in the experiment 

conducted by Robertson (1972) on the cleaner wrasse, Labroides dimidiatus. Robertson 

further noted that the larger females may play a role in suppressing the tendency of 

subdominant females to change sex. 

Speed And Timing Of Sex-Change. 

The rate at which individuals of a particular species are able to change sex may depend 

not only on the morphological and physiological complexities associated with the 

transition process, but also on the mating system and resulting pressure on an individual 

to make the change (Godwin 1994). Thus, the fast rate in which sex-change is 

accomplished in protogynous, haremic species may be due to the high risk of males 

moving in to take over the harem (Ross 1990). Certainly male-takeover was a 

significant factor in the present experiment and a plausible reason for the speed in which 

sex-change can be completed in E. rivulatus (less than three weeks). 

Female E. rivulatus also appear to be primed for a rapid transition given the 

appropriate social environment. Their ovaries often contain small amounts of spermatic 

tissue, and once the required sensory information that instigates sex-change is received, 

the ovary is rapidly cleared of female tissue. Male hormone-producing (Leydig) cells 

proliferate during or soon after the resorption of female tissue is completed and the 

gonad is swiftly transformed into a testis. Thus, a ripe ovary with full complement of 

mature oocytes can become a ripening testis with few signs of ovarian tissue inside of 

three weeks. 

Whether the speed of sex-change is as rapid during the non-reproductive season 

when delays are not so reproductively costly is not known. However, this would appear 

to be so given the rarity of sex-changing E. rivulatus in samples taken for reproductive 

and growth analysis. The sole transitional and two new male E. rivulatus in these 

reproductive samples were all captured three to four months after the reproductive 

season, indicating that this is the main period during which sex-change will occur under 

natural conditions. This has also been found to be the case in other species of 

epinepheline serranids (Moe 1969, Shapiro et al. 1993). As noted by Shapiro (1984), 

this seasonal pattern of sex-change may have no direct selective importance, but is 
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possibly a result of changes in population sex ratios due to peaks in juvenile recruitment 

after the breeding season and post-spawning increases in adult mortality. 

Changes To The Gonad During Sex-Change. 

The transition process in E. rivulatus began with atresia of vitellogenic oocytes 

throughout the ovary and the influx of macrophages and other somatic tissue. The latter 

were similar in gross appearance to the stromal cells of uncertain origin that were also 

present within the gonads of sex-changing wrasse, Thalassoma duperrey (Nakamura et 

al. 1989). The first signs of atresia in the vitellogenic oocytes was the loss of striations 

and erosion of the zona radiata, disappearance of the nucleus, and the fusion of yolk 

granules and lipid droplets. The cytoplasm was phagocytosed by the invading 

macrophages and the hypertrophied granulosa cells. Blood supply throughout the gonad 

was high and indicative of the large transport of materials and cells to and from the 

lamellae, and yellow-brown bodies formed as deposits for the end products of the 

resorption process. Such was the intensity of the resorption process that most of the 

previtellogenic oocytes were also removed from the gonad. These are usually more 

resistant to atresia and the number left within the gonads of the new males and 

transitional E. rivulatus after the experiment were much fewer than in some of the males 

captured for reproductive analysis (Chapter 2). This suggests that the transition process 

in these fish at the start of the reproductive season was more intense than in transitional 

fish during non-reproductive times of the year, perhaps because delays will be 

detrimental to immediate spawning success and increase the risk of interference by 

neighbouring males and dominant females. Once the sex-change process has been 

completed there is no histological evidence to suggest that the process can be reversed 

in E. rivulatus. 

Slow proliferation of spermatic tissue commenced as the oocytes were still being 

resorbed. As the gonad was cleared of ovarian tissue the rate of spermatogenesis 

increased and the lamellae soon become dominated by spermatic and connective tissue. 

The putative Leydig cells did not appear in abundance until development of the 

spermatic tissue was well underway, being most prolific within the gonads of the 

immature males. Although the microscopy and staining techniques used in this study did 

not allow proper identification of these Leydig cells, such cells do appear to be 

characteristic of most, if not all teleost species (Grier et al. 1980). Furthermore Leydig 
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cells were shown to increase markedly in numbers during mid to late stages of sex-

change in the protogynous rice field eel, Monopterus albus (Chan & Phillips 1967). 

Nakamura et al. (1989) also found that proliferation of Leydig cells occurred during 

later stages of sex-change along with an increase in plasma 11-ketotestosterone levels 

and proliferation of spermatic tissue in Thalassoma duperrey. Ultrastructural details of 

these Leydig cells within the gonads of T. duperrey (numerous mitochondria with 

tubular christae and extensive smooth endoplasmic reticulum) showed they were the 

likely site of ketotestosterone production. Use of electronmicroscopy, endocrinology and 

additional histochemical techniques in further studies of sex-change on E. rivulatus 

would provide answers to the identity and function of the numerous cells and processes 

occurring within the gonad during sex-change in this species. 

As sex-change progressed and the gonad developed into a testis the peripheral sperm 

sinus formed within basal tissue layers of the tunica. Initially this sinus was small and 

contained few spermatids and somatic cells, but as the spermatic tissue developed and 

spermiogenesis occurred the sinuses filled with more spermatids and expanded. 

Intralobular sinuses were less evident until later when the testis was ripening. At this 

stage the lamellae were still relatively long and narrow with mid regions filled with 

connective and other tissue, and had not obtained the thick lobular form found in the 

testis of ripe males. It is unlikely that E. rivulatus changing sex outside of the 

reproductive season would form mature sperm and sperm sinuses as rapidly as those in 

the experiment described here, since they will be in a state of low reproductive activity. 

Significance Of Socially Induced Sex-Change In E. rivulatus 

Concern over the exploitation of protogynous epinepheline serranids arises from the 

uncertainty of their response to fishing pressure and the inability to produce predictive 

yield models based on a proper understanding of their protogynous nature (Shapiro 

1987, Huntsman & Schaaf 1994, Coleman et al. 1996). Thus the need to learn more 

about the sex-change process in this group of fishes has been noted by several authors 

(Shapiro 1987, Bannerot et al. 1987, Williams & Russ 1991, Gilmore & Jones 1992, 

Ferreira 1995). Information on structural changes that occur during the transition 

process in the epinepheline serranids is also lacking and remains an area where little has 

been achieved in the study of hermaphroditism among fishes. 
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Thus the present study is useful because it addresses both fishery management and 

fish hermaphroditism issues. It indicates that a population ofE. rivulatus is able to 

withstand some degree of fishing pressure and still maintain a fairly constant sex ratio. 

Such is the advantage of socially rather than genetically induced sex-change. However, 

the study also showed that the short-term supply of potential males is finite and that 

sustained fishing pressure may deplete the population to a level where reproductive 

output is seriously diminished. Huntsman & Schaaf (1994) used life history parameters 

for the graysby (Epinephelus cruentatus), a protogynous grouper of similar size to E. 

rivulatus, to model the effects of fishing under various compensatory mechanisms. The 

results of these simulations indicated that compensation for loss of males (as shown in 

E. rivulatus) allowed greater reproductive capacity to be maintained with increasing 

fishing mortality than was displayed for uncompensated stocks. However, it was further 

shown that the life history parameters of the epinephelines make them inherently fragile 

to fishing mortality. Bannerot et al. (1987) also noted that as increasing fishing mortality 

disrupts the ability of mates to come into contact with each other, the reproductive 

success of protogynous hermaphrodites relative to that of gonochoristic (non sex-

changing) species declines. 

The latter was apparent in the study of sex-change in the blue-spotted rockcod, 

Cephalopholis cyanostigma (Mackie 1993). Observations of the changes in home ranges 

and behaviours following the removal of males showed that light fishing pressure may 

produce short term disruptions within social units of C. cyanostigma as the social 

hierarchy is restructured and the movement patterns of the remaining fish are altered to 

fill the void caused by the removal offish. However, it was also noted that slow turn

over rates may make populations of C. cyanostigma susceptible to heavier levels of 

fishing if recruitment of juveniles and immigration do not match loss rates. 

C. cyanostigma and E. rivulatus share social and life history characteristics despite 

inhabiting quite different habitats. Both species are similar in body size and live in site 

attached social groups. Males defended territories from other males and associated 

predominantly with the largest females. Sex-change also appears to be socially induced 

in both species. This indicates that the social control of sex-change may be c o m m o n 

among the epinephelines, at least among the species that maintain fairly stable social 

units during much of the year. Whether it will be possible to determine the cues 

controlling sex-change in some of the larger epinepheline species that migrate to 
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specific locations and spawn in large numbers during short periods of the year remains 

doubtful. Thus, management of these species may have to be based in part on the studies 

of non-migrating, more easily manipulated epinepheline species such as E. rivulatus. 
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Table 1. Details ofE. rivulatus captured within (a), the manipulated area, and (b), the 

control areas, of the Osprey Bay study site at the end of Phase 1. N e w males refers to 

individuals that had changed sex since the start of the experiment. Uncaught residents 

refer to males that were inadvertently left in the manipulated area at the start of the 

experiment. Control males refers to males that had extended their home ranges into the 
manipulated area. 

(a) Manipulated area 

Fish classed as: n Fork length (mm) Sexual Days since removal of 
status males 

Transitional 

N e w Males (Ml) 
N e w Males (M3) 
Immigrant Males 

Uncaught Residents 
Control Males 

Females 

2 
1 
3 
9 

2 
2 
58 

303,306 T 

319 M l 
305,312,322 M 3 

289,289,292,295,295, M 4 
300,302,307,335 
286,292 M 4 

330,333 M 4 

232-313(mean=269) F3 

22,21 
20 
22, 27,21 

na 

na 
na 
20-27 

(b) Control areas 

Fish classed as: 

Males 
Females 

n 

7 

33 

Fork length (mm) Sexual 
status 

286 - 349 (mean=320) M 4 
230 - 327 (mean=271) F3, F4 

Days since removal of 
males 

20-27 
20-27 

Table 2. Results of (a) an analysis of variance comparing the mean lengths of original 
resident males taken from the manipulated area at the start of the experiment, the mean 
lengths of males that had immigrated into the manipulated area, and the mean lengths of 
males that had recently changed sex, or were in the process of doing so at the end of 
Phase 1. (b) Results of a Cochrans C test to determine whether the variances of these 
lengths were homogenous, (c) Results of a Tukey H S D test for unequal sample sizes, 
used in the pairwise comparison of the mean lengths of the three males groups. N e w = 
newly sex-changed males, immigrant = immigrant males, old = original resident males. 

(a) 
Source of variation 
Length 

Residual 

(b) 

Length 

(c) 
Fish 
new 
immigrant 

old 

n 
6 
9 

22 

df 
2 
34 

Cochrans C 
0.654734 

Mean length 
311 
300 
332 

MS 
3555.7 
368.9 

df 
2 

Compared 

immigrant 

old 

new 

F 
9.6378 

with: 

P 
0.0005 

P 
0.0355 

P 
0.6025 

0.0038 

0.1569 
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Figure 1. Detail of Osprey Bay and the study site used in the sex-change experiment. 
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Figure 2. M a p of the Osprey Bay study site showing (a), the home ranges of male E. 
rivulatus prior to the sex-change experiment. Cross-hatched home ranges are those of the 
males removed at the start of the experiment, (b) Capture location of male and transitional E. 
rivulatus within the manipulated area of the study site at the end of Phase 1. 
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Figure 3. Gamete samples taken from the immature male captured within the manipulated 
area of the study site, (a) Sample of whole oocytes obtained by cannula prior to the 
experimental removal of males at the start of Phase 1. Scale bar = 50 urn. (b) Histological 
preparation of a transverse section of the gonad taken at the end of Phase 1, showing few 
vestigial oocytes remaining among the developing sperm tissue. Scale bar=350 um. A P O , 
atretic previtellogenic oocyte. P O , previtellogenic oocyte. SC, spermatocytes. ST, spermatids. 
V O , vitellogenic oocyte. 

Figure 6. Transverse section of the ovary of a large female E. rivulatus captured within the 
control area of the study site at the end of Phase 1. Note the crypts of spermatic tissue 
amongst the previtellogenic and vitellogenic oocytes. Scale bar=50 pm. P O , previtellogenic 
oocyte. S C , spermatocytes. ST, spermatids. V O , vitellogenic oocytes. 
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Figure 4. Lengths ofE. rivulatus captured within the Osprey Bay study site at the 
completion of Phase 1 of the sex-change experiment. The asterisk indicates the length of 
the transitional fish captured during Phase 2. The lengths of male E rivulatus captured 
for reproductive analysis from other locations along Ningaloo Reef are also shown. 

Numbers indicate sample size. 
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Figure 5. Estimated age ofE. rivulatus captured within the Osprey Bay study site at the 
completion of Phase 1 of the sex-change experiment. Data points of similarly aged fish 
are shown stacked on top of each other. Also shown is the mean age (± SE) offish 
within these samples. Numbers indicate sample size (note that not all individuals within 
these samples could be reliably aged). 
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Figure 7. Transverse section of the gonad of an E. rivulatus undergoing sex-change at the 
end of Phase 1. (a) General structure of the gonad showing lamellae full of atretic vitellogenic 
oocytes. Scale bar=270 pm. (b) Detail showing atretic vitellogenic oocytes, previtellogenic 
oocytes and spermatocrypts. Scale bar = 50 pm. A V O , atretic vitellogenic oocyte. BV, blood 
vessel. P O , previtellogenic oocyte. SC, spermatocytes. T, tunica. 

Figure 8. Transverse section of the gonad of the second E. rivulatus undergoing sex-change 
at the end of Phase 1. (a) Detail showing atretic oocytes and spermatocrypts. Scale bar = 50 
pm. (b) Detail of an atretic previtellogenic oocyte lying next to an atretic vitellogenic oocyte. 
Note the eroded zona radiata and hypertrophied granulosa cells of the latter. Macrophages 
have invaded the previtellogenic oocyte and phagocytized ooplasm. Scale bar = 14 pm. A P O , 
atretic previtellogenic oocyte. A V O , atretic vitellogenic oocyte. G C , granulosa cell. M , 
macrophage. S C , spermatocytes. Z R , zona radiata. 
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Figure 9. Transverse section of the testis of the immature male E. rivulatus captured within 
the manipulated area at the end of Phase 1. (a) Detail of somatic tissue showing macrophages 
containing remnant yolk. Scale bar = 14 pm. (b) Detail of newly developed peripheral sperm 
sinus. Scale bar = 36 pm. (c) Detail of putative Leydig cells within the distal region of a 
lamella. Scale bar = 30 pm. DBV, dorsal blood vessel. La, lamella. L C , Leydig cells. Lu, 
lumen. M , macrophage. pEC, putative endocrine cells. SC, spermatocytes. SS, sperm sinus. 
ST, spermatids. T, tunica. 

Figure 10. Transverse section of the testis of a maturing male E. rivulatus captured within the 
manipulated area at the end of Phase 1. Note narrow lamellae filled with connective tissue and 
developing spermatic tissue. Intralobular and peripheral sperm sinuses are also present and 
contain spermatids. Scale bar = 100 pm. C T , connective tissue. P V O , previtellogenic oocyte. 
SC, spermatocytes. SS, sperm sinus. T, tunica. 
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Figure 11. Transverse section of the testis of a maturing male E. rivulatus that had not been 
cannulated to determine gender prior to the experiment. Shown is detail of incompletely 
resorbed vitellogenic oocytes amongst the developing spermatic tissue. Scale bar =100 pm. 
A V O , atretic vitellogenic oocyte. SC, spermatocytes. ST, spermatids. 

Figure 12. Transverse section of the testis of a ripe immigrant male E rivulatus removed 
from the manipulated area at the end of Phase 1. Section taken at the junction of the two 
testicular lobes and shows the vestigial ovarian lumen, well developed peripheral sperm 
sinuses and thin tunica. Scale bar = 700 pm. Lu, lumen. S C , spermatocytes. SS, sperm sinus. 
ST, spermatids. T, tunica. 
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Figure 13. Transverse section of the gonad of an E rivulatus undergoing sex-change at the 
end of Phase 2. (a) General structure of the gonad showing the long narrow lamellae and thick 
tunica. The lamellae are filled with connective tissue, spermatocrypts and previtellogenic 
oocytes. A n incompletely resorbed vitellogenic oocyte also remains. Scale bar = 100 pm. (b) 
Detail showing developing crypts of spermatic tissue, atretic previtellogenic oocytes and the 
newly formed peripheral sperm sinus. Scale bar=50 pm. A P O , atretic previtellogenic 
oocytes. A V O , atretic vitellogenic oocytes. C T , connective tissue. La, lamella. Lu, lumen. 
P V O , previtellogenic oocytes. S C , spermatocytes. SS, sperm sinus. ST, spermatids. T, 
tunica 
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Chapter Seven 

General Discussion 

Because of their economic importance, the biology of numerous species of epinepheline 

serranids is well documented (e.g. M o e 1969, Smith 1972, Thompson & Munro 1978, 

Bullock et al. 1992, Sadovy et al. 1992, 1994, Tucker et al. 1993). Relatively few 

ecological studies on this group have been published, however, and even fewer studies 

have examined both the biology and ecology of a species. This is understandable, since 

ecological data are difficult to obtain and are of little current value in fisheries models. 

Nevertheless, the two data types complement each other and allow description of not 

only what members of a species are doing, but how they are doing it. Such information 

allows the fisheries biologist to collect, analyse and interpret biological data in a more 

appropriate manner, and allows a better understanding of the ecological role of the 

species and the ecosystem it inhabits. 

The present study is therefore a useful contribution to the management of 

Epinephelus rivulatus and the understanding of an important member of the Ningaloo 

Reef ecosystem. It has shown that E. rivulatus are similar to many other species of 

serranid in being protogynous hermaphrodites and potentially long-lived, in pair 

spawning around sunset, in being susceptible to capture, and in having males that are on 

average larger, older, and fewer in number than the females (Chapters 2 - 4). Like other 

small serranid species E rivulatus are also site-attached and group living (Chapter 5), 

although as discussed in the previous chapters there are differences in the detail. This 

study has also shown that E. rivulatus are relatively fast growing compared to other 

serranids (refer to the values for K given in Appendix 5) and may have a relatively high 

rate of natural mortality (Chapter 4). Furthermore, E. rivulatus have a relatively long 

spawning period compared to many other serranids (Chapter 2). This suggests that E. 

rivulatus may therefore have a relatively high productive capacity for a serranid. 

As well as these comparative data, the present study also provides unique or rare 

information on an epinepheline serranid. In particular, there are the data on the 
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mechanisms controlling sex-change in E. rivulatus. These data show, unequivocally for 

the first time, that sex-change in an epinepheline serranid is socially controlled and a 

reproductively ripe female can become a male within three weeks. Detailed description 

of the conversion of the ovary into a testis, and discussion of the adaptive and 

managerial significance of these results are also given. The data on reproductive 

behaviours, mating system, and spatial organisation are also rarely documented in the 

serranids (Colin 1992, Donaldson 1988, 1994, Gilmore & Jones 1992), and provide 

useful insights into the behavioural interactions and ecological strategies of this species. 

A Life-History Scenario For E. rivulatus 

The following is an account of the life-history of a "typical" E rivulatus, based on the 

data given in Chapters 2 to 6 and unrecorded observations made whilst undertaking this 

study. Some of the account given below is therefore speculative but it is a coherent view 

accounting for all the available information and is a useful way of combining and 

putting into perspective all the separate pieces of information. 

E. rivulatus is a small serranid that forms dense populations in favourable habitats 

along Ningaloo Reef. Most individuals recruit to these populations sometime between 

October and February as small juvenile females, after spending up to nine weeks in the 

plankton. At this stage a female is at the bottom of the social hierarchy and most 

vulnerable to aggression and predation. Her home range is small and restricted to a few 

close sheltering holes, and although she may be attentive to the actions of larger 

conspecifics, she probably has little to do with them. Feeding mainly on a diet of small 

crustaceans (Appendix 1), growth of the small female is rapid and by the time the first 

annuli form within the otoliths at the end of her first year (around December to 

February) she is about 90 m m or more in length. 

By the end of the second year (1+ age group) the young female has doubled in length 

and her home range has increased. The presence of males may not be important at this 

time since the female is unlikely to be reproductively mature, and virtually all her 

interactions will be with other females, which are five to six times more abundant than 

the males. However, during her third year (2+ age group), the female will reach about 

230 m m and is likely to be sexually active and seeking spawning opportunities during 

the reproductive season. At this time her ovaries begin to develop batches of ripe 

oocytes on what is probably a monthly cycle from about July through to December, 
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although she will find it difficult to compete with larger females for chances to spawn 

with the males. Consequently, a high number of the ripe oocytes she produces may be 

resorbed unless she can find a smaller, less desirable spawning partner or perhaps spawn 

at times or in locations that are not optimal for survival of her progeny. 

From the time of sexual maturity the female probably becomes more active in 

seeking intrasexual interactions. Her growth rate is still rapid until about four years of 

age. By this time the female has moved up the social hierarchy and is exerting 

dominance over smaller females. She may endeavour to push into better habitats where 

the males are larger and more numerous, but is thwarted by the presence of large 

females w h o aggressively defend their territory. The four year old female is reasonably 

large herself at about 270 m m and may be able to resist such aggression. She is probably 

quite fecund at that size, and rather than roaming through the territories of two or more 

males as she has done previously, the female may remain within the territory of one 

particular male with w h o m most of her interactions occur. This is likely to guarantee her 

a relatively high reproductive success, and she may regularly spawn two or three times 

during each cycle of spawning throughout the reproductive season. 

The alliance with one particular male is based on opportunism, and the female will 

still be seeking to upgrade her social and reproductive status. This may occur through 

movement into new habitat, or by changing sex and becoming male. Although she was 

possibly not physiologically capable of undergoing sex-change when younger, at five 

years of age she has reached the median age of sex-change for E. rivulatus at Ningaloo 

Reef. Small crypts of sperm tissue lie dormant in her ovaries, and if the appropriate 

environmental cues are present her gonads can be flushed of oocytes and filled with 

ripening sperm tissue within three weeks. By changing sex the female should gain far 

higher reproductive success because as a female her reproductive output is restricted to 

her o w n fecundity, whereas as a male the reproductive output is the sum of the fecundity 

of several females with which he spawns. Nevertheless, the female will be suppressed 

from changing by the residing male who has more to gain by her being a fecund 

spawning partner than a competitor. Thus, an opportunity to change sex could take years 

to arise, particularly if the female is in a densely populated habitat and surrounded by 

large males. In this situation a male vacancy may occur if the residing male dies 

naturally, emigrates into new territory, or is caught by a fisher. However, the female will 

need to be large, dominant, and quick in the transition if she is to defeat the intrusions of 
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surrounding males. Moreover, once the change has been made the new male may be 

relatively small compared to the surrounding males and forced by their aggression into 

less hotly contested territory. 

However, if the female is inhabiting a less desirable habitat in which males are 

smaller and more sparsely populated, she may change sex not because a male is lost, but 

because the number of smaller females continues to increase. Thus at some point the 

ratio of dominance to submissive acts she experiences may exceed some limit and 

trigger a series of events within her neuroendocrine system that result in sex-change 

(Shapiro 1988, 1990). In this situation, the new male may have relatively low 

reproductive success given the relatively small size and number of mature female 

spawning partners. Therefore, whilst he may not be able to hold a permanent territory in 

more favourable habitat, the small male may nonetheless endure high levels of 

aggression and risk of injury by sneaking into these habitats to spawn. 

Although the new male may have experienced a burst in growth after sex-change, his 

body length will be increasing very slowly by the time he is eight years old. His diet will 

consist mainly of crustaceans and fish, and he will continue to gain weight steadily as 

time goes by despite the diminishing growth rate. Similarly, his otoliths are thickening 

and gaining weight but do not grow much more in length. The male should live at least 

ten and possibly more than twenty years, with his chances of reaching an older age 

higher if he is living within the protection of the Sanctuary Zones. In later years the male 

will reach a length of about 340 m m . He probably roamed a bit in his early male years 

when he was less dominant and searching for better opportunities, but as he grew larger 

the male is likely to have established a territory within a prime habitat. Here he 

remained ensconced, growing larger, more dominant and more fecund, with a choice of 

spawning partners and little reason to move. 

Such is a likely life-history scenario of the average E. rivulatus, a serranid that is well 

established within limestone and algal areas of Ningaloo Reef. This habitat is typically 

more barren and supports a lower abundance offish life than the nearby coral dominated 

habitats, where various other species of serranids are found and E. rivulatus is rare. 

Whether this is by choice or competitive exclusion, E. rivulatus is clearly doing well in 

the open habitat, where it is arguably the most prominent sedentary predator, consuming 

a variety of prey and often forming densely populated social groups. It is likely, 
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therefore, that E. rivulatus plays an important part in the dynamics of the lagoon 

ecosystem through the impact it has on the distribution and abundance of numerous 

other prey and competitor species that it coexists with. 

Management Issues 

One of the main reasons for this research was concern about catch rates ofE rivulatus 

within the Ningaloo recreational fishery. These concerns have been addressed in part, by 

providing information that reveals the susceptibility of this species to the pressures of 

fishing activity. The data suggest that E. rivulatus is quite resilient to exploitation 

compared to many other serranids. The long reproductive season and low age/length at 

sexual maturity (Chapter 2) are indicative of high reproductive output, and although 

spawning m a y be disrupted by fishing activities during July and August, for the rest of 

the reproductive season the stocks will receive little pressure because of poor summer 

weather conditions. This, in combination with the high rate of growth towards their 

asymptotic length, rapid replacement of males by sex-changing females, and high rate of 

natural mortality compared to other species of serranids (Chapters 4 and 6), suggests 

that populations ofE. rivulatus may have a relatively high productive capacity. This 

view is supported by biological data obtained for exploited stocks ofE. rivulatus within 

the KwaZulu-Natal province of South Africa. These E. rivulatus also had a long 

reproductive season (July to November) and relatively fast growth rate (K = 0.502), and 

within the commercial and recreational fisheries made up about 3 0 % and 10%, 

respectively, of the total number of serranids caught. Although these data are 

preliminary, E. rivulatus seemed to be handling the fishing pressure they received within 

these fisheries quite well compared to the other serranid species (Fennessy 1998 and 

pers. comm.). 

Current management controls for E. rivulatus within the Ningaloo recreational 

fishery are a bag limit of four fish per day per person and closure of certain areas to 

fishing (plus a limit on the amount offish that can be stored whilst in the Ningaloo 

area). A size limit is an alternative option to be considered, particularly since it may 

reduce the incidence of highgrading (release of less desirable fish once the bag limit is 

reached and better fish are captured). A minimum length is typically set at the size at 

which 5 0 % of females are sexually mature so that individuals may reproduce at least 

once before capture. However, this length is too low for protogynous species since it 
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leaves all the males open to capture and may cause a decrease in the mean size of sex-

change. This mean size at which females change sex is probably the more appropriate 

minimum length, which given the low frequency of transitional fish in the samples, is 

best determined as the median length of the range of overlap between male and female 

lengths (Chapter 2). A recommended minimum length for E. rivulatus within the 

Ningaloo recreational fishery would therefore be 300 m m total length as this is between 

the median values of this overlap for the Tantabiddi and N W R e e f samples. 

However there are no data to suggest that a change from the current management 

measures is warranted at this stage. E rivulatus are numerous along Ningaloo Reef and 

a properly enforced bag limit may minimise the risk ofE. rivulatus populations being 

decimated due to their sedentary nature and ease of capture. Unfortunately, anecdotal 

evidence indicates that fishers often take advantage of the latter, using E. rivulatus as a 

convenient and cheap source of bait. This and highgrading are additions to fishing 

mortality which are difficult to control, except by the total protection of populations and 

habitat within the Sanctuary Zones. By providing a refuge from fishing activities these 

Zones allow populations to live and reproduce without the social disruptions and 

biological impacts that fishing may cause. Dispersal of larvae produced by these 

populations and the emigration of adult fish may subsequently act to maintain exploited 

populations (Russ et al. 1992, Buxton 1993). In addition, these Zones simplify fisheries 

surveillance and enforcement, and are useful for research purposes since they allow 

projects such as the present one to proceed without disturbance. 

Nevertheless, it is impossible to assess the effectiveness of these current management 

policies without information on trends in the catch rates or abundances o f E rivulatus 

(and other exploited species). It would be difficult to obtain accurate data on total 

catches within the Ningaloo recreational fishery given the difficulty in monitoring the 

numerous, dispersed fishers, but it may be possible to work with a number of select, 

long-term fishers. There are many such people who have been visiting Ningaloo Reef 

for many years and know the area well. Some of these were helpful to m e during the 

present study and would be interested in keeping accurate data on catches and locations 

for conservation reasons. By using the same people through time, trends in the data 

would be more representative of real changes in fish abundances rather than differences 

in fishing abilities. 
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These catch data should ideally accompany regular underwater visual surveys to 

provide independent counts ofE. rivulatus (and other exploited species). These surveys 

should be designed so that they are appropriate for the particular species, and in the case 

ofE. rivulatus would require closer examination of the substrate than would be 

necessary for more nomadic species. These data would enable the effectiveness of the 

Sanctuary Zones to be established and to determine whether stock numbers are stable or 

changing. If further management measures are required, then data from the present study 

may be used to determine the most appropriate and biologically feasible option. 

Further Studies 

A recurring message throughout this thesis is the usefulness ofE. rivulatus as a tool to 

gain knowledge that might reasonably be assumed to have a more general application. 

The sex-change experiment is a case in point, since the mechanisms controlling sex-

change in the epinepheline serranids have been an issue of concern and deliberation for 

years. Such an experiment would be impossible to achieve on many species. However, it 

is a reasonable assumption that most serranids that have similar population and social 

characteristics to E. rivulatus, including a wide overlap in the lengths and ages of male 

and females, and where males are few in number and form close alliances with only a 

few, large females, have socially controlled sex-change. Further experimental studies of 

E. rivulatus may permit development of a model to predict the likelihood of a female 

changing sex, based on her particular size and the size and number of other females and 

males. Examination of the gonad samples obtained from these studies using 

electronmicroscopy, endocrinology, and select histochemical techniques might also shed 

light on the identification and function of the cells that appear within the gonad during 

the sex-change process. 

E. rivulatus is also an ideal species to examine some effects of fishing activity that 

have received little attention. One of these is how the spatial and social structure of a 

population is affected by the removal of male and female individuals. This was an aim 

of the present study which could not be realised, since the high incidence of tag loss 

prevented a follow up home range study after fishing within the Mangrove Bay sites. 

Another worthwhile experiment would be to determine the homing ability and survival 

rate ofE. rivulatus released at varying distances from their home range. These data 

would be useful in examining the effects of highgrading. There is also scope to follow 
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on from the present study. For instance, the mapped sites within Mangrove and Osprey 

Bays could be monitored to investigate the dynamics of recruitment in E. rivulatus. It 

would be particularly interesting to determine the ability of this species to rebuild the 

population within Osprey Bay that was denuded during the sex-change experiment. The 

ecological role ofE. rivulatus might also be assessed by quantifying the interactions and 

effect it has on the distribution and abundance of prey and competitor species. Further 

study of the otolith structure ofE. rivulatus by repeatedly recapturing and injecting 

individuals with tetracycline would be a useful longer term study that might clarify the 

structural complexities of the otoliths, thus improving the ability to age these fish. 

Finally, repeats of the study into the reproductive behaviour ofE rivulatus are 

needed to gather more information about the frequency of spawning so that total 

fecundity can be determined. By combining these observations with the collection of 

detailed data on water temperatures, water (and gamete) movements, m o o n phase, tidal 

and lunar regimes, changes in light intensities, timing of spawning, and hormone levels 

within the blood, the mechanisms controlling spawning may be clarified. 

154 



References 
Abu-Hakima, R. (1987). Aspects of the reproductive biology of the grouper, 

Epinephelus tauvina (Forskal), in Kuwaiti waters. Journal of Fish Biology 30, 213-
22. 

Allen, G. R., and Swainston, R. (1988). The marine fishes of north-western Australia. 
A field guide for anglers and divers. 201pp. (Western Australian Museum: Perth.) 

Andrew, N. L., and Mapstone, B. D. (1987). Sampling and the description of spatial 
pattern in marine ecology. Oceanography and Marine Biology: an Annual Review 
25,39-90. 

Anon. (1989). Ningaloo Marine Park Management Plan 1989-1999. 74pp. (Department 
of Conservation and Land Management: Perth.) 

Anon. (1992). The great "Charlie Court" debate. Western Fisheries Winter, 24. 

Anon. (1994). Ningaloo limits to include Exmouth. Western Fisheries Autumn, 12-13. 

Atz, J. W. (1964). Intersexuality in fishes. In 'Intersexuality in the vertebrates including 
man'. (Eds. C. N. Armstrong and A. J. Marshall.) pp. 145-232. (Academic Press: 
N e w York.) 

Ayling, A. M., and Ayling, A. L. (1987). Ningaloo Marine Park: preliminary fish 
density assessment and habitat survey. Report to The Department of Conservation 
and Land Management, Perth. 18pp. 

Baird, T. A. (1988). Female and male territoriality and mating system of the sand 
tilefish, Malacanthus plumieri. Environmental Biology of Fishes 22, 101-16. 

Bannerot, S., Fox, W. W., Jr., and Powers, J. E. (1987). Reproductive strategies and the 
management of snappers and groupers in the Gulf of Mexico and Caribbean. In 
Tropical snappers and groupers'. (Eds. J. Polovina and S. Ralston.) pp. 561-638. 

(Westview Press, Inc: Boulder.) 

Beamish, R. J., and Fournier, D. A. (1981). A method for comparing the precision of a 
set of age determinations. Canadian Journal of Fisheries and Aquatic Science 38, 

982-83. 

Beckman, D. W., and Wilson, C. A. (1995). Seasonal timing of opaque zone formation 

in fish otoliths. In 'Recent developments in fish otolith research'. (Eds. D. H. Secor J. 
M . Dean, and S. E. Campana.) pp. 27-44. (University of South Carolina Press: 

Columbia.) pp 735. 

Berglund, A., Bisazza, A., Konig, B., and Huntingford, F. (1993). Female-female 

competition over reproduction. Behavioral Ecology 4,184-87. 

155 



Boehlert, G. W . (1985). Using objective criteria and multiple regression models for age 
determination in fishes. Fishery Bulletin 83,103-17. 

Brothers, E. B. (1982). Aging reef fishes. In 'The biological bases for reef fishery 

management. N O A A Technical Memorandum NMFS-SEFC-80'. (Eds. G. R. 
Huntsman W . R. Nicholson, and W . W . J. Fox.) pp. 3-22. (US Dept Commerce:) 

Brothers, E. B., Williams, D. McB., and Sale, P. F. (1983). Length of larval life in 

twelve families of fishes at "One Tree Lagoon", Great Barrier Reef, Australia. 
Marine Biology 76, 319-24. 

Brown, J. L., and Orians, G. H. (1970). Spacing patterns in mobile animals. Annual 
Review of Ecological Systems 1,239-62. 

Brusle-Sicard, S., Reinboth, R., and Fourcault, B. (1994). Germinal potentialities 
during sexual state changes in a protandric hermaphrodite, Amphiprion frenatus 
(Teleostei, Pomacentridae). Journal of Fish Biology 45, 597-611. 

Bullock, L. H., Murphy, M. D., Godcharles, M. F., and Mitchell, M. E. (1992). Age, 
growth, and reproduction of jewfish Epinephelus itjara in the eastern Gulf of 

Mexico. Fishery Bulletin 90,243-49. 

Bullough, W. S. (1947). Hermaphroditism in the lower vertebrates. Nature, London 

160,9-11. 

Burt, W. H. (1943). Territoriality and home range concepts as applied to mammals. 

Journal of Mammalogy 24, 346-52. 

Buxton, C. D. (1993). Marine reserves- the way ahead. In "Fish, fishers and fisheries'. 
(Eds. L. E. Beckley and R. P. van der Elst.) pp. 170-174. (The Oceanographic 

Research Institute: South Africa.) 

Carpenter, F. L. (1987). The study of territoriality: complexities and future directions. 

American Zoologist 27,401-09. 

Carter, J., Marrow, G. J., and Pryor, V. (1994). Aspects of the ecology and reproduction 
of Nassau grouper, Epinephelus striatus, off the coast of Belize, Central America. 
Proceedings of the Gulf and Caribbean Fisheries Institute 43,65-111. 

Chan, S. T. H., and Phillips, J. G. (1967). The structure of the gonad during natural sex 
reversal in Monopterus albus (Pisces: Teleostei). Journal of Zoology, London 151, 

129-41. 

Charnov, E. L., and Bull, J. (1977). When is sex environmentally determined? Nature, 

London 266, 828-30. 

Chen, Y., Jackson, D. A., and Harvey, H. H. (1992). A comparison of von Bertalanffy 

and polynomial functions in modelling fish growth data. Canadian Journal of 

Fisheries and Aquatic Science 49,1228-35. 

156 



Cole, K. S., and Robertson, D. R. (1988). Protogyny in the Caribbean reef goby, 

Coryphopterus personatus: gonad ontogeny and social influences on sex-change. 
Bulletin of Marine Science 42, 317-33. 

Cole, K. S., and Shapiro, D. Y. (1995). Social facilitation and sensory mediation of 

adult sex change in a cryptic, benthic marine goby. Journal of Experimental Marine 
Biology and Ecology 186, 65-75. 

Coleman, F. C, Koenig, C. C, and Collins, L. A. (1996). Reproductive styles of 
shallow-water groupers (Pisces: Serranidae) in the eastern Gulf of Mexico and the 

consequences of fishing spawning aggregations. Environmental Biology of Fishes 
47,129-41. 

Colin, P. (1992). Reproduction of the Nassau grouper, Epinephelus striatus (Pisces: 
Serranidae) and its relationship to environmental conditions. Environmental Biology 
of Fishes 34,357-77. 

Colin, P. L., Shapiro, D. Y., and Weiler, D. (1987). Aspects of the reproduction of two 
groupers, Epinephelus guttatus and E. striatus in the West Indies. Bulletin of Marine 
Science 40, 220-30. 

Colin, P. L., Laroche, W. A., and Brothers, E. B. (1997). Ingress and settlement in the 
Nassau grouper, Epinephelus striatus (Pisces: Serranidae), with relationship to 
spawning occurrence. Bulletin of Marine Science 60, 656-67. 

Dewsbury, D. A. (1982). Ejaculate cost and male choice. The American Naturalist 119, 

601-10. 

Doherty, P., and Mcllwain, J. (1996). Monitoring larval fluxes through the surf zones 
of Australian coral reefs. Marine and Freshwater Research 47, 383-90. 

Doherty, P. J., Fowler, A. J., Samoilys, M. A., and Harris, D. A. (1994). Monitoring the 
replenishment of coral trout (Pisces: Serranidae) populations. Bulletin of Marine 

Science 54, 343-55. 

Donaldson, T. J. (1989). Pair spawning of Cephalopholis boenack (Serranidae). 

Japanese Journal of Ichthyology 35,497-500. 

Donaldson, T. J. (1992). Habitat and food utilization, and depth distribution of two 
sympatric groupers of the genus Cephalopholis (Teleostei: Serranidae). 7th 

International Coral Reef Symposium 22-26 June 1992 , page 25. 

Donaldson, T. J. (1995a). Courtship and spawning behavior of the pygmy grouper, 
Cephalopholis spiloparaea (Serranidae: Epinephelinae), with notes on C argus and 

C. urodeta. Environmental Biology of Fishes 43, 363-70. 

Donaldson, T. J. (1995b). Partitioning behavior and intra- and interspecific interactions: 
a comparison between male and female groupers, Cephalopholis spiloparaea 

(Pisces: Serranidae: Epinephelinae). Marine Biology 121, 581-84. 

157 



Ebersole, J. P. (1977). The adaptive significance of interspecific territoriality in the reef 
fish Eupomacentrus leucostictus. Ecology 58,914-20. 

Emlen, S. T., and Oring, L. W. (1977). Ecology, sexual selection, and the evolution of 
mating systems. Science 197,215-23. 

Fennessy, S. T. (1998). Biology and stock assessment of serranids. Unpublished 

Report, Oceanographic Research Institute, South Africa. 153, 35-41. 

Ferguson, H. W. (1989). Systemic pathology of fish. 263pp. (Iowa State University 
Press: Ames.) 

Ferreira, B. P. (1995). Reproduction of the common coral trout Plectropomus 

leopardus (Serranidae: epinephelinae) from the central and northern Great Barrier 
Reef, Australia. Bulletin of Marine Science 56, 653-69. 

Ferreira, B. P., and Russ, G. R. (1992). Age, growth and mortality of the Inshore Coral 

Trout Plectropomus maculatus (Pisces: Serranidae) from the Central Great Barrier 
Reef, Australia. Australian Journal of Marine and Freshwater Research 43,1301-12. 

Ferreira, B. P., and Russ, G. R. (1993). Age validation and estimation of growth rate of 
the coral trout, Plectropomus leopardus, (Lacepede 1802) from Lizard Island, 
northern Great Barrier Reef. Fishery Bulletin 92,46-57. 

Ferreira, B. P., and Russ, G. R. (1995). Population structure of the leopard 
coralgrouper, Plectropomus leopardus, on fished and unfished reefs off Townsville, 
central Great Barrier Reef, Australia. Fishery Bulletin 93, 629-42. 

Fishelson, L. (1970). Protogynous sex reversal in the fish Anthias squamipinnis 
(Teleostei, Anthiidae) regulated by the presence or absence of a male fish. Nature, 

London 227, 90-91. 

Fletcher, W. J. (1991). A test of the relationship between otolith weight and age for the 
pilchard Sardinops neopilchardus. Canadian Journal of Fisheries and Aquatic 

Science 48,35-38. 

Fowler, A. J. (1989). Description, interpretation and use of the microstructure of 
otoliths from juvenile butterflyfishes (family Chaetodontidae). Marine Biology 102, 

167-81. 

Fowler, A. J. (1990). Validation of annual growth increments in the otoliths of a small, 

tropical coral reef fish. Marine Ecology Progress Series 64,25-38. 

Fowler, A. J. (1995). Annulus formation in otoliths of coral reef fish - a review. In 
'Recent developments in fish otolith research'. (Eds. D. H. Secor J. M . Dean, and S. 
E. Campana.) pp. 45-64. (University of South Carolina Press: Columbia.) pp 735. 

Fricke, H., and Fricke, S. (1977). Monogamy and sex change by aggressive dominance 

in a coral reef fish. Nature, London 266, 830-32. 

158 



Garrod, D. J., and Horwood, J. W . (1984). Reproductive stratiegies and the response to 

exploitation. In 'Fish reproduction: strategies and tactics'. (Eds. G. W . Potts and R. J. 
Wootton.) pp. 367-384. (Academic Press: London.) 

Gilmore, R. G., and Jones, R. S. (1992). Color variation and associated behavior in the 

epinepheline groupers, Mycteroperca microlepis (Goode and Bean) and M. phenax 
Jordan and Swain. Bulletin of Marine Science 51, 83-103. 

Godwin, J. (1994). Histological aspects of protandrous sex change in the anemonefish 

Amphiprion melanopus (Pomacentridae, Teleostei). Journal of Zoology, London 
232,199-213. 

Grier, H. J., Linton, J. R., Leatherland, J. F., and De Vlaming, V. L. (1980). Structural 
evidence for two different testicular types in teleost fishes. The American Journal of 

Anatomy 159,331-45. 

Harrington, R. W. J. (1967). Environmetally controlled induction of primary male 
gonochorists from eggs of the self-fertilizing hermaphroditic fish, Rivulus 

marmoratus Poey. Biological Bulletin 132,174-99. 

Hastings, P. A. (1981). Gonad morphology and sex succession in the protogynous 
hermaphrodite Hemanthias vivanus (Jordan and Swain). Journal of Fish Biology 18, 

443-54. 

Hearn, C. J., and Parker, I. N. (1988). Hydrodynamic processes on the Ningaloo coral 
reef, Western Australia. Proceedings of the 6th Coral Reef Symposium, Australia, 

1988 2,497-502. 

Hixon, M. A. (1980). Food production and competitor density as the determinants of 

feeding territory size. The American Naturalist 115, 510-30. 

Hoffman, S. G. (1985). Effects of size and sex on the social organisation of reef-
associated hogfishes, Bodianus spp. Environmental Biology of Fishes 14, 185-97. 

Hood, P. B., and Schlieder, R. A. (1992). Age, growth, and reproduction of gag, 
Mycteroperca microlepis (Pisces: Serranidae), in the eastern Gulf of Mexico. 

Bulletin of Marine Science 51,337-52. 

Hourigan, T. F. (1989). Environmental determinants of butterflyfish social systems. 

Environmental Biology of Fishes 25,61-78. 

Hunter, J. R., and Goldberg, S. R. (1980). Spawning incidence and batch fecundity in 

northen anchovy, Engraulis mordax. Fishery Bulletin 11, 641-52. 

Hunter, J. R., and Macewicz, B. J. (1985). Rates of atresia in the ovary of captive and 

wild northern anchovy, Engraulis mordax. Fishery Bulletin 83,119-36. 

Huntsman, G. R., and Schaaf, W. E. (1994). Simulation of the impact of fishing on 

reproduction of a protogynous grouper, the graysby. North American Journal of 

Fisheries Management 14,41-52. 

159 



Johannes, R. E. (1978). Reproductive strategies of coastal marine fishes in the tropics. 

Environmental Biology of Fishes 3, 65-84. 

Johannes, R. E. (1988). Spawning aggregation of the grouper, Plectropomus areolatus 
(Ruppel) in the Solomon Islands. Proceedings of the 6th Coral Reef Symposium, 
Australia, 1988 2,151-55. 

Jones, G. P. (1984). The influence of habitat and behavioural interactions on the local 

distribution of the wrasse, Pseudolabrus celidotus. Environmental Biology of Fishes 
10,43-58. 

Kailola, P. J., Williams, M. J., Stewart, P. C, Reichelt, R. E., McNee, A., and Grieve, 
C. (1993). Australian Fisheries Resources. 422pp. (Bureau of Resource Sciences, 
Department of Primary Industries and Energy, and the Fisheries Research and 

Development Corporation: Canberra.) 

Krebs, J. R. (1985). Ecology: the experimental analysis of distribution and abundance. 

pp. (Harper & Row: N e w York.) 

Kuo, C.-M. (1995). The Groupers, hi 'Production of aquatic animals: fishes'. (Eds. C. E. 
Nash and A. J. Novothy.) pp 305-317. (Elsevier: N e w York.) 

Lam, T. J., and Munro, A. D. (1987). Environmental control of reproduction in teleosts: 
an overview. In 'Proceedings of the Third International Symposium on reproductive 
physiology offish'. (Eds. D. R. Idler L. W . Crim, and J. M . Walsh.) pp. 279-288. 
(Memorial University of Newfoundland: St John's, Newfoundland.) 

Loubens, G. (1980). Biologie de quelques especes de poissons du lagon Neo-
Caledonien. n. Sexualite et reproduction. Cah. I'Indo-Pac. 2,41-72. 

Lutnesky, M. M. F. (1992). A temporal-threshold model of polygynous mating in 

cyclical environments. The American Naturalist 139,1102-15. 

Lutnesky, M. M. F., and Kosaki, R. K. (1995). Female-female competition in a coral 
reef fish and a test of the temporal threshold model of polygynous mating. The 

American Naturalist 146, 832-47. 

Mackie, M. C. (1993). Reproductive biology and social structure of the blue-spotted 
rock cod, Cephalopholis cyanostigma (Serranidae), and the effects of fishing. 

Honours thesis, James Cook University of North Queensland. 85 pp. 

Manooch, C. S. (1987). Age and growth of snappers and groupers. In "Tropical 
snappers and groupers'. (Eds. J. Polovina and S. Ralston.) pp. 329-374. (Westview 

Press, Inc: Boulder.) 

Manooch, C. S„ III, and Mason, D. L. (1987). Age and growth of the Warsaw grouper and 
black grouper from the southeast region of the United States. Northeast Gulf Science 9, 

65-75. 

160 



Matheson, R. H., HI, Huntsman, G. R , and Manooch, C. S., Ill (1986). Age, growth, 

mortality, food and reproduction of the scamp, Mycteroperca phenax, collected off 
North Carolina and South Carolina. Bulletin of Marine Science 38, 300-12. 

Matheson III, R. H., and Huntsman, G. R. (1984). Growth, mortality, and yield-per-

recruit for speckled hind and snowy grouper from the United States south Atlantic 

Bight. Transactions of the American Fisheries Society 113,607-16. 

McErlean, A. H., and Smith, C. L. (1964). The age of sexual succession in the 

protogynous hermaphrodite, Mycteroperca microlepsis. Transactions of the 
American Fisheries Society 93, 301-02. 

McFarlane, G. A., and Beamish, R. J. (1987). Selection of dosages of oxytetracycline 
for age validation studies. Canadian Journal of Fisheries and Aquatic Science 44, 
905-09. 

Medley, P. A., Gaudian, G., and Wells, S. (1993). Coral reef fisheries stock assessment. 
Reviews in Fish Biology and Fisheries 3,242-85. 

Moe, M. A. J. (1969). Biology of the red grouper Epinephelus morio (Valenciennes) 
from the eastern Gulf of Mexico. 94pp. (Florida Dept. Nat. Resources Mar. Res. 
Lab.: St. Petersburg, Florida.) 

Mohr, C. O., and Stumpf, W. A. (1966). Comparison of methods for calculating areas 

of animal activity. Journal of Wildlife Managment 30,293-304. 

Moyer, J. T., and Nakazono, A. (1978). Population structure, reproductive behavior and 
protogynus hermaphroditism in the angelfish Centropyge interruptus at Miyake-

jima, Japan. Japanese Journal of Ichthyology 25,25-39. 

Myrberg, A. A. J. (1972). Social dominance and territoriality in the bicolor damselfish, 
Eupomacentruspartitus (Poey) (Pisces: Pomacentridae). Behaviour 41,14-231. 

Nakamura, M., Hourigan, T. F., Yamauchi, K., Nagahama, Y., and Grau, E. G. (1989). 
Histological and ultrastructural evidence for the role of gonadal steroid hormones in 
sex change in the protogynous wrasse Thalassoma duperrey. Environmental Biology 

of Fishes 24,117-36. 

Nemtzov, S. C. (1985). Social control of sex change in the Red Sea razorfish Xyrichtys 
pentadactylus (Teleostei, Labridae). Environmental Biology of Fishes 14,191-211. 

Nowara, G. B. (1997): Recreational fishing survey of Ningaloo Marine Park for 1992 

and 1993. Fisheries Department Research Report. Submitted. 

Olsen, D. A., and LaPlace, J. A. (1979). A study of a Virgin Islands grouper fishery 

based on a breeding aggregation. Proceedings of the Gulf and Caribbean Fisheries 

Institute 31,130-44. 

Pannella, G. (1980). Growth patterns in fish sagittae. In 'Skeletal growth of aquatic 
organisms'. (Eds. D. C. Rhoads and R. A. Lutz.) pp. 519-560. (Plenam Press: N e w 

York.) 

161 



Pauly, D. (1984). Fish population dynamics in tropical waters: a manual for use with 

programmable calculators. I C L A R M Studies and Reviews 8. 325pp. (International 
Center for Living Aquatic Resources Management: Manila, Philippines.) 

Pawson, M. G. (1990). Using otolith weight to age fish. Journal of Fish Biology 36 
521-31. ' 

Potts, J. C, and Manooch, C. S. J. (1995). Age and growth of red hind and rock hind 

collected from North Carolina through the Dry Tortugas, Florida. Bulletin of Marine 
Science 56,784-94. 

Prager, M. H., Saila, S. B., and Recksiek, C. W. (1989): FISHPARM: A 

microcomputer program for parameter estimation of nonlinear models in fishery 

science. (Old Dominion University Oceanography Technical Report 87-10. pp 1-
18.) 

Ralston, S. (1987). Mortality rates of snappers and groupers. In 'Tropical snappers and 
groupers'. (Eds. J. Polovina and S. Ralston.) pp. 375-404. (Westview Press, Inc: 
Boulder.) pp. 659. 

Randall, J. E., and Heemstra, P. C. (1991). Revision of Indo-Pacific groupers 
(Perciformes: Serranidae: Epinephelinae), with descriptions of five new species. 
332pp. (Ichthyology, B.P. Bishop Museum: Honolulu.) 

Reese, E. S. (1978). The study of space-related behavior in aquatic animals: special 
problems and selected examples. In 'Contrasts in behavior. Adaptations in the 
aquatic and terrestrial environments'. (Eds. E. S. Reese and F. J. Lighter.) pp. 347-

374. (John Wiley & Sons: N e w York.) 

Reinboth, R. (1970). Intersexuality in fishes. Memoirs of the society of endocrinology 

18,515-43. 

Reinboth, R. (1980). Can sex inversion be environmentally induced? Biology of 

Reproduction 22,49-59. 

Reinboth, R. (1987). Natural sex inversion. In 'Proceedings of the Third International 

Symposium on reproductive physiology offish'. (Eds. D. R Idler L. W . Crim, and J. 
M. Walsh.) pp. 124-127. (Memorial University of Newfoundland: St John's, 

Newfoundland.) 

Ricker, W. E. (1975): Computation and interpretation of biological statistics offish 

populations. Bulletin of the Fisheries Research Board of Canada, No. 191. 382 pp. 

Roberts, C. M. (1997). Ecological advice for the global fisheries crisis. Trends in 

Ecology and Evolution 12(1), 35-38. 

Robertson, D. R. (1972). Social control of sex reversal in a coral-reef fish. Science 111, 

1007-09. 

Ross, R. M. (1990). The evolution of sex-change mechanisms in fishes. Environmental 

Biology of Fishes 29, 81-93. 

162 



Ross, R. M., Losey, G. S., and Diamond, M . (1983). Sex change in a coral-reef fish: 
dependence of stimulation and inhibition on relative size. Science 221, 574-75. 

Ross, S. W., and Moser, M. L. (1995). Life history of juvenile gag, Mycteroperca 

microlepis, in North Carolina estuaries. Bulletin of Marine Science 56,222-37. 

Russ, G. (1985). Effects of protective management on coral reef fishes in the central 
Philippines. Proceedings of the Fifth International Coral Reef Congress, Tahiti 4, 
219-24. 

Russ, G. R., Alcala, A. C, and Cabanban, A. S. (1992). Marine reserves and fisheries 
management on coral reefs with preliminary modelling of the effects on yields per 

recruit. Proceedings of the Seventh International Coral Reef Symposium 2, 978-85. 

Sadovy, Y. (1994). Grouper stocks of the western central Atlantic: the need for 
management and management needs. Proceedings of the Gulf and Caribbean 
Fisheries Institute 43,43-64. 

Sadovy, Y. J. (1996). Reproduction of reef fishery species. In 'Reef Fisheries'. (Eds. N. 
V. C. Polunin and C. M . Roberts.) pp. 15-59. (Chapman and Hall: London.) 

Sadovy, Y., and Colin, P. L. (1995). Sexual development and sexuality in the Nassau 
grouper. Journal of Fish Biology 46,961-76. 

Sadovy, Y., and Figuerola, M. (1989). The status of the red hind fishery in Puerto Rico 
and St. Thomas as determined by yield-per-recruit analysis. Proceedings of the Gulf 
and Caribbean Fisheries Institute 42, 23-38. 

Sadovy, Y., and Shapiro, D. Y. (1987). Criteria for the diagnosis of hermaphroditism in 
fishes. Copeia 1987, 136-56. 

Sadovy, Y., Figuerola, M., and Roman, A. (1992). Age and growth of red hind 
Epinephelus guttatus in Puerto Rico and St. Thomas. US National Marine Fisheries 
Service Fishery Bulletin 90, 516-28. 

Sadovy, Y., Colin, P. L., and Domeier, M. L. (1994a). Aggregation and spawning in the 
tiger grouper, Mycteroperca tigris (Pisces: Serranidae). Copeia 2, 511-16. 

Sadovy, Y., Rosario, A., and Roman, A. (1994b). Reproduction in an aggregating 
grouper, the red hind, Epinephelus guttatus. Environmental Biology of Fishes 41, 

269-86. 

Sale, P. F. (1971). Extremely limited home range in a coral reef fish, Dascyllus aruanus 

(Pisces: Pomacentridae). Copeia 2, 324-27. 

Sale, P. F. (1978). Reef Fishes and other vertebrates: a comparison of social structures. 

In 'Contrasts in behavior. Adaptations in the aquatic and terrestrial environments'. 

(Eds. E. S. Reese and F. J. Lighter.) pp. 313-346. (John Wiley & Sons: N e w York.) 

163 



Samoilys, M . A. (1997). Periodicity of spawning aggregations of coral trout, 

Plectropomus leopardus, (Pisces: Serranidae) on the northern Great Barrier Reef. 

Marine Ecology Progress Series 160,149-159. 

Samoilys, M. A., and Squire, L. C. (1994). Preliminary observations on the spawning 
behavior of coral trout, Plectropomus leopardus (Pisces: Serranidae), on the Great 

Barrier Reef. Bulletin of Marine Science 54,332-42. 

Shapiro, D. Y. (1980). Serial female sex changes after simultaneous removal of males 

from social groups of a coral reef fish. Science 209,1136-37. 

Shapiro, D. Y. (1981). Size, maturation and the social control of sex reversal in the 

coral reeffish Anthias squamipinnis. Journal of Zoology, London 193,105-28. 

Shapiro, D. Y. (1984). Sex reversal and sociodemographic processes in coral reef 

fishes. In 'Fish Reproduction: Strategies and Tactics'. (Eds. G. W . Potts and R. G. 

Wootton.) pp. 103-118. (Academic Press: London.) pp 659. 

Shapiro, D. Y. (1987). Reproduction in groupers. In 'Tropical snappers and groupers'. 

(Eds. J. Polovina and S. Ralston.) pp. 295-328. (Westview Press, Inc: Boulder.) 

Shapiro, D. Y. (1988a). Behavioral influences on gene structure and other new ideas 
concerning sex change in fishes. Environmental Biology of Fishes 23, 283-97. 

Shapiro, D. Y. (1988b). Variation of group composition and spatial structure with 

group size in a sex-changing fish. Animal Behaviour 36,140-49. 

Shapiro, D. Y. (1990). Sex-changing fish as a manipulable system for the study of the 
determination, differentiation, and stability of sex in vertebrates. The Journal of 

Experimental Zoology Supplement 4,132-36. 

Shapiro, D. Y. (1991). Intraspecific variability in social systems of coral reef fishes. In 
•The ecology of fishes on coral reefs'. (Ed. P. F. Sale.) pp. 331-355. (Academic 

Press, Inc.: San Diego.) 

Shapiro, D. Y., and Lubbock, R. (1980). Group sex ratio and sex reversal. Journal of 

Theoretical Biology 82,411-26. 

Shapiro, D. Y., and Rasotto, M. B. (1993). Sex differentiation and gonadal 
development in the diandric, protogynous wrasse, Thalassoma bifasciatum (Pisces, 

Labridae). Journal of Zoology, London 230,231-45. 

Shapiro, D. Y., Sadovy, Y., and McGehee, M. A. (1993). Periodicity of sex change and 
reproduction in the red hind, Epinephelus guttatus, a protogynous grouper. Bulletin 

of Marine Science 53,1151-62. 

Shapiro, D. Y., Garcia-Moliner, G., and Sadovy, Y. (1994a). Social system of an 
inshore stock of the red hind grouper, Epinephelus guttatus (Pisces: Serranidae). 

Environmental Biology of Fishes 41,415-22. 

164 



Shapiro, D. Y., Marconato, A., and Yoshikawa, T. (1994b). Sperm economy in a coral 
reef fish, Thalassoma bifasciatum. Ecology 75,1334-44. 

Sheaves, M. (1995). Large lutjanid and serranid fishes in tropical estuaries: are they 
adults or juveniles? Marine Ecology Progress Series 129, 31-40. 

Shehadeh, Z. H., Kuo, C.-M., and Milisen, K. K. (1973). Validation of an in vivo 

method for monitoring ovarian development in the grey mullet (Mugil cephalus L.). 
Journal of Fish Biology 5,489-96. 

Shpigel, M., and Fishelson, L. (1986). Behavior and physiology of coexistence in two 

species of Dascyllus (Pomacentridae, Teleostei). Environmental Biology of Fishes 
17,253-65. 

Shpigel, M., and Fishelson, L. (1989). Habitat partitioning between species of the genus 
Cephalopholis (Pisces, Serranidae) across the fringing reef of the Gulf of Aqaba 
(Red Sea). Marine Ecology Progress Series 58,17-22. 

Shpigel, M., and Fishelson, L. (1991a). Experimental removal of piscivorous groupers 
of the genus Cephalopholis (Serranidae) from coral habitats in the Gulf of Aqaba 
(Red-Sea). Environmental Biology of Fishes 31,131-38. 

Shpigel, M., and Fishelson, L. (1991b). Territoriality and associated behaviour in three 
species of the genus Cephalopholis (Pisces: Serranidae) in the Gulf of Aqaba, Red 
Sea. Journal of Fish Biology 38, 887-96. 

Sluka, R., and Sullivan, K. M. (1996). The influence of habitat on the size distribution 

of groupers in the upper Florida Keys. Environmental Biology of Fishes 47, 177-89. 

Smith, C. L. (1965). The patterns of sexuality and the classification of serranid fishes. 
American Museum Novitates 2207,1-20. 

Smith, C. L. (1967). Contribution to a theory of hermaphroditism. Journal of 

Theoretical Biology 17, 76-90. 

Smith, C. L. (1972). A spawning aggregation of Nassau grouper, Epinephelus striatus 

(Bloch). Transactions of the American Fisheries Society 2,257-61. 

Storrie, A., and Morrison, S. (1998). The Marine Life Of Ningaloo Marine Park And 
Coral Bay. 108pp. (Department of Conservation and Land Management: Perth.) 

Tan-Fermin, J. D., Garcia, L. M. B., and Castillo, A. R. J. (1994). Induction of sex 
inversion in juvenile grouper, Epinephelus suillus, (Valenciennes) by injections of 

17ce-Methyltestosterone. Japanese Journal of Ichthyology 40,413-20. 

Thompson, R, and Munro, J. L. (1978). Aspects of the biology and ecology of 
Caribbean reef fishes: Serranidae (hinds and groupers). Journal of Fish Biology 12, 

115-46. 

Thresher, R. E. (1984). Reproduction in reef fishes. 399pp. (T.H.F. Publications Pty 

Ltd: Neptune City, N e w Jersey.) 

165 



Tucker, J. W . J., Bush, P. G., and Slaybaugh, S. T. (1993). Reproductive patterns of 
Cayman Islands Nassau grouper (Epinephelus striatus) populations. Bulletin of 

Marine Science 52, 961-69. 

Victor, B. C. (1982). Daily otolith increments and recruitment in two coral-reef 

wrasses, Thalassoma bifasciatum and Halichoeres bivittatus. Marine Biology 71, 
203-08. 

Warner, R. R. (1987). Female choice of sites versus mates in a coral reef fish, 
Thalassoma bifasciatum. Animal Behaviour 35, 1470-78. 

Warner, R. R. (1988). Sex change and the Size-Advantage Model. Trends in Ecology 
and Evolution 3,133-36. 

Warner, R. R, and Swearer, S. E. (1991). Social control of sex change in the bluehead 
wrasse, Thalassoma bifasciatum (Pisces: Labridae). Biological Bulletin 181, 199-
204. 

Warner, R. R, Robertson, D. R, and Leigh, E. G. J. (1975). Sex change and sexual 
selection. Science 190, 633-38. 

Watabe, N., Tanaka, K., Yamada, J., and Dean, J. M. (1982). Scanning electron 
microscope observations of the organic matrix in the otolith of the teleost fish 

Fundulus heteroclitus (Linnaeus) and Tilapia nilotica (Linnaeus). Journal of 
Experimental Marine Biology and Ecology 58, 127-34. 

Watson, M., Righton, D., Austin, T., and Ormond, R. (1996). The effects of fishing on 
coral reef fish abundance and diversity. Journal of the marine biological Association 

of the United Kingdom 76, 229-33. 

Weiner, J. (1995). On the practice of ecology. Journal of Ecology 83,153-58. 

Wellington, G. M., and Victor, B. C. (1992). Regional differences in duration of the 
planktonic larval stage of reef fishes in the eastern Pacific Ocean. Marine Biology 

113,491-98. 

White, G. C, and Garrott, R. A. (1990). Analysis of wildlife radio-tracking data. pp. 

(Academic Press, Inc.: San Diego.) 

Williams, D. McB., and Russ, G. R. (1991). Review of data on fishes of commercial 

and recreational fishing interest on the Great Barrier Reef Vol. 1. Report to the Great 

Barrier Reef Marine Park Authority 116pp. 

Wilson, C. A., Brothers, E. B., Casselman, J. M., Smith, C. L., and Wild, A. (1983). 
Glossary. Proceedings of the international workshop on age determination of 

oceanic pelagic fishes: tunas, billfishes, and sharks. N O A A Technical Report 

N M F S 8,207-08. 

Winsor, L. (1984). Manual of basic zoological microtechniques for light microscopy. 
199pp. (James Cook University of North Queensland: Townsville.) 

166 



Yamamoto, K. (1956). Studies on the formation of fish eggs. I. Annual cycle in the 
development of ovarian eggs in the flounder Liopsetta obscura. Journal of the 
Faculty of Science, Hokkaido University, Series 6, Zoology 12, 362-373. 

Yeung, W. S. B., Adal, M. N., Hui, S. W. B., and Chan, S. T. H. (1985). The 
ultrastructural and biosynthetic characteristics of steroidogenic cells in the gonad of 
Monopterus albus (Teleostei) during natural sex reversal. Cell and Tissue Research 
239, 383-94. 

Zeller, D. C. (1997). Home range and activity patterns of the coral trout 
Plectropomus leopardus (Serranidae). Marine Ecology Progress Series 154, 65-77. 

167 



Appendices 
Appendix 1. Diet of E rivulatusd!t Ningaloo Reef, Western Australia. 

Table Al. Identification of prey found within the gut ofE. rivulatus at Ningaloo Reef ( 
= 403). P, Phylum; F, Family; O, Order. 

Crustacea Fish Other 

F. Portunidae 
- (unidentified) 
- Portunus spp. 
- Thalamita spp. 
F. Xanthidae 
- (unidentified) 
- Leprodius spp. 
- Liomera spp. 
- Macromedaeus spp. 
F. Majidae 
- Schizophrys spp. 
F. Calappidae 
- Calappa spp. 
F. Galatheidae 
Super Fam. Penaeoidea 
F. Penaeidae 
- Penaeus spp. 
F. Solenoceridae 
Infraorder Caridae 
F. Alpheidae 
- Alpheus spp. 
Infraorder Stenopodidea 
F. Stenopodidae 
- Stenopus hispidus 
O. Stomatopoda 
- Gonodactylus spp. 
F. Leucosiidae 

F. Pomacentridae 
- Chromis spp. 
- Chromis viridis 
F. Mullidae 
F. Soleidae 
F. Gobiidae 
- Amblygobius phalaena 
- Istigobius nigroocellatis 
F. Plesiopidae 
- Plesiops spp. 
F. Labridae 
- Stethojulis strigiventer 
- Stethojulis bandenensis 
- Stethojulis spp. 
- Halichoeres spp. 
F. Pseudochromidae 
F. Batrachoididae 
F. Blenniidae 
F. Apogonidae 
- Apogon cookii 
- Apogon spp. 
F. Ophichthidae 
F. Synodontidae 
F. Athennidae 
F. Lutjanidae 
F. Clupeidae 

P. Mollusca 
- shell remains 
- cuttlefish 
- squid 
- octopus 
-abalone 
-chitons 
- Cryptoplax spp. 

P. Sipuncula 
- peanut worms 

P. Annelida 
- polychaete worms 
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Figure Al. Diet ofE. rivulatus at Ningaloo Reef. E. rivulatus areplaced 
within 20 m m size classes to show ontogenetic patterns in diet. | | = fish, 

= crustaceans, mixed fish and crustaceans, or other prey. 
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Figure A2. Percentage ofE. rivulatus captured at Ningaloo Reef with or without prey 

items within their gut. "Other" refers to mixed fish and crustaceans, or other prey items 

(n=326). 
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Appendix 2. Description of the study sites within Mangrove and Osprey Bays. 

Grids 1 and 2 at Mangrove Bay were 78 m x 78 m (6 084 m2) and 108 m x 96 m (10 
368 m ), respectively, with a water depth between 2 - 4 m. The topography in each was 

generally flat, with a veneer of white sand up to 20 c m thick covering hard limestone 
that was embedded with the remains of old corals. The limestone was exposed in places 

and often cracked or holed. These provided refuge for numerous fish and other animals, 
as did the occasional small live coral head of the genera Acropora, Pocillopera, and 

Montipora. Algae (Sargassum spp.) were abundant throughout each grid, often reaching 
up to a metre into the water column during summer. Other algal species such as 

Hydroclathrus clathratus were common but less conspicuous. The abundance offish 
species was relatively low in the Mangrove Bay grids, with a few species being 

numerically dominant. The latter included Labracinus lineatus (lined dottyback), 

Valenciennea longipinnis (long-finned goby), Coris caudimaculatus (spotted-tail 
wrasse), Apogon spp. (cardinal fish), Lethrinus variegatus (variegated emperor), 
Parupeneus multifasciatus (banded goatfish), Pomacentrus coelestis (neon damsel), and 

Rhinecanthus aculeatus (white-barred triggerfish). Large transient trevally (e.g. Caranx 
ignobilis [giant] and Gnathanodon speciosus [golden]) often cruised the area, 
sometimes accompanying one or two large black stingrays of at least 1.5 m length. 
Octopus (Octopus spp.) were relatively common also, and Crustacea such as mantis 
shrimps and crabs were less obvious but abundant throughout the site. 

The grid within Osprey Sanctuary Zone was situated approximately 400 m from the 
shore, directly out from the Osprey Bay camping site. The grid extended 210 m along a 
reef slope bordering a sand channel that ran parallel with the shoreline, and 54 m from 

the bottom of the reef slope, up to the reef crest and shoreward across the reef flat. A n 
extra 6 m was added to the grid where the reef jutted further out into the sand channel. 
The grid (excluding sand channel) was 10 2 1 6 m in area. 

The sand channel was approximately 30 m wide and 4.5 - 6 m deep at low tide. On 
the seaward side the sand channel was bordered by a similar reef slope and reef flat 30 -
50 m wide, beyond which was the open ocean. Water movement through the sand 
channel was high at times, especially during Spring tides. Water ran predominantly 
southwards through the channel. A strong surge sometimes occurred across the grid, 
especially on the shallower reef flat area as the tide rose and oceanic swells crossed the 
seaward reef. Greater water movement usually resulted in higher turbidity and decreased 

visibility. Tidal range in the area varied from about 0.5 m during Neap tides to about 1.5 

m during the Spring tides. 

The reef slope rose at an angle of about 30 - 50 degrees in the southern and northern 
parts of the grid, and more abruptly in the middle. The limestone reef was covered in 
many areas by algae, and to a lesser extent by sand, coral, shell and limestone rubble. 

The limestone was not hard like the substratum at Mangrove Bay and was easier to 
hammer the metal rods marking the grid pattern into. The limestone was scored and 

broken by numerous small holes and crevices. Along the reef slope were found larger 
caves and ledges, especially where the slope rose more abruptly. Algae varied seasonally 
in abundance and dominant species. W h e n water temperatures were higher Sargassum 

dominated, covering up to approximately 8 0 % of the substratum in areas. Small, less 
conspicuous filamentous brown algae was also abundant over much of the reef, whilst 

the green algae Halimeda and Caulerpa were present in small patches. Scattered coral 

colonies were found throughout the grid. These were mostly small (<30 cm diameter) 
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and many were partially or wholly dead. Main species included Pocillopora verrucosa 

and P. damicornis, Acropora spp. (most notably A. florida of which there where a few 
larger colonies 1 - 1.5 m in height and diameter), Montipora spp. such as M. 

efflorescens, M. informis, M. digitata, and M. verrucosa), Galaxeafascicularis, 
Montastrea curta, and two mounds of Goniopora spp. (1 -1.5 m diam.) on the sand 
near the reef base. 

Fish abundance was high through the grid, particularly along the reef slope. Several 
species dominated, including wrasses such as moon wrasse (Thalassoma lunare), 

sharp-nosed wrasse (Cheilio inermis), redspot wrasse (Stethojulis bandanensis), saddled 
rainbowfish (Halichoeres margaritaceous), and yellow-dotted maori wrasse (Cheilinus 

chlorurus), blackspot tusk fish (Choerodon cauteroma), blackspot goatfish (paupeneus 
signatus), white-barred and brown triggerfish (Rhinecanthus aculeatus and Sufflamen 

frenatus), lined and brown dottybacks (Labracinus lineatus and Pseudochromis fuscus), 

six-banded and blue angelfish (Pomacanthus sexstriatus and P. semicirculatus), blue-
spotted parrotfish (Leptoscarus vaigiensis), cardinal fish (Apogon spp.), and various 
damselfish such as black-axil chromis (Chromis atripectoralis), three-spot dascyllus 
(Dascyllus trimaculatus), humbug dascyllus (Dascyllus aruanus), sergeant majors 
(Abudfduf spp.), black damsel (Neoglyphidodon melas), and the lemon damsel 
(Pomacentrus moluccensis). Although less conspicuous, there were also many gobies 
and blennies throughout the grid. Less common resident species or species that roamed 
over a wider area included the gold-spot trevally (Carangoides fulvoguttatus), spangled 
emperor (Lethrinus nebulosus), spotted boxfish (Ostracion meleagris), blue-barred 
parrotfish (Scarus ghobban), cleanerfish (Labroides dimidiatus), brown and longnosed 
unicornfish (Naso unicornis and N. brevirostris), red firefish (Pterois volitans), 
stonefish (possibly Synanceia verrucosa), flutemouth (Fistularia commersoni), frogfish 
(Batrachomoeus spp.), striped and sailfin catfish (Plotosus lineatus and Paraplotosus 
spp.), blackspot tuskfish (Choerodon schoenleinii), and keyhole angelfish (Centropyge 
tibicen). In addition there were numerous species of moray eel (Gymnothorax spp.), 
harlequin snake-eels (Myrichthys colubrinus), stingrays such as the blue-spotted fantail 
stingray (Taeniura lymma), octopii (Octopus spp.), sea urchins, many bivalve and 
gastrapod molluscs, many cryptic crustaceans, and the occasional green turtle, whitetip 
shark (Triaenodon obesus) and leopard shark (Stegostomafasciatum). Crustacea were 

less obvious but abundant throughout the site. 

Appendix 3. Oocyte maturation stages within the ovary of £ rivulatus 
(Haematoxylin and Eosin stain). 

I. Pre-vitellogenic Growth 
Primary (Oogonium) Stage: 5-10pm in diameter and weakly basophilic, with the 

nucleus about half the size of the oocyte. Oogonia were found in small crypts of about 
2-6 cells around the periphery of the ovarian lamellae. They were usually cryptic and 

hard to distinguish. 

Chromatin Nucleolus Stage (Stage 1): 6-25pm in diameter. The scant cytoplasm was 

strongly basophilic and the nucleus was about half the size of the oocyte. The nucleus 
was clear staining, with conspicuous chromatin strands and a single large nucleolus. 
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Perinucleolus Stage (Stage 2): 18-70pm in diameter with a thin follicular layer. The 

diameter was estimated across the average width because oocytes were irregular in 
shape, being spherical to elongate and often angular. The cytoplasm was strongly 

basophilic with a large nucleus about a third of the area of the oocyte in size. Chromatin 

strands were conspicuous throughout the clear staining nucleus and nucleoli were 
prominent around the periphery. 

Cortical Alveoli (Yolk Vesicle) Stage (Stage 3): 60-145pm in diameter with the 
nucleus about half the diameter of the cell. The nucleoli appeared more flattened and the 
cytoplasm lighter and grainier than in previous stages. The oocyte was generally more 
rounded in shape with a distinct thecal layer. The zona radiata becomes conspicuous as 

the oocyte develops but remained thin (less than 3 p m thick). Yolk vesicles appeared 

throughout the cytoplasm, increasing in size and number as the oocyte matures and 
eventually forming the cortical alveoli, a layer of less granular cytoplasm just under the 
zona radiata. 

II.Vitellogenic Growth 

Yolk Globule Stage (Stage 4), Early: 13 0-23 5 pm in diameter. Development into this 
stage was marked by the appearance of small pinkish-red (acidophilic) yolk globules 
within the mid-cortical region of the cytoplasm. These yolk globules increased in size 
and number and spread throughout the cytoplasm. Clear staining oil droplets also 
appeared in the central region of the cytoplasm surrounding the nucleus, and the oocyte 
had a multi-layered and multi-coloured appearance. The nuclear membrane was 
distorted and many small nucleoli were located around the periphery. The zona radiata 

was well developed and striated (2-5pm thick). 

Yolk Globule Stage (Stage 4), Late: 210-375pm in diameter. Acidophilic yolk 

globules up to about 14pm in diameter filled the oocyte apart from a band of oil droplets 

around the nucleus. The nucleus was about 60pm in diameter with a poorly defined 
border and numerous small nucleoli around the periphery. The zona radiata was up to 15 

p m thick and striated. 

Ripe (Hydrated) Stage (Stage 5): 290-3 80pm in diameter during migratory nucleus 

stage; 560-720pm diameter when hydrated. Maturation into this stage was marked by 
the migration of the nucleus to the periphery of the oocyte. The migrating nucleus 
became grainier and in its wake left a basophilic cytoplasm. The nuclear membrane 
dissolved upon reaching the periphery of the oocyte and the yolk globules coalesced. At 

this point the zona radiata was between 7-15 p m thick. As hydration occurred there was 

a marked increase in the size of the oocyte (measurement was an estimate because 
hydrated oocytes were usually deformed by fixation), and the cytoplasm became a 

uniform light pink colour. The zona radiata was reduced in thickness to 3-10pm. This 

stage was uncommon and probably occurred rapidly on the same day as spawning 
(Smith 1965; Abu-Hakima 1987). W h e n oocytes with a migratory nucleus or in the 

hydrated state were present, they were usually found in several females caught on the 

same day. 
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Appendix 4. Length - weight relationship for £ rivulatus & Ningaloo Reef. 
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Figure A3. Relationship between clean (gutted and gilled) body 
weight and fork length for E. rivulatus at Ningaloo Reef (n = 498, r1 

of the regression fitted to the natural log transformed data = 0.990). 
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