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Abstract 

 

The thesis addressed various aspects of the reproductive biology and growth of the 

winged pearl oyster, Pteria penguin, in the Great Barrier Reef, north-eastern 

Queensland. The study was supported by the Australian Centre for International 

Agricultural Research (ACIAR), as part of ACIAR Project FIS/2006/172, ‘Winged 

pearl oyster industry development in Tonga’, for which James Cook University is the 

commissioned organization. The overall aim of this project was to provide 

information to support further development of P. penguin culture for pearl production, 

particularly as a basis for supporting livelihoods in Tonga and other developing 

countries. 

 

P. penguin were collected at Orpheus Island, north-eastern Queensland to observe 

sexual development, sex ratio and changes in morphometric relationships during 

growth. P. penguin were found to be protandrous hermaphrodites, with all sexually 

mature oysters below 88.8 mm dorso-ventral measurement (DVM) being males. 

Evidence of male primary gonad development was seen in oysters with a DVM of  

≥33.9 mm. Sexual maturity of males was first seen in oysters at ≥56.0 mm DVM, but 

was common in oysters at  ≥70.0 mm DVM. Mean female size was 150.1 ± 3.6 DVM 

(mm ± 1 SE), and mean male size was 111.3 ± 2.2 mm DVM. In oysters <170 mm 

DVM, males outnumbered females. The female to male sex ratio in the population 

tended towards 1:1 with increasing size.  Female to male sex ratio of oysters between 

170-180 mm DVM was 1:1, and females outnumbered males in oysters >180 mm 

DVM. Significant linear correlations were found between antero-posterior 

measurement of the shell (APM) and DVM (r2 = 0.97, p <0.001) and between shell 
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thickness (ST) and DVM (r2 = 0.95, p <0.001), and a curvilinear relationship was 

recorded between adductor muscle weight (AW) and DVM (r2 = 0.93, p <0.001). 

These findings have industry applications relating to collection of juvenile stock, 

spawning induction procedures and determining optimal shell size for nucleus 

implanting. 

 

The spawning cycle of P. penguin, was studied to observe seasonal changes in gonad 

development, mean oocyte diameter and sex ratio over time. A total of 201 oysters 

were collected over ten sampling periods, approximately every five to six weeks 

(mean = 20 oysters/sample). Gonad development stages for both males and females 

were identified as developing (with small  follicles separated by connective tissue), 

ripe (swollen follicles containing fully developed eggs or sperm), spawning (partially 

empty follicles with walls partly broken), and spent (almost empty follicles with no 

signs of gametogenesis present). Oysters during periods of quiescence were described 

as inactive (with mainly connective tissue present and sex not distinguishable). 

Histological analysis of gonads showed that spawning activity occurred mainly 

through the austral mid-spring to late summer (November to March), when mean 

monthly water temperature ranged between 27.5–29.4 ºC. There was a primary 

spawning peak at the beginning of the spawning season in December, followed by a 

secondary peak in March. Mean oocyte diameter (µm) was highest during the warmer 

months, ranging from 31.2 ± 2.4 in November, to 36.2 ± 3.2 in March, and sex ratio 

analysis showed the percentage of females in the population also peaked between 30-

50% during this period.  
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Recruitment of P. penguin spat in relation to season, substrate type and depth was 

investigated over a period of 27 months, from February 2008 to April 2010. Two 

substrate types (70 % shade cloth and open weave polypropylene mesh bags) were 

deployed at two depths (4 m and 6 m) and checked every six weeks over three 

spawning seasons to determine any differences in quantity of spatfall between these 

factors. No significant difference was found in spat recruitment between substrate 

types (p = 0.158) or depth (p = 0.349), while there was a significant seasonal effect on 

spat recruitment (p < 0.001), with a peak in the quantity of spatfall in late summer, 

from February to March, and no spat collected in the winter to spring (July to 

October). Maximum settlement of spat was 10.2 per mesh bag collector in February 

2008. Recruitment was significantly reduced (p < 0.001) during the 2010 spawning 

season due to disturbance from severe storms generated by tropical cyclone Olga in 

late January.  

 

Juvenile P. penguin were cultured for six months in three commonly used culture 

units (panel pocket nets, plastic mesh trays and pyramidal pearl nets) at two dissimilar 

sites, Pioneer Bay (a coral reef environment in which P. penguin are naturally 

present) and Cape Ferguson (a coastal semi-estuarine area with high levels of silt 

deposition), to determine the effects of site and culture method on growth, survival 

and fouling. Mean growth increases (mm) were recorded for DVM, APM, ST and 

WW (whole weight, g). At Pioneer Bay, five replicates for each of the three culture 

unit types were suspended at 3 m and at 6 m, and mean initial DVM was 28.0 ± 0.6 

mm (n = 190). At Cape Ferguson, there were five replicates for each culture unit at 3 

m only, and mean initial DVM was 28.0 ± 0.6 mm (n = 86). Mean growth increase at 

the end of the experiment for oysters at Pioneer Bay and Cape Ferguson (respectively) 
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were: 26.6 ± 1.0 and 32.6 ± 2.4 mm DVM, 29.6 ± 1.2 and 34.0 ± 2.9 mm APM, 6.7 ± 

0.3 and 9.7 ± 0.5 mm ST, and 16.5 ± 0.7 and 23.0 ± 2.1 g WW. For all growth 

parameters, mean increase was significantly higher under high turbidity conditions at 

Cape Ferguson (p < 0.05). Culture unit also affected growth, with oysters held in 

mesh trays showing significantly higher growth at both sites (p < 0.05). Mean survival 

of oysters at Cape Ferguson (96.5%) was significantly higher than at Pioneer Bay 

(79.4%). Depth had no significant effect on growth, survival or fouling. The results 

indicated that site selection and culture unit are important parameters for optimizing 

growth and survival during nursery phase culture of P. penguin.  

 

Growth of P. penguin was monitored over 20 months, from April 2009 to November 

2010, to investigate differences in growth performance at three dissimilar sites; 

Pioneer Bay, Cape Ferguson and Horseshoe Bay in the Great Barrier Reef lagoon. 

Growth parameters generated with the von Bertalanffy growth function ranged from 

K = 0.09 - 0.32 and L∞ = 283.6 - 822.5 (mm DVM). Overall growth performance (Φ') 

ranged between 4.40 - 4.77 and time to reach commercial size (T100) was between 

1.38 - 1.54 years, and T120 was between 1.74 - 1.92 years. A more accurate estimate of 

L∞ = 213.4 mm DVM was obtained at Pioneer Bay by using larger data set which 

incorporated a wider size range of oysters. Overall monthly increase in DVM of 

oysters held at Horseshoe Bay (5.3 ± 0.2 mm) was significantly higher (p < 0.05) than 

those at Pioneer Bay (4.8 ± 0.1 mm) and Cape Ferguson (4.9 ± 0.1 mm), which were 

not significantly different. Monthly DVM increase was fastest (7.2 ± 0.1 mm), in 

small oysters (50 - 70 mm DVM) in the spring-summer and was lowest (2.2 ± 0.4 

mm) in larger oysters (105 - 110 mm DVM) during the spring. Regression analysis 

showed APM, ST and WW were significantly correlated with DVM for all groups (p 
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< 0.001). In the DVM size class of 100-120 mm, mean WW of oysters at Cape 

Ferguson was significantly higher (p < 0.01), and APM:DVM ratio was also 

significantly higher (p < 0.01) for oysters at Cape Ferguson and Horseshoe Bay, while 

the there were no significant differences between groups in  ST:DVM ratio. At all 

three sites, the highest mortalities (%) were recorded for small oysters (25-50 mm 

DVM) during the winter period. Suspended inorganic matter (PIM, g) levels were 

significantly different between sites (p < 0.001). Overall results show that P. penguin 

are able to tolerate and even thrive under a wide range of turbidity levels. However, 

site selection must consider the risk of exposure to low salinity and turbulent wave 

action, which may have negative impacts on growth. Comparison between growth 

rates obtained in the study demonstrate that there is significant variability in growth 

between sites in the Great Barrier Reef lagoon. 
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CHAPTER 1 

Introduction 

 

1.1 Explanatory overview 

The commercial culture of pearl oysters and pearl culture involves management of 

several stages in the life cycle of the pearl oyster and the nucleus implanting 

procedure (Fig. 1.1). Beginning with analysis and understanding of the biology of the 

breeding cycle, viable spat is produced, either via collection from natural populations 

or from hatchery production. The juvenile oysters are cultured through the nursery 

and grow-out stages, after which nucleus implanting and pearl production occurs. 

Each stage in the production cycle requires adequate research to determine the 

optimal conditions required and procedures to follow.  

 

                                                                                                             
 

 

Figure 1.1 Major phases in the production cycle of pearl oysters. 
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The winged pearl oyster, Pteria penguin, is cultured in many countries across the 

Indo-Pacific region. Despite this, there has been relatively little published research for 

this species. Hatchery production of P. penguin in Tonga has been achieved in recent 

years, however knowledge of the spawning cycle is largely based on anecdotal 

information and pearl production is still reliant on the collection of adult oysters from 

the wild (Southgate et al., 2008). Thus, information regarding size at age data, sexual 

development, the reproductive cycle, appropriate culture techniques and 

environmental effects on growth during the ocean grow-out phase of P. penguin 

culture is still relatively scant. The following review provides an overview of the 

current literature on various aspects of the culture of pearl oysters. It begins with 

background information on P. penguin, followed by a summary of relevant studies 

relating to various stages in the production cycle, with an attempt to provide pertinent 

information where possible concerning P. penguin. 

 

1.2 Taxonomy and species description 

Pearl oysters are bivalve molluscs in the family Pteriidae. The taxonomy of pearl 

oysters in general has a confusing history, with more than 100 names proposed for 

what are now considered as approximately a dozen species (Eldredge, 1994). 

According to recent findings for example, four Pinctada species, Pi. imbricata, Pi. 

fucata, Pi. radiata and Pi. martensii, are now considered to be one cosmopolitan 

species (Shirai, 1994; Urban, 2000a; Wada and Temkin, 2008). P. penguin has been 

referred to by various synonyms, including Magnavicula penguin (Röding 1798), 

Pteria macroptera (Lamarck 1819) and Magnavicula bennetti (Iredale 1939) (Shirai, 

1994; Lamprell and Healy, 1998; FAO, 2003). The currently accepted taxonomic 

classification for the winged pearl oysters (Pteria) is: 
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Phylum Mollusca  

   Class Bivalvia 

      Subclass Pteriomorphia 

         Order Pterioida 

            Suborder Pteriina 

Superfamily Pterioidea 

   Family Pteriidae 

      Genus Electroma 

      Genus Pinctada 

      Genus Pterelectroma 

      Genus Pteria                              (Wada and Tëmkin, 2008)  

 

The shell of P. penguin is comparatively thin and obliquely ovate in outline, with the 

posterior ear extending into a narrow, elongated wing (FAO, 2003) (Fig. 1.2). The left 

valve is more convex than the right, the hinge line long and straight, with two 

denticles. The external shell colour is dark brown or black, and the interior nacre is 

silver or gold, with a wide, glossy black margin (Wada and Tëmkin, 2008). Maximum 

shell height, or dorso-ventral measurement (DVM), is reported to be up to 210 mm 

(Lamprell and Healy, 1998).  

 
Figure 1.2  Shell of Pteria penguin, external (left) and internal view (right). 
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P. penguin is widespread in mainly tropical waters throughout the Indo-West Pacific, 

from East Africa and the Red Sea in the west to the Fiji Islands in the east, and from 

southern Japan in the north to northern Australian waters in the south (Fig. 1.3) (Wada 

and Tëmkin, 2008). It is usually found byssally attached to rocks or alcyonarian corals 

(whip corals or gorgonians), from low tide levels up to a depth of 35 m (Coleman, 

1975; Lamprell and Healy, 1998; FAO, 2003).  

 

 
Figure 1.3  Distribution of Pteria penguin (Wada and Tëmkin, 2008). 

 

1.3 Pearl oyster culture 

Only two species of Pteria are commercially cultured. P. penguin is cultured across 

its distributional range, from the east coast of Africa and south of India, throughout 

South East Asia and southern Japan, and also in northern Australia and in Pacific 

island nations including the Solomon Islands, Fiji and Tonga. The ‘concha nácar’ or 

rainbow lip pearl oyster, P. sterna, is commercially cultured in Mexico in some areas 

in the Gulf of California (Ruiz-Rubio et al., 2006; Southgate et al., 2008). A third 

species with potential for culture and pearl production is the Caribbean winged pearl 
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oyster, P. colymbus, which has recently been the subject of experimental culture trials 

(Lodeiros et al., 1999).  

 

Pearl oysters of the genus Pinctada are cultivated to produce spherical pearls, while 

P. penguin and P. sterna have been traditionally cultured to produce half-spherical 

pearls, known as mabé. It is more difficult to achieve round pearl production from P. 

penguin because of its narrow mantle cavity thickness compared with pearl oysters in 

the genus Pinctada, however successful production of round pearls from P. penguin 

has gradually increased in recent years (Mao et al., 2004; Yu and Wang, 2004). Gillet 

(1993), stated that marketable mabé pearls of P. penguin produced in Tonga, had an 

average value of US $37 each. The shell is also sold, although it is bulkier to 

transport. Passfield (1995) reported P. penguin shell sold for $3.00 per kilo in Fiji, 

and was used mainly for button manufacture. The meat of the adductor muscle is a 

high value product sold fresh in the sushi trade, or as a sundried product known as 

"kaibashira" (Gervis and Sims, 1992; DTRDI, 2009).  

 

The Japanese began producing mabé pearls from P. penguin on the Ryukyu Islands in 

the 1950s (Southgate et al., 2008) and in 1999 their annual yield was ca. 200,000 

pearls (Hisada and Fukuhara, 1999). P. penguin was introduced into Tonga and Fiji 

(Eldredge, 1994; Prasad, 2003). Tasaki Shinju, one of the largest Japanese pearl 

companies, brought P. penguin to Tonga in 1975, 1976, 1977 and 1979 at the request 

of the King of Tonga (Gervis and Sims, 1992; Eldredge, 1994; Malimali, 1995).  

 

The Australian pearl industry is based almost exclusively on production of spherical 

pearls from Pi. maxima in northern Australia, while P. penguin is cultured only on a 
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small scale in Western Australia (Tisdell and Poirine, 2000; O'Sullivan et al., 2007) 

and in Queensland (QDPI, 2007). P. penguin may offer opportunities for species 

diversification and potential growth of pearling industries in Australia and the Asia-

Pacific region (Yamamoto and Tanaka, 1997; Southgate et al., 2008). It is a relatively 

hardy and fast growing species and the insertion procedure for mabé production does 

not require the services of a specialised technician (Southgate et al., 2008).  

 

1.4 Reproduction 

The basic characteristics of gamete development of pearl oysters have been found to 

be similar across many species of Pteria and Pinctada (Gervis and Sims, 1992; 

Borrero, 1994). This applies to both P. penguin (Arjarasirikoon et al., 2004) and P. 

sterna (Saucedo and Monteforte, 1997a; Hernández-Olalde et al., 2007), as well as Pi. 

albina (Tranter, 1958a), Pi. margaritifera (Tranter, 1958d), Pi. mazatlanica (Garcia-

Dominguez et al., 1996), Pi. fucata (Tranter, 1959; Wada et al., 1995) and Pi. maxima 

(Rose et al., 1990).  

 

Pearl oyster gonads are paired organs located at the base of the foot, which gradually 

cover the intestine and digestive gland as they ripen (Saucedo et al., 2002b). The 

gonads are made up of branching tubules containing many sacs or follicles in which 

the gametes develop. As the maturing gametes bud off the epithelial lining of the 

tubules, they travel through the tubules that join up into ducts terminating in a 

gonoduct which the eggs and sperm pass through and then enter the water column 

through the exhalant siphon opening at the mantle (Lammens, 1967; Gosling, 2003). 

Fertilization is external and the fertilized eggs go through successive larval stages, 

including trocophore, veliger and pediveliger before settling as ‘spat’ on a substrate 
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and commencing the sedentary phase of the life cycle (Gosling, 2003; Saucedo and 

Southgate, 2008). The pelagic larval stage usually lasts for a few weeks, depending on 

the species and growing conditions. The timing and the duration of the different 

stages in the reproductive cycle between species and within species can also vary 

considerably (Gervis and Sims, 1992). 

 

The majority of bivalves are dioecious (of separate sexes) (Gosling, 2003). Pearl 

oysters are protandrous hermaphrodites (begin life as males and later change into 

females) with a sex ratio of males to females in the population approaching 1:1 with 

increasing age (Gervis and Sims, 1992). The age at which sexual maturity is reached 

varies considerably between species, ranging from between five to six months in 

smaller species, up to two years in larger species (Tranter, 1958d; Tranter, 1959). 

Evidence of protrandrous hermaphroditism has been shown for P. sterna and for the 

commercially important species of the genus Pinctada (Saucedo and Southgate, 

2008). However it has not yet been shown for P. penguin, and neither is it known at 

what age/size sexual maturity is reached in this species. 

 

There is no visible trace of the gonad in juvenile pearl oysters, but in mature oysters 

sexual maturity can be detected by the creamy or whitish colour of the gonads, which 

cover the dark brown mass of the digestive organ (Fig. 1.4) (Gervis and Sims, 1992). 

Visual observation of the colour of the gonad can be used to determine sex in some 

pearl oyster species. Tranter (1958d) for example, stated that the ovaries of Pi. 

margaritifera are creamy or yellow in colour and granular in texture, and are clearly 

distinguishable from the testes, which are white and smooth in texture. However, the 

reliability of this method of identifying sex is contentious (Gervis and Sims, 1992; 
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Gosling, 2003). Histological processing is a more reliable method for determining sex 

and stage of sexual development, but it involves destructive sampling. To avoid 

sacrificing animals, in some bivalve species fine-needle aspirates have been used to 

determine the level of gonad development, e.g. in the mussel Mytilus edulis (Burton et 

al., 1996).   

 

  
                            

Figure 1.4 Developing gonad of Pteria penguin, showing growing follicle area 
(white) covering the digestive organ below (darker area). 
  

 

In order to monitor reproductive activity over time, adult pearl oysters are usually 

sampled regularly for a year and histological preparations of the gonads are examined 

under microscope to distinguish the sexes and observe the general stages of gonad 

development, i.e. developing, ripe or spent (Saucedo and Southgate, 2008). Various 

gamete developmental stages, or stages of gametogenesis, are identified based on 

observing cytological features during different stages of spermatogenesis and 

oogenesis that are generally recognized for all bivalve molluscs (Barber and Blake, 

1991). Gametogenesis is a continuous process in both sexes, and determining the 

 1 cm 
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specific stage of gonad development reached at a particular time can be difficult, as 

there are often many overlapping gamete stages present in the same gonad (Rose et 

al., 1990). For this reason, histological data are sometimes quantified by recording the 

mean oocyte diameter of individual female bivalves (Barber and Blake, 1991; Garcia-

Dominguez et al., 1998).  

 

Reproductive activity can also be quantitatively gauged using a gonad index, which is 

obtained by dividing the gonad weight by wet weight without shell, multiplied by 100 

(Jaramillo et al., 1993; Saucedo and Monteforte, 1997a; Pouvreau et al., 2000a). This 

technique poses problems when dealing with species in which the gonad and non-

reproductive tissue are fused (Urban and Riascos, 2002). An alternative method of 

estimating gonad condition is to use random replicate positions of gonad sections to 

estimate the mean proportion of each type of gamete present per individual per month 

(Rose et al., 1990; Seed and Suchanek, 1992). Bivalve spawning periods can also be 

indirectly estimated by monitoring larvae and/or spat numbers in an area over time 

(Barber and Blake, 1991). Studies focused on the biochemical composition of pearl 

oyster gonads and have also shown how energy allocation shifts between somatic 

tissues and the gonads at different times of the year, depending on environmental 

conditions and the energy requirements for gonad maturation of each species e.g. Pi. 

margaritifera  (Acosta-Salmón and Southgate, 2005) and P. sterna (Vite-Garcia and 

Saucedo, 2008).  

 

Annual reproductive cycles in marine bivalves usually consist of a series of 

successive phases of activation, growth and ripening of the gametes, spawning and 

then a period of gonad reconstitution (Barber and Blake, 1991; Gosling, 2003). After 
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spawning, pearl oysters may enter into a period of inactivity and there is usually some 

resorption of the residual gametes remaining in the gonads (Rose et al., 1990; Gervis 

and Sims, 1992; Saucedo and Monteforte, 1997a). This phase of the gonad cycle has 

been described as ‘indifferent’ (Urban, 2000a), ‘indeterminate’ (Bueno et al., 1991) or 

‘inactive’ (Saucedo and Monteforte, 1997a). During the inactive phase, small oysters 

showing no signs of gonad development may be incorrectly classed as immature. For 

this reason, records need to be taken throughout the entire annual reproductive cycle 

(Tranter, 1958a). 

 

The factors regulating the spawning cycles of bivalves are frequently deduced from 

observed reproductive cycles and observed correlations with environmental variables 

(Barber and Blake, 1991). However, it is unclear which environmental factors may be 

exerting a more important influence on reproductive activity at any given time. Water 

temperature and food supply are seen as the primary environmental factors 

influencing gametogenesis and spawning, while salinity and photoperiod are regarded 

as secondary (Pouvreau et al., 2000b). Wada et al. (1995), concluded that temperature 

had a more important effect than food availability on the gametogenic cycle of Pi. 

fucata cultured at different latitudes in Japan. However, spawning events are 

commonly observed in both cool and warm seasons within the same species (Tranter, 

1958d; Rose et al., 1990; Wada et al., 1995; Garcia-Dominguez et al., 1996; Saucedo 

and Monteforte, 1997a; Choi and Chang, 2003), suggesting that other factors may 

play an equally important role.  

 

Gonad development in bivalves usually occurs in warmer months, and during this 

phase, energy for reproductive effort gains priority over energy for tissue growth 
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(Bayne and Newell 1983; Wallace and Reinsnes, 1985). Pearl oysters from temperate 

regions generally exhibit more discrete spawning seasons, while pearl oysters in the 

tropics are often found to have multiple spawnings of varying intensity during the 

whole year (Gervis and Sims 1992; Saucedo et al., 2002), as the important 

environmental factors influencing spawning activity tend to vary little throughout the 

year in the tropics (Urban, 2000a). The duration of gonad development and the 

number of spawnings within a year has been shown to vary depending on the location 

of a population of a species within its range (Wada et al., 1995). Pi. maxima near the 

southern end of its range in Western Australia for example, have a shorter period of 

gonad development and a single spawning event in mid to late summer, while in the 

more northern Broome population, gonad development takes longer and there are at 

least two spawnings, in early and late summer (Joll, 1994).  

 

In a study of the reproductive cycle of P. penguin in Thailand, Arjarsirikoon et al. 

(2004) sampled 142 adult P. penguin over one year (10 to 15 monthly) and used 

histological analysis to identify three gonad development stages for males: 

developing, mature and partial spawning and four gonad development stages for 

females: developing, mature, partial spawning and spent. Gametogenesis was  

classified into ten stages of spermatogenesis for males and six stages of oogenesis for 

females. Spawning occurred continuously throughout the year in both males and 

females, due to relatively little change in water temperature and salinity throughout 

the year (Arjarasirikoon et al., 2004). Further studies of the reproductive cycle of P. 

penguin in other areas of its range are required to compare the potential effects of 

latitude on the timing of spawning activity. 
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Food availability is a major factor affecting gametogenesis. Reproduction in bivalves 

is a highly energy-dependant process in which the partitioning of nutrients to the 

gonad is essential for gamete development (Barber and Blake, 1991). Spawning 

during periods when food is abundant ensures an ample food supply for the 

developing progeny and for replenishing the energy that has been expended by adults 

during reproductive activity (Bayne, 1976). Macdonald and Thompson (1985b) 

related gametogenesis and the fecundity of scallop populations to food availability 

measured as chlorophyll-a and energy content of seston (Macdonald and Thompson, 

1985a) and Urban (2000a) concluded that the gametogenic cycle of Pi. imbricata in 

the Caribbean may have been more dependant on food availability than temperature, 

as there is only slight annual temperature variability in this region.  

 

The ability to hatchery produce oysters provides an alternative to the exploitation of 

natural stocks when recruitment is low (Dybdahl and Nicholson, 1990). Laboratory 

experiments have succeeded to some extent in inducing gametogenesis and spawning 

outside the normal reproductive period in a range of bivalve species. For example, 

water temperature was manipulated to induce gametogenesis in the scallop 

Aequipecten irradians (Sastry, 1963), and spawning in the pearl oyster Pi. fucata 

(Alagarswami et al., 1983). Phytoplankton concentrations also induced spawning in 

the razor clam Siliqua patula (Breese and Robinson, 1981), while rapid salinity 

changes induced spawning in the oyster Saccostrea cuccullata (Stephen and Shetty, 

1981). In general, the results of spawning induction trials reported in the literature 

suggest that the processes involved are poorly understood and difficult to determine 

for many species, and a combination of two or more methods are often used before 

success is achieved (Bourne and Lovatelli, 2004).  
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Future research investigating latitudinal effects  on spawning activity in P. penguin as 

well as the potential effects of temperature and food concentrations on sex ratio 

within populations would broaden our understanding of reproduction in this species. 

 

1.5 Recruitment 

After fertilization, oyster eggs will develop to fully formed D-shaped veliger larvae in 

less than two days in many warm water species (Saucedo and Southgate, 2008, Fig. 

1.5). Their shape is obtained by the secretion of the prodissoconch I (the embryonic 

shell) (Bourne and Lovatelli, 2004). During the veliger stage, the veligers swim by 

means of their ciliated velum.  

 

 

 
 

 

Figure 1.5. D-stage veliger larvae of Pteria penguin, 28 hours post fertilization. 

 

Veligers then develop into umbone larvae (prodissoconch II is secreted), which is 

followed by the development of a pigmented spot, commonly called the ‘eye-spot’ 

   10 µm 



 31 

stage. The appearance of the eye-spot is an indicator that settlement is imminent. A 

foot then develops, by which the larvae can crawl about the substrate, and the 

plantigrade stage is reached (labial palps and gill filaments appear, and a substratum is 

sought for settlement). Finally, settlement of the pelagic larvae occurs and the spat 

stage begins. After attaching to a substrate, the adult dissoconch is secreted, and the 

shell shape of the spat gradually assumes the adult form (Rose and Baker, 1994) (Fig. 

1.6).  

 

 

 

 
 

 

Figure 1.6. Juvenile Pteria penguin, approximately two months old (7 mm DVM). 

 

Pearl culture has traditionally relied on the collection of pearl oyster spat from the 

wild, though in recent years the development of hatchery rearing techniques has 

greatly improved for species such as Pi. maxima (Ward, 1993; Southgate et al., 2008) 

and Pi. margaritifera (Southgate and Beer, 1997).  Hatchery experiments have shown 

that despite species and regional differences and variations in rearing conditions, the 

time-size series data for the different larval stages in both Pinctada and Pteria are 

similar. Mean egg diameter is generally between 50-60 µm, and the larvae develop 
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into D-stage veligers within 20-24 hours, then into umbone larvae after 11-14 days, 

followed by the eye-spot stage at around 15-22 days, and settlement occurs at between 

20-30 days (Gervis and Sims, 1992; Saucedo and Southgate, 2008). 

 

A reliable supply of spat (wild or cultured) is required for the commercial culture of 

bivalves (Gosling, 2003). Spat settlement is difficult to measure in the field, therefore 

it is usually inferred from recruitment data obtained from sampling programs (Bell, 

1994; Joll, 1994). These provide information about whether one can expect to reliably 

catch and grow enough spat to establish a viable local industry and they also serve as 

a way of monitoring local bivalve resources, in order to avoid overexploitation of wild 

stocks (Bell, 1994). Prior to setting up extensive culture operations of pearl oysters, it 

is useful to know beforehand about:  

• extent and status of natural stocks in the area;  

• spatial and temporal distribution of spat;  

• possible preferences of spat for certain collector materials or colours;  

• appropriate immersion time for collectors; 

• abundance and temporal occurrence of predators. 

                     (Monteforte et al., 1994; Beer and Southgate, 2000; Gosling, 2003)  

 

Spat collector materials are also evaluated in terms of their efficiency, availability, 

durability and cost (Vakily, 1989). The spat of most pearl oyster species will settle 

onto artificial materials placed into the sea, although the materials used vary, 

depending on the species to be collected and the traditional methods of collection for 

that area (Gervis and Sims, 1992). Various studies investigating spat collection 
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methods have attempted to determine the optimal materials, depths and periods to 

optimize yields for different pearl oyster species in determined areas (Table 1.1).  

 

Table 1.1 Recommended spat collection methods for selected pearl oysters. 
 

Species Material Colour Depth Immersion 
time 

Recruitment 
peak 

Reference 

Pinctada 
maxima 

Polypropylene 
rope 

Black - - - (Taylor et al., 
1998) 

Pinctada 
margaritifera 

Shade cloth 
 

Black 3 m 2 months Nov-Mar (Oengpepa et 
al., 2006) 

Pinctada 
mazatlanica 

Fishing net Red, 
Black 

> 4 m 2 months Jun-Jul (Saucedo et al., 
2005) 

Pinctada  
imbricata 

Shade cloth 
 

- 3-8 m 1.5-2 
months 

Aug (Jiménez et al., 
2000) 

Pteria   
sterna 

Mesh bags Dark 6-7 m 2 months Nov-Mar (Monteforte et 
al., 2008) 

Pteria  
penguin 

Mesh bags Dark 6 m < 6 months Mar-Apr (Beer and 
Southgate, 
2000) 

 
 

To increase the chances of recruitment, artificial substrates are usually ‘conditioned’ 

(placed in water for 1-2 weeks) prior to use, to remove soluble substances that could 

inhibit settlement of larvae, and to allow time for the build up of a ‘biofilm’ (the 

colonization of bacteria and small algae species) (Gosling, 2003). The colour and the 

substrate type of collector materials, and the depth of deployment can significantly 

influence recruitment rates (Beer and Southgate, 2000; Su et al., 2007). The 

abundance of spat can also vary significantly between sites in the same area due to 

current flows and eddy formations (Oengpepa et al., 2006).  

 

After immersion, recruitment is quantified by counting spat that settle on the 

collectors at regular intervals. Studies of spat collection of Pi. mazatlanica and P. 
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sterna in Baja California concluded that collectors should not remain immersed for 

longer than eight weeks at a time, in order to avoid over-exposure to predators, e.g. 

buccanid and pyramidelid gastropods, tubellarid worms and brachyuran crabs, and 

spatial competitors, e.g. sponges, hydroids, tunicates, bryozoans, barnacles and 

ascidians (Monteforte and Garcia-Gasca, 1994; Monteforte and Wright, 1994). Levels 

of biofouling on spat collectors may also have an influence on the amount of spat 

collected between sites. Friedman et al. (1998) found that lower numbers of Pi. 

margaritifera spat in the Solomon Islands were recorded on collectors at sites subject 

to run-off from islands because the collectors there became heavily fouled, while the 

greatest numbers of spat were recorded at sites that had clear water, moderate 

currents, and that were more than 35 metres from the nearest reef. In some cases 

where spat may not be visible due to the presence of biofouling on the collectors, the 

contents of collectors can passed through a sieve and set aside for later counting  

(Monteforte and Garcia-Gasca, 1994).  

 

Studies investigating the recruitment patterns of pearl oysters essentially try to 

determine the temporal patterns in annual recruitment, and secondarily they examine 

the effects of a range of factors on recruitment patterns, such as substrate materials, 

the length of collector immersion periods and environmental conditions. To do this 

effectively, the various aspects of factors affecting recruitment are not resolved in a 

single study, but are reported in a series of papers over time, e.g. Pi. margaritifera in 

the Soloman Islands (Bell, 1994; Friedman et al., 1998; Friedman and Bell, 1999; 

Friedman and Bell, 2000; Oengpepa et al., 2006), and Pteria sterna at Bahia La Paz 

(Monteforte and Cariño, 1992; Monteforte and Aldana, 1994; Monteforte and 
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Bervera, 1994; Monteforte and Garcia-Gasca, 1994; Monteforte and Wright, 1994; 

Monteforte et al., 1995). 

 

Compared with other pearl oyster species, relatively little is known about recruitment 

patterns of P. penguin in Australian waters and elsewhere. Gervis and Sims (1992) 

reported that this species is often found on the outside, rather than the inside of 

collectors, suggesting a preference for access to free flowing water. Hatchery trials 

have also shown that P. penguin prefer to settle on dark materials or on the underside 

of materials, indicating negative phototaxy at settlement (Gervis and Sims, 1992). 

Results from a study of recruitment of P. penguin at Orpheus Island in northern 

Australia (Beer, 1999) and reports from Tonga (Yamamoto and Tanaka, 1997) 

suggest that recruitment patterns may be more temporally distinct for this species as 

distance from the equator increases.  

 

Beer and Southgate (2000) found there were significantly higher numbers of spat 

collected at 6 m compared with 2 m, and there was a distinct peak in recruitment in 

late summer-early autumn (March to April) as mean water temperature decreased 

from 29.3 to 26.8 ºC. Mean recruitment was 46.2 spat per collector (mesh onion bags 

filled with shadecloth), with many settling on the outside of the mesh bags (Beer and 

Southgate, 2000). Recruitment of P. penguin in Tonga was also reported to peak 

during the late summer (March) when mean water temperatures were between 27-28 

ºC (Malimali, 1995; Yamamoto and Tanaka, 1997).  

 

Further long-term studies of recruitment of P. penguin may reveal a degree of annual 

variability, as this is often seen in populations with temporal recruitment patterns, in 



 36 

terms of the timing of recruitment peaks and the quantity of spat recorded between 

successive seasons. Future research on recruitment patterns of P. penguin should also 

examine the effectiveness of collector substrate materials in terms of their cost and 

relative ease of use, as well as immersion depth of the collectors.  

 

1.6 Growth 

1.6.1 Monitoring growth  

In aquaculture operations, growth is monitored as an indicator of the health of pearl 

oysters, the suitability of the culture methods used and the effects of environmental 

conditions on growth (Sims, 1993). By analyzing growth data in relation to site 

conditions and culture methods, farm management strategies are evaluated and 

interventions are put in place to minimize impacts and limiting factors on growth 

(Saucedo and Monteforte, 1997b). Pearl oyster growth is usually monitored by taking 

standardized shell measurements, rather than weighing the soft body tissue, which 

requires destructive sampling. Shell growth rates also provide information about pearl 

quality, because shell increment and nacre deposition are positively correlated 

(Coeroli and Mizuno, 1985) and nacre thickness is the main attribute used for 

evaluating pearl quality (Matlins, 1996). 

 

Several shell measurements used for comparing growth rates in juvenile and adult 

pearl oysters were clarified by Hynd (1955). The most commonly used of these 

growth measurements include:  

• Dorso-ventral measurement (DVM), or ‘shell height’, the greatest dorso-

ventral distance line; 
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• Antero-posterior measurement (APM), or ‘shell length’, the greatest horizontal 

distance between anterior and posterior margins, parallel to the hinge line;  

• Shell thickness (ST), the greatest distance between external surfaces of the two 

valves when closed (Figure 1.7). 

 

The weight of the whole live animal, or wet weight (WW) is also frequently used 

(Gervis and Sims, 1992). Other measures of growth include hinge length (HL), the 

distance between the tips of the anterior and posterior auricles; heel depth (HD), the 

thickness of the valve at the hinge line, and hinge width (HD), the gape between the 

dorsal edge of each hinge line (Saucedo and Southgate, 2008). 

 
 
Figure 1.7. Shell measurements used to monitor growth of pearl oysters, as applied to 
Pinctada mazatlanica (Adapted from Saucedo et al., 1998). DVM - dorso-ventral 
measurement, APM - antero-posterior measurement, and ST - shell thickness. 
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1.6.2 Modelling 

Modelling is commonly used to quantify the growth of bivalves by fitting models to 

length at age data (Seed, 1980; Dame, 1996). Growth models describe size and 

growth over time, informing us about the theoretical maximum length (L∞), (or other 

growth parameter of interest), reachable in a population, at what age it occurs, and 

how fast it reaches L∞. A number of growth models have been developed to describe 

growth, including the Von Bertalanffy Growth Function (VBGF), Gompertz, Richards 

and Logistic models (Dame, 1996). Different models can be applied and then ranked 

in relation to best fit for the species in question, after which the optimal model can be 

used to compare growth between sites (Lee et al., 2008). In fisheries data, the VBGF 

has found the widest application (Prajnesh and Venugopalan, 1999). 

 

Growth modelling has been used to estimate growth parameters of pearl oysters, to 

compare growth rates between sites and identify oysters ready for reproduction and 

nucleus insertion for pearl production; e.g. Pi. maxima (Yukihira et al., 2006; Lee et 

al., 2008), Pi. margaritifera (Nasr, 1984; Pouvreau et al., 2000c; Pouvreau and Prasil, 

2001; Yukihira et al., 2006), Pi. imbricata (Prajneshu and Venugopalan, 1999; Urban, 

2002; Marcano et al., 2005), Pi. mazatalanica and P. sterna (Saucedo and Monteforte, 

1997b). Specific culture sites can be evaluated using growth modelling, on the basis 

of how well they satisfy growth requirements for particular stages of culture. For pearl 

oysters, sites which favour high growth rates may be preferred during juvenile culture, 

when high growth rate is needed to produce large numbers of pearl producing sized 

oysters in the shortest time possible and to maximize the rate of nacre secretion (and 

therefore pearl size) during the pearl production phase. Slower growth sites are  
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favoured after nuclei implanting so that there is slow nacre deposition before pearl  

harvest, as slower nacre deposition results in higher nacre quality (Mohamed et al., 

2006). 

 

1.6.3 Morphometrics 

The growth and form of bivalves is striking to the degree in which it may vary with 

age and in relation to environmental conditions (Seed, 1980; Gaspar et al., 2002). A 

change of form with age, from subquadrate in young pearl oysters to oblong shape in 

adults, has been reported for Pi. maxima (Galtsoff, 1931), Pi. fucata (Alagarswami 

and Chellam, 1977; Mohamed et al., 2006; Hwang et al., 2007) and Pi. mazatlanica 

(Saucedo et al., 1998). The relationships of various shell dimensions of pearl oysters 

(or shell dimensions and weight) between populations subject to different 

environmental conditions have also been investigated (Alagarswami and Chellam, 

1977; Yoo et al., 1986; Sims, 1993; Mohamed et al., 2006; Hwang et al., 2007). 

Significant differences in morphometric relationships found for pearl oysters of the 

same genetic origin grown at different sites suggests the importance of environmental 

factors as determinants of growth patterns (Mohamed et al., 2006). Morphometric 

data has been used to identify suitable shape for mabé implants, such as thicker body 

form, which affects the number and size of nuclei that can be inserted, or differences 

in the rate of nacre deposition at specific areas of the shell as the oyster grows 

(Saucedo et al., 1998). To date, there have been no published modeling studies or 

studies of morphometric relationships in P. penguin. 
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1.7 Grow-out 

1.7.1 Culture of juvenile pearl oysters 

Unprotected juveniles are thin shelled and vulnerable to predation from fish, 

cephalopods, gastropods, crabs, and flatworms (Ward, 1993; Monteforte and Garcia-

Gasca, 1994; Yamamoto and Tanaka, 1997). Holding pearl oysters under protected 

conditions during the juvenile phase is often referred to as ‘nursery culture’. In this 

thesis, the term ‘nursery culture’ is used to describe the stage after the collection of 

spat up until oysters reach approximately 65-70 mm DVM, when they are generally 

safe from most predators. 

 

Wild caught spat are generally kept on collectors in the sea until they are large enough 

(greater than 10 mm DVM) to be safely removed and placed into nursery culture units 

with an appropriately sized mesh to retain the spat (Bueno et al., 1991, Wada, 1991). 

This period may last anywhere between two to six months, depending on local 

customs or the time required for the species in question to reach an appropriate size. 

Hatchery produced spat are kept on the collectors on which they settled in the 

hatchery tanks and are transferred to rearing nets in the sea at 10-20 mm DVM 

(Southgate et al., 2008).  

 

Biofouling also affects the growth and survival rates of juvenile oysters. Fouling 

organisms often consume and therefore reduce food availability, interfere with the 

filtration efficiency of bivalves, and can prevent them from opening the shell valves, 

which leads to starvation (Taylor et al., 1997b). Biofouling is usually controlled 

through regular cleaning and improved handling practices and many farms in 

Australia operate on a six-week cleaning cycle to remove fouling organisms (Gervis 
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and Sims, 1992). Mesh size is increased as the juveniles grow, in order to reduce 

fouling and increase the flow of water through the culture units, thereby ensuring an 

adequate food supply to all of the oysters (Wada, 1991; Gervis and Sims, 1992). 

Although frequent cleaning is recommended for oysters (Lodeiros et al., 2002), this 

must be weighed up against the negative effects of handling, particularly during the 

juvenile stage. Handling of oysters while taking monthly growth measurements was 

considered to the main element affecting survival of Pi. mazatlanica juveniles 

(Monteforte et al., 1994).  

 

The presence of predators and biofouling can also be related to site conditions. 

Oengpepa et al. (2006) for example, found significant differences in the number of 

gastropod predators present between two sites in the Western Province of the 

Solomon Islands. Site was also observed to be the main factor determining the growth 

and survival of P. sterna at Baja California, where ocean conditions significantly 

affected fouling rate between the study sites (Monteforte and Aldana, 1994). Other 

factors which affect growth and survival during nursery culture include culture units, 

stocking density and suspension depth (Taylor et al., 1997a; Southgate and Beer, 

2000). Variable growth rates for juvenile pearl oysters is not uncommon, and may be 

attributable to genetic potential or seasonal variability in environmental factors, such 

as water temperature and food availability (Saucedo and Southgate 2008; Lucas, 

2008a). A summary of tested methodologies for nursery culture are shown below 

(Table 1.2). 
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Table 1.2 Summary of recommended nursery culture methods employed for pearl oysters. 

Species Culture 
unit 

Stock  
density 

Depth 
(m) 

DVM 
(mm) 
month-1  

Survival Reference 

Pinctada 
fucata 

lantern nets progressively 
reduced 

- 4.66 - (Wada, 1991) 

Pinctada 
imbricata 

baskets  

 

87/ basket 3-4 11.30 98-100% (Lodeiros et al., 2002) 

Pinctada 
maxima 

spat collectors in 
mesh sleeves 

10/slat 3 2.71 80 % (Taylor et al., 1997a) 

Pinctada 
margaritifera 

partitioned trays 12-36/tray 6 6.51 51.4 % (Kurihara et al., 2005) 
plastic mesh trays 100 per tray 4 4.86 87 % (Southgate and Beer, 1997) 
panel pocket nets - 4 4.83 100 % (Southgate and Beer, 2000) 
panel pocket nets - 6 4.06 70 % (Friedman and Southgate, 1999) 

Pinctada 
mazatlanica 

plastic cages 40-45/tray 11  - (Monteforte and Morales-Mulia, 
2000) 

Pteria sterna plastic cages 70-75/tray 10-11  50 % (Monteforte et al., 2005) 

Pteria penguin rope in mesh 
bags 

- 6 5.87 - (Beer, 1999) 
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In general, relatively low stocking density of oysters in culture units improves growth 

and survival during nursery culture and may provide a commercial advantage for farm 

managers. High stocking density of Pi. maxima spat (0.40 spat/cm2 of PVC slat 

compared with 0.26/ cm2 of slat) was found to reduce localized water exchange and 

food availability, which caused significantly lower growth rates, decreased survival 

and increased deformities (Taylor et al., 1997a). Improved growth at lower stocking 

density has also been found for juvenile Pi. margaritifera stocked at 20 and 50/pearl 

net, compared with 100, 150, and 200/net (Southgate and Beer, 1997), juvenile Pi. 

margaritifera reared in trays at 12-36/tray compared with 72-144/tray (Kurihara et al., 

2005), and juvenile Pi. mazatlanica reared at 25-50/tray compared with 75-100/tray 

(Monteforte et al., 1994). The exception to this rule was found with P. sterna, for 

which juvenile growth was higher at 100/tray than at densities of 50 and 75/tray 

(Monteforte and Aldana, 1994), and at 50/tray compared with 25/tray (Monteforte et 

al., 2005). 

 

Culture units are also considered in terms of their relative merits, including cost, ease 

of construction, tendency to accumulate fouling and the effect on growth and survival. 

A comparison of the growth and survival of juvenile Pi. margaritifera held in mesh 

inserts on dropper ropes, panel (pocket) nets, plastic mesh trays and ear-hung in 

chaplets showed that 24 panel nets gave the best results, with 100% survival and 

maximum growth increment (DVM and wet weight) (Southgate and Beer, 2000). 

Although ear-hanging was the cheapest method, it required high labour input for 

chaplet construction (Southgate and Beer, 2000). Friedman and Southgate (1999) 

found there were no significant differences in growth or survival of juvenile Pi. 

margaritifera held in lantern nets and panel nets, but lantern nets were more difficult 
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to clean and inspect for predators. Similarly, growth of P. sterna cultured at Baja 

California, Mexico was not affected by culture unit (bottom cages or vertically 

suspended nets), but survival of oysters held in cages was higher than that of oysters 

in nets (Monteforte et al., 2005).  

 

Until recently, pearl culture from P. penguin was based on wild-collected adult 

oysters (Southgate et al., 2008). Hence, there is a lack of information available in the 

literature relating to nursery culture methods for this species. Future studies should 

investigate, amongst other factors, how different culture unit types, suspension depths, 

and site conditions may affect growth and survival rates and levels of biofouling and 

predation during nursery culture of P. penguin. 

 

1.7.2 Environmental factors  

A number of environmental factors and interactions between them are known to 

influence bivalve growth rates, including food supply, temperature, salinity, light, 

depth, water movement and turbidity (Seed, 1980). These factors therefore need to be 

taken into consideration when assessing the suitability of sites for aquaculture 

operations (Sims, 1993). Site selection also requires consideration of potential 

exposure to damage from cyclones prior to setting up pearl farming infrastructure. In 

late 1982 and early 1983 for example, six hurricanes struck the Tuamotu archipelago 

in French Polynesia, destroying the pearl farms there (Intés, 1994).  

 

Depth of culture can affect both growth rates and pearl quality. Pearl oysters held too 

near the surface can exhibit reduced growth due to heavy wave action and movement 

of the culture lines, while reduced growth in deeper water may result from reduced 
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food availability and lower temperatures (Gervis and Sims, 1992). Faster growth rates 

have been documented for bivalves held in suspension compared with those on the 

bottom, which may be due to either a greater availability of seston and phytoplankton 

(Macdonald and Thompson, 1985a; Wallace and Reinsnes, 1985) or better quality of 

food away from the bottom (Lodeiros et al., 2002).  

     

Depth has been associated with pearl quality in P. penguin cultured in Thailand. Pearl 

nacre was found to be significantly thicker in oysters held at 2 m depth compared with 

8 m, and shell growth was positively correlated with nacre deposition (Kanjanachatree 

et al., 2003). Higher levels of food were thought to be responsible for the higher 

growth of oysters nearer to the surface. At the same time however, mortality was 

higher (24%) at a depth of 2 m compared with 8 m (12 %) due to higher levels of 

fouling on oysters closer to the surface. Similarly, Smitasiri et al. (1994) found that P. 

penguin experienced lower mortality (6.7%) at 8 m, where there was less biofouling, 

compared with 40% at 1 m depth. There was no significant difference in shell growth 

between depths however, and this was explained by the fact that there were no 

marked differences in food concentrations between depths at the study site. 

 

The combined effects of temperature and food availability are generally considered to 

have the most important influence on bivalve growth (Shafee, 1980; Bayne and 

Newell, 1983; Macdonald and Thompson, 1985a; Brown and Hartwick, 1988). 

Temperature regulates many of the physiological processes of bivalves, including 

pearl oysters, such as respiration, feeding and growth (Dame, 1996; Lucas, 2008a). 

The effect of temperature on metabolic rates of marine invertebrates is often 

examined by analyzing the rate of oxygen consumption, as temperature directly 
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affects oxygen consumption through the speed of biochemical reactions (Newell, 

1979). Metabolic rates generally increase with rising temperature, within species-

specific tolerance limits, and decrease rapidly at the upper lethal limit (Kinne, 1970; 

Lucas, 2008a).  

 

Temperature conditions also have implications for pearl quality and the timing of 

harvest. Slower metabolic and growth rates during periods of reduced water 

temperature results in slower nacre deposition on pearls and improves pearl lustre 

(Ruiz-Rubio et al., 2006). Environmental variables such as depth, light penetration, 

and the quality of seawater and phytoplankton also affect the bio-mineralization 

process of nacre, thus affecting pearl colour and quality (Sonkar, 1998; Wu et al., 

2003). In Japan, pearls are harvested in the winter when thinner nacre deposition 

layers produce better colour and lustre (Gervis and Sims, 1992). Commercial mabé 

production usually requires between six to twelve months, resulting in nacre thickness 

between 0.7-2.5 mm (Shirai, 1994). Ruiz-Rubio et al. (2006) recorded highest mabé 

quality in P. sterna after nine months of culture when water temperature was low.  

 

Bivalves generally feed mainly on phytoplankton, but are able to exploit a range of 

nutrient sources, including suspended sediment, nanozooplankton, organic detritus 

and inorganic material (Bricelj and Shumway, 1991). Both the quality and quantity of 

suspended particulate matter influence the growth of suspension-feeding bivalves 

(Macdonald and Ward, 1994) and bacteria associated with suspended organic detritus 

is also thought to assist in the assimilation of dissolved organic carbon released from 

the detritus (Dame, 1996). The composition and nutritional value of suspended 

particles in coastal and estuarine habitats is largely unknown, and the ability of 
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bivalves to select and retain particles of higher nutritional quality varies considerably, 

depending on the species (Bayne and Newell, 1983). The edible oyster, Crassostrea 

virginica for example, was found to be capable of selecting food particles of high 

nitrogen, carbon and energy content from filtered material, while rejecting 

nutritionally poor particles as pseudofaeces (Loosanoff and Engle, 1947; Newell and 

Jordan, 1983). Pearl oysters are generally considered non-specific feeders and if the 

silt load in the water is high, feeding rate will be affected, although the extent to 

which individual species are able to selectively feed has not been established 

(Kuwatani, 1965; Lucas, 2008a). 

 

Salinity influences the spatial distribution of marine bivalves, particularly those in 

coastal and estuarine habitats, where seasonal rainfall and river inputs may vary 

widely. Salinity also interacts with temperature to influence the physiological 

processes of bivalves, e.g. affecting their body osmotic concentrations, relative 

proportions of solutes and the adsorption and saturation of dissolved gases (Bayne and 

Newell, 1983; Dame, 1996; Lucas, 2008a). For marine bivalves, scope for growth (the 

amount of energy available for growth from consumed energy after all other 

metabolic processes are subtracted) can be maintained over a wide salinity range 

(Bayne and Newell, 1983). However, decreased salinity limits scope for growth by 

reducing feeding absorption, thereby restricting the potential for energy acquisition 

(Fry, 1947). Pearl oysters have a preference for full salinity seawater, although many 

are able to tolerate a wide range of salinity (Gervis and Sims, 1992). The salinity 

tolerance range of P. penguin has not been documented.  
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1.8 Conclusion 

Despite its widespread cultivation in many countries across the Indo-Pacific and its 

growing commercial importance, P. penguin has received relatively little research 

attention compared to other pearl oysters. Further research is required to fill 

knowledge gaps on the sexual development of this species, its reproductive cycle and 

optimal methods for spat collection and grow-out culture. This work will provide a 

basis for the development and further expansion of the pearl industry from this 

species. 

 

1.9 Aims of this study 

The major objective of this study was to learn about the life cycle and culture 

requirements of P. penguin for application in pearl culture. The study placed special 

emphasis on the influence of seasonal and site-related environmental factors on 

reproductive biology and growth, factors which can potentially play a determining 

role in optimising production efficiency during various stages of the life cycle.  

 

The specific aims of this study were: 

1. To collect and review all information on P. penguin published to date, and to 

highlight areas where further research is required (Chapter 1); 

2. To determine size (DVM) at sexual maturity and examine evidence for 

protandrous hermaphroditism, to determine the size at which female sexuality 

occurs and the overall population sex ratio, and to analyse morphometric 

relationships between growth measurements during the life cycle (Chapter 2); 
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3. To describe the reproductive cycle over a one-year period, focusing on gonad 

development, sex ratio and oocyte diameter, and to relate these factors to 

changes in basic water quality parameters (Chapter 3); 

4. To investigate spat recruitment patterns in relation to season, collector 

materials and depth over successive breeding seasons (Chapter 4); 

5. To assess the effects of site conditions, culture units and depth on levels of 

fouling, and the growth and survival of juvenile oysters (Chapter 5); 

6. To analyze growth performance of oysters between three dissimilar sites in the 

Great Barrier Reef and relate this to environmental conditions; to quantify 

growth using modelling (VBGF) and to establish the time required to reach 

commercial size at each site, and to compare morphometric relationships of 

oysters between sites (Chapter 6); 

7. To summarize the main findings of the thesis overall, to identify the 

limitations of the research and to highlight future directions (Chapter 7).   

 

Much of the data in these chapters was published in peer-reviewed journals and is 

presented in this thesis with very similar, if not identical, wording to the published 

article. As such, the following chapters may contain some repetition of the 

information presented in this introductory chapter. 
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CHAPTER 2 

Sexual development, sex ratio and morphometrics of Pteria penguin 1 

 

2.1 Introduction 

Pearl oysters are typically protandrous hermaphrodites, becoming sexually mature as 

males, and later becoming female after one or more reproductive cycles (Saucedo and 

Southgate, 2008). The sex ratio of females to males tends towards 1:1 with increasing 

age (Gervis and Sims, 1992), although this has not been confirmed for P. penguin in 

the general literature. Studies reporting the sexual development of pearl oysters in 

Australian waters include: Pi. albina, Pi. margaritifera and Pi. fucata in the Torres 

Strait (Tranter, 1958a; Tranter, 1958b; Tranter, 1958c; Tranter, 1958d; Tranter, 1959), 

and in New South Wales (O'Connor and Lawler, 2004) as Pi. imbricata, Pi. maxima 

in Western Australia (Rose et al., 1990) and Pi. margaritifera in north Queensland 

(Acosta-Salmón and Southgate, 2005).  

 

Little information has been published on sexual development and reproduction in P. 

penguin. Arjarasirikoon et al. (2004) described the gametogenic cycle of P. penguin at 

Phuket Island, Thailand, but did not investigate sexual development or the 

relationship between shell dimensions and growth. This aim of study was to provide 

baseline data relevant to the propagation of P. penguin by investigating the size at 

which sexual maturity occurs, the population sex ratio, and analysis of morphometric 

relationships of shell dimensions and soft body tissue.  

 

                                                 
1 Data in this Chapter are published in Molluscan Research (2011) 31: 30-36. See 
Appendix 1. 
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2.2 Materials and Methods 

2.2.1 Sampling  

A total of 580 P. penguin were collected from natural stocks at Orpheus Island in 

north-eastern Queensland, at depths of 3-18 m. Orpheus Island is part of the Palm 

Islands group, a natural habitat of P. penguin, situated 80 km north of Townsville, 17 

km east of the mainland coast. The oysters were randomly collected during a series of 

field excursions undertaken between November 2007 and September 2009 (Fig. 2.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Study area: Orpheus Island, north-eastern Queensland, Australia. 

 

Oysters were measured to the nearest 0.1 mm using callipers to record three shell  

dimensions: 1) dorso-ventral measurement (DVM), which is the greatest dorso-ventral 

distance measured at a right angle to the hinge line; 2) antero-posterior measurement 

(APM), the greatest distance between the anterior and posterior margins of the shell, 

parallel to hinge line; and 3) shell thickness (ST), the greatest distance between 

18º 61′ S 
Pioneer  
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2 Km 

 146º 49′ E 

     Orpheus Island 

  Australia 
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external surfaces of the two valves when closed (Fig. 2.2) (Hynd, 1955). Oysters were 

opened and the adductor muscle weight (AW) of each oyster was recorded to the 

nearest 0.1 grams. Surface water was removed from the adductor muscle prior to 

weighing by ‘dab-drying’ with tissue. All 580 oysters collected were included in the 

morphometric study, while only 390 of the total of 580 were examined histologically 

for analysis of sexual development and the population sex ratio. Gonad samples could 

not be taken from oysters <13 mm DVM because of their small size. All statistical 

analyses were undertaken using SPSS (SPSS Inc. Version 16), with p = 0.05. 
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Figure 2.2 Shell measurements of Pteria penguin used in this study: dorso-ventral 
measurement (DVM), antero-posterior measurement (APM), and shell thickness (ST). 
 

 

2.2.2 Histology 

The gonad of P. penguin is not a discrete organ; instead, gonad tissue appears as a 

proliferation of follicles located as part of the connective tissue matrix, between the 
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epithelium and the visceral mass, within which the gametes develop. A small section 

of the gonad mass (between 0.5-1 cm2) was cut along the antero-posterior axis and 

fixed in formaldehyde-acetic acid-calcium carbonate solution (FAACC) (Williams, 

1962), then dehydrated in an alcohol series dilution and embedded in paraffin. Gonad 

tissue sections (5 µm thick) were cut from each sample and stained with haematoxylin 

to colour basophilic structures (nuclei) with blueish-purple hues and eosin-erythrosin 

to colour eosinophilic structures (cytoplasmic elements and connective tissues) with 

pinkish-red hues. Histological preparations of the sections were observed and 

photographed with an Olympus DP12 microscope digital camera system.  

 

2.2.3 Sexual development and sex ratio 

Gonad sections from the oysters were used to examine the morphology of gamete 

development and to determine the size at which P. penguin first reaches sexual 

maturity. Sexual differentiation in pteriid pearl oysters occurs prior to sexual maturity 

(Tranter, 1959). Based on Tranter’s (1958a) observations of Pi. albina, a distinction 

was made in this study between gonads of juvenile oysters that showed evidence of 

sexual development but had not yet reached sexual maturity, termed 'primary gonad 

development' and those classified as ‘sexually mature’ (Fig. 2.3).  
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Figure 2.3 Transverse gonad sections of Pteria penguin: A, juvenile male in primary 
gonad development stage, with considerable areas of connective tissue (Ct) present 
between the developing follicles (Fo); B, mature male in ripe gonad stage, 
spermatogonia (Sg) line the follicle walls, while many fully developed spermatozoa 
(Sz) are tightly packed in the centre of the swollen follicles. 
 

In sexually immature oysters, either there is mainly connective tissue visible, with no 

gametes present, or there are some primary sex cells present but sex cannot be 

distinguished. In juvenile males with evidence of primary gonad development, the 
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signs of gamete production are visible. In these males, the follicles are typically small 

and separated by extensive areas of connective tissue. Some fully developed 

spermatozoa may be present, but in low quantities, while in mature males, gametes 

are produced in quantity within the follicles as in the developing to ripe phases of 

gonad development (Tranter, 1958a). The gonad sections were also analysed to 

determine the sex ratio of the sampled oysters. Shell dimensions of females and males 

were recorded and the total number of oysters was divided into twenty successive size 

classes of 10 mm DVM, to observe the female:male sex ratio for each size class. For 

the analysis of the sex ratio, cases of simultaneous hermaphroditism were included 

with the females, as these represent a brief transitional phase from male to female sex, 

in which the residual spermatozoa associated with the new oogonial development are 

in the process of being expelled or undergoing regression and lysis (Saucedo and 

Southgate, 2008). 

 

2.2.4 Morphometrics 

The relationships between shell dimensions of all 580 P. penguin used in this study 

were examined to determine possible changes in shell form during growth. DVM was 

taken as the most representative measure of growth, and was used as the independent 

variable in all analyses (Saucedo et al., 1998). The linear relationships between shell 

dimensions were described using the equation y = a + bx, where y is the dependant 

variable, x is DVM, a the y axis intercept and b the slope of the line. The relationship 

between AW and DVM was described by the power equation y = axb, where y is 

weight of the adductor muscle, x is DVM and a and b are constants. APM, DVM and 

AW were also analysed as ratios of each growth variable against shell height classes 

to investigate possible changes in growth patterns during the life cycle. 
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2.3 Results 

2.3.1 Data samples 

Size and weight data for the 390 P. penguin oysters examined histologically are 

shown in Table 2.1. These oysters ranged in size from 13.0 - 209.1 mm DVM. Mean 

DVM of females (150.1 ± 3.6 mm) was significantly larger than those of males (111.3 

± 2.2 mm) (F = 66.872, df = 1, p < 0.001). Fifty-nine of the 390 oysters examined 

(15.1%) could not be sexually differentiated and were classed as indeterminate. 

However, 38 of the 59 oysters (64.4%) that were classed as indeterminate had not yet 

reached sexual maturity (i.e. were <33.9 mm DVM). Excluding the sexually immature 

oysters, the percentage of oysters with indeterminate sex in the sample was 5.4%. 

Two cases of simultaneous hermaphroditism were found (size: 98.8 and 139.0 mm 

DVM).  

 
Table 2.1 Mean (± 1 SE) shell sizes and adductor muscle weight of Pteria penguin 
pearl oysters used in this study. AW – adductor weight;  DVM – dorso-ventral 
measurement; APM – antero-posterior measurement;  ST – shell thickness, * – 
including two cases of simultaneous hermaphroditism. 
 
 

Sex Number of shells AW (g) DVM (mm) APM (mm) ST (mm) 

Female* 65 14.4 
(±1.2) 

150.1 
(±3.6) 

169.2 
(±3.9) 

50.9 
(±1.1) 

Male 266 7.7 
(±0.4) 

111.3 
(±2.1) 

130.9 
(±2.4) 

39.2 
(±0.7) 

Indeterminate 59 5.2 
(±1.1) 

78.5 
(±7.0) 

97.7 
(±7.2) 

27.6 
(±2.4) 

 

 

2.3.2 Sexual development and sex ratio 

Of the 390 oysters included in the analysis of sexual development, evidence of 

primary gonad development was first observed in male oysters ≥33.9 mm DVM. 
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Sexually mature gonads were observed in some male oysters ≥56.0 mm DVM, but 

were more commonly found in males ≥70 mm DVM. Female sexuality was observed 

in oysters ≥88.8 mm DVM. Of the oysters that had reached sexual maturity (≥70 mm 

DVM) the female:male ratio was 0.24:1 (65 females to 266 males). The ratio of 

females to males was influenced by DVM, with female to male ratio reaching 1:1 in 

oysters between 170-180 mm DVM. Females outnumbered males in oysters >180 mm 

DVM (Fig. 2.4). 

 

2.3.2 Morphometrics 

There were significant linear correlations between APM and DVM (r2 = 0.97, p < 

0.001, Fig. 2.5A) and between ST and DVM (r2 = 0.95, p < 0.001, Fig. 2.5B), while 

the relationship between AW and DVM was curvilinear (r2 = 0.93, p < 0.001, Fig. 

2.5C). During the life cycle of P. penguin, three growth phases were detected on the 

basis of the relationship between APM and DVM. During early development, juvenile 

P. penguin <10 mm DVM had a mean APM:DVM ratio near 2:1 (Fig. 2.6). Between 

10-70 mm, DVM increases more rapidly than APM, resulting in a marked change in 

shell shape until a mean APM:DVM ratio of around 1.2:1 is reached at a DVM of 70 

mm. After 70 mm DVM, the APM:DVM ratio gradually reduced to around 1.1:1 in 

oysters >210 mm DVM. In contrast, there was no notable change in the ratio between 

ST and DVM, which remained within the range of 0.3-0.4:1 throughout the life cycle. 

There was a steady increase in the AW:DVM ratio with increasing size, which peaked 

at 0.15:1 in oysters above 190 mm DVM. 



 58 

0

5

10

15

20

25

30

35

40

45

50

13<
20

20<
30

30<
40

40<
50

50<
60

60<
70

70<
80

80<
90

90<
10

0

100
<110

110
<120

120
<130

130
<140

140
<150

150
<160

160
<170

170
<180

180
<190

190
<200

200
<210

DVM size classes (mm)

S
am

pl
e 

si
ze

 (n
)

Indeterminate

Female

Male

 

Figure 2.4 Changes in sex ratio by dorso-ventral measurement classes in Pteria penguin collected at Orpheus Island, north-eastern Australia, 

2007-2008.
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Figure 2.5 Linear correlation between (A), antero-posterior measurement (APM) and dorso-ventral measurement (DVM); (B), shell thickness 
(ST) and DVM; and (C), power correlation between adductor muscle weight (AW) and DVM in Pteria penguin. 
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Figure 2.6 Mean ratios (± 1 SE) of antero-posterior measurement/dorso-ventral measurement (APM:DVM), shell thickness/dorso-ventral 
measurement (ST:DVM), and adductor weight/dorso-ventral measurement (AW:DVM) for Pteria penguin in successive shell size classes. 
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2.4 Discussion 

Pearl oysters in the genus Pinctada share many features in their sexual biology with 

Pteria  (Table 2.2). This study’s findings of protandric hermaphroditism and tendency 

towards a 1:1 male to female ratio with increasing size for P. penguin are similar to 

those reported for Pi. albina (Tranter, 1958a), Pi. margaritifera (Tranter, 1958d), Pi. 

mazatlanica (Garcia-Dominguez et al., 1996), Pi. fucata (Tranter, 1959; Wada et al., 

1995; Behzadi et al., 1997) and Pi. maxima (Rose et al., 1990). Similarly, the 

appearance of gamete stages and gonad development described for P. penguin 

(Arjarasirikoon et al., 2004) and P. sterna (Saucedo and Monteforte, 1997a; 

Hernández-Olalde et al., 2007) are comparable to those described for the genus 

Pinctada. 

 

There is no sexual dimorphism in pearl oysters, visual observation of the colour and 

texture of the gonads is considered a reliable method for determining sex, as occurs in 

Pi. albina (Tranter, 1958a), Pi. margaritifera (Tranter, 1958d), Pi. maxima (Rose et 

al., 1986; Dybdahl and Nicholson, 1990), Pi. fucata (Bueno et al., 1991), and Pi. 

fucata (Choi and Chang, 2003). In this study, male and female P. penguin could not 

be distinguished by their shell morphology, thus histological analysis was required to 

determine the sex of individual oysters. Gonad colour in both males and females was 

creamy white, thus colour was not a reliable indicator of sex. Ripe P. penguin, 

however, can be identified as sexually mature by the white colour of the gonad, which 

covers the dark brown mass of the digestive gland. 
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Table 2.2 Summary of research on sexual development of several important pearl oyster species (Pteriidae). Size in mm refers to dorso-ventral 
height (DVM). Other abbreviations: Ind – indeterminate; Herm – hermaphrodite. 
 

Species Location Male sex Sex reversal 
(Female) 

Ind % Herm % F/M  
ratio 

Source 

Pteria penguin Thailand - - - - 0.97:1 (Arjarasirikoon et al., 2004) 
Pteria sterna Baja California 

 

106.6 mm 117.1 mm 27 - 0.83:1 (Hernández-Olalde et al., 2007) 
>40 mm 
11 months 

>50 mm 32 0.6  
(>60mm) 

0.38:1 (Saucedo and Monteforte, 1997a) 

Pinctada  
albina 

Torres Strait 4-5 months - - - 1:1 (Tranter, 1958a) 
New South Wales - - - - 0.78:1 (O'Connor and Lawler, 2004) 

Pinctada  
fucata 

Torres Strait 5-6 months - - - 1:2  (Tranter, 1959) 
Okinawa   42 0.01  (Wada et al., 1995) 
Persian Gulf 20-30 mm >25 mm  0.5 0.95:1 (Behzadi et al., 1997) 

Pinctada  
mazatlanica 

Baja California  ≥82 mm 9.1 0.64 1.33:1 (Garcia-Dominguez et al., 1996) 
≥40 mm 
8 months 

>100 mm 13 none 0.12:1 (Saucedo and Monteforte, 1997a) 

- - - - 0.35:1 (Saucedo et al., 2002a) 
- - 10.8 2.3 0.82:1 (Garcia-Cuellar et al., 2004) 

Pinctada  
margaritifera 

Torres Strait 2nd yr - -  1:1 (Tranter, 1958d) 
French Polynesia 40 mm 

1 year 
90 mm 0  0.25:1  (Pouvreau et al., 2000b) 

N. Queensland 
Kenya 

 
≥40 mm 

- 0.05 0.01 0.4:1  (Acosta-Salmón and Southgate, 2005) 
(Mavuti et al., 2002) 

Pinctada  
maxima 

Western Australia  110 mm  
1st yr 

>135 mm 12 1 1:1  (Rose et al., 1990) 

110 mm  
>2yr 

≥135 mm 
>4yrs 

- - 1:1  
 

(Hart and Joll, 2006) 
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2.4.1 Size at sexual maturity  

Apart from the presence of germ cells, there was no evidence of gonad development 

in P. penguin with DVM <33.9 mm. In cases of primary gonad development in 

juvenile pearl oysters, the gametes are not thought to be viable (Tranter, 1958a; 

Hernández-Olalde et al., 2007). Mean male size (111.3 mm DVM) and mean female 

size (150.1 mm DVM) observed in this study were similar those reported for P. 

penguin in Phuket, Thailand, where mean male size was 113.2 mm DVM and mean 

female size was 145.9 mm DVM (Arjarasirikoon et al., 2004). In this study, 

female:male sex ratio in P. penguin reached 1:1 in oysters between 170-180 mm 

DVM and females out-numbered males in oysters >180 mm DVM. Similar findings 

were recorded for Pi. maxima in Western Australia, where the sex ratio reached 1:1 in 

oysters >170 mm DVM, and there was a higher number of females to males in the 

population in larger size categories, from 170-200 mm DVM (Hart and Joll, 2006).  

 

Based on growth rates for P. penguin at OIRS reported by Beer (1999), i.e. 

approximately 6.0 mm DVM month-1, the estimated age of P. penguin for the sexual 

development stages reported above was calculated to be c. 6-7 months at male 

primary gonad development, c. 11-12 months at male sexual maturity and c. 16-17 

months at change to female sex. Mean female size corresponded to approximately two 

years of age (Beer, 1999), suggesting that female sexuality in P. penguin at OIRS is 

usually reached during the second annual spawning season.  

 

Larger pearl oyster species such as Pi. maxima, Pi. margaritifera and Pi. mazatlanica 

are thought to mature more slowly (Tranter, 1959; Saucedo et al., 2002a). Sexual 

maturity in Pi. maxima occurs after the first or second year at a DVM of around 110 
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mm or larger, and female development occurs after four years, or when shells are 

larger than 135 mm DVM (Rose et al., 1990; Hart and Joll, 2006). In Pi. 

margaritifera, sexual maturity occurs in the second year (Tranter, 1958d). In smaller, 

shorter lived species, such as Pi. albina, sexual maturity is reached in 4-5 months 

(Tranter, 1958a). Similarly, Pi. fucata reach primary gonad development at two to 

three months after spat settlement, and sexual maturity at five to six months in Torres 

Strait (Tranter, 1959) and at nine months in Cochin, India (Chellam, 1987). P. sterna, 

one of the smallest species of the Pteriidae family, becomes sexually mature at >39 

mm DVM, and female sexuality occurs in oysters with a DVM of >50 mm (Saucedo 

and Monteforte, 1997a). Hernandez-Olalde et al. (2007) reported the smallest P. 

sterna male observed at 26 mm DVM and smallest female at 73 mm DVM, with both 

in spawning phase. 

 

2.4.2 Sex reversal 

Pearl oysters are typically protandrous hermaphrodites (Gervis and Sims, 1992; 

Saucedo and Southgate, 2008). The results of this study confirm, for the first time, 

that this is also the case for P. penguin. All of the sexually mature oysters below 88.8 

mm DVM were male, while the proportion of female P. penguin increased with 

increasing DVM. Thus the frequency of sex change increased with age up to the 

largest size class (200<210 mm DVM), with 1:1 females to males observed at around 

170-180 mm DVM. Repeated sex reversals in pearl oysters during their lifetime has 

been observed in a number of pearl oyster species, such as Pi. mazatlanica (Saucedo 

and Monteforte, 1997b; Saucedo et al., 2002a), Pi. maxima (Wada, 1953), Pi. albina 

(Tranter, 1958a), Pi. margaritifera (Tranter, 1958d) and Pi. fucata (Tranter, 1959; 

Chellam, 1987; Wada et al., 1995). In pearl oysters kept under culture conditions, 
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males of all sizes and ages often outnumber females. This may be due to the stress of 

higher than natural stocking density, as oysters kept in these conditions may not 

acquire sufficient nutrition to develop energetically expensive oocytes (Saucedo et al., 

2002b). There is general consensus that the rate of sex change in bivalves is 

influenced by environmental conditions, with good conditions favouring change to 

female sex and sub-optimal conditions hindering it (Saucedo and Southgate, 2008).  

 

2.4.3 Morphometrics 

Significant linear correlations were found between APM and DVM and between ST 

and DVM, suggesting that there was little change in the form of these shell 

dimensions during growth. The study of morphometric relationships in P. penguin 

may have applications for determining the optimal size ranges of oysters used for 

nucleus implantation for cultured pearl production (Saucedo et al., 1998). This is 

particularly relevant in regard to the relationship between shell thickness and height, 

which determines the timing, the number, the position and the size of the nuclei that 

can be implanted (Saucedo et al., 1998). Morphometric observations can also be used 

to predict the AW in relation to DVM at pearl harvest in P. penguin. In this study, 

there was a significant curvilinear relationship found between AW and DVM. Oysters 

used in pearl production are sacrificed to obtain the pearls, and the adductor muscle is 

also sold as a gourmet product in the sushi trade, known as ‘kaibashira’ (Gervis and 

Sims, 1992).  

 

Three distinct phases in the relationship between APM and DVM were evident in the 

growth pattern of P. penguin. Bivalves are known to exhibit progressive changes in 

the form of the shell as they grow (Gosling, 2003). In general, growth of pearl oysters 
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is characterized by rapid increases in DVM during the first year or two, up to near 

maximum size, after which ST increases (Gervis and Sims, 1992). This was true for 

P. penguin, although there was no marked change in the ratio between shell thickness 

and shell height; rather, shell thickness increased steadily throughout the life cycle 

along with shell height.  
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CHAPTER 3 

Reproductive cycle of Pteria penguin 2 

 

3.1 Introduction 

Depending on the species and location, reproduction in marine bivalves is a seasonal 

process that occurs annually, semi-annually or is continuous. Males tend to produce 

gametes all year round while in females gametogenesis is a more energy-expensive 

process, which often limits the duration of vitellogenesis to periods when food 

availability is high (Sastry, 1979). Pearl oysters are typically protandrous 

hermaphrodites, becoming sexually mature as males, and later becoming female after 

one or more reproductive cycles. There may also be repeated sex reversals in the same 

individual, occurring annually or at shorter intervals (Saucedo and Southgate, 2008). 

Tranter (1958a) hypothesized that sex reversals in Pi. albina were a functional 

response to changing environmental conditions, in which individuals are able to 

alternate their sexual phase in response to nutritional condition.  

 

Many studies on the reproductive cycles of marine bivalves, including pearl oysters, 

have used histological examination of a number of gonad samples within a year to 

classify the gametogenic cycle into various stages, and to infer the time of greatest 

fecundity and spawning (Sastry, 1963; Wada et al., 1995; Behzadi et al., 1997; 

Saucedo and Monteforte, 1997a; O'Connor, 2002; Hernández-Olalde et al., 2007). 

 

 

                                                 
2 Data in this Chapter are published in Invertebrate Reproduction and Development 
(2011) In press. See Appendix 1. 
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Spawning cycles in bivalves are related to food availability, which is often measured 

as seasonal variations in chlorophyll a or suspended particulate matter (SPM) 

(Macdonald and Thompson, 1985a; Wallace and Reinsnes, 1985; Pouvreau et al., 

2000b). Mean oocyte diameter may also be plotted against month of year, as an abrupt 

decline in the frequency of large oocytes is indicative of egg release during spawning  

(Sastry, 1966; Sastry, 1970; Rose et al., 1990; Garcia-Dominguez et al., 1996; Pazos 

et al., 1996). In addition, changes in the sex ratio of a population can be examined in 

relation to environmental conditions over time (Sastry, 1979; Saucedo and 

Monteforte, 1997a). 

 

Understanding the dynamics of the reproductive cycle of wild pearl oysters is 

essential for optimizing broodstock condition for seed production and for determining 

appropriate timing for pearl nucleus implantion for pearl production (Rose et al., 

1990; Wada, 1991). Arjarasirikoon et al. (2004) previously described gametogenesis 

and the breeding cycle of P. penguin in Thailand. Because there are intra-specific 

differences in the timing and frequency of spawning events across latitudinal 

gradients in pearl oysters (Saucedo and Southgate, 2008), a more detailed 

investigation of the breeding cycle of this species in north-eastern Australia is 

warranted. This study describes the reproductive cycle of P. penguin at Orpheus 

Island, north-eastern Queensland over a one-year period, with emphasis on the 

seasonality of gonad development, sex ratio and mean oocyte diameter, relative to 

changes in basic water quality parameters. 
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3.2 Materials and Methods 

3.2.1 Study site and sample collection 

Oysters used in this study were collected from August 2008 to July 2009 from natural 

stocks at Orpheus Island in north-eastern Queensland, Australia. These oysters were 

included in the study described in Chapter 2, however the collection method for these 

oysters differed in that they were collected every five to six weeks over the course of 

one year (during 10 collection periods) by snorkelling and SCUBA diving at depths 

up to 18 m (Table 3.1). They were measured to the nearest 0.1 mm using calipers to 

record DVM; the greatest dorso-ventral distance measured at a right angle to the 

hinge line (Saucedo and Southgate, 2008). A total of 201 oysters were collected, 

ranging in size from 70-212 mm DVM, including 134 males, 48 females, 18 of 

indeterminate sex and one case of simultaneous hermaphroditism.  

 
 
Table 3.1 Oysters sampling frequency and size range. (DVM - dorso-ventral 
measurement). 
 
 

Month Number Size range (mm DVM) 

August 

September 

October 

November 

December 

January 

March 

April 

June 

July 

16 

22 

18 

25 

20 

20 

20 

21 

20 

19 

121-169 

112-179 

70-202 

72-186 

123-212 

103-169 

103-165 

95-203 

113-188 

81-143 
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3.2.2 Gonad development 

Histological preparations of gonad sections were prepared (as described in Section 

2.2.2, Chapter 2) and observed to investigate seasonal changes in the reproductive 

cycle of P. penguin. To analyze the breeding cycle, gonad development was 

categorized into five broad stages based on the scheme developed by Tranter (1958a) 

for Pi. albina: (1) inactive, (2) developing, (3) ripe, (4) spawning, and (5) spent (Figs. 

3.1 and 3.2). The most important characteristics of the different development stages 

observed are described in Table 3.2. Gametogenesis in P. penguin was a continuous 

process in both sexes throughout the year, and in some cases the features of the 

different gonad stages were present at the same time in the same gonad sections, 

making classification difficult. Sexually immature gonads can also be confused with 

adults in the inactive phase. However, the size of the oyster is an indicator of whether 

or not it is not yet sexually mature, or whether it is a mature adult in the inactive 

phase. As described in Chapter 2, sexual maturity occurs in oysters ≥56.0 mm DVM. 
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Figure 3.1 Gonad stages of male Pteria penguin: (A) Inactive gonad, mainly connective tissue present and sex is indeterminate; (B) Developing 
male: considerable areas of connective tissue (Ct) present between still expanding follicles (Fo), with many spermatogonia (Sg) lining walls; (C) 
Ripe male: many fully developed spermatozoa (Sz) tightly packed in centre of lumen; (D) Spawning male: follicles are partially evacuated; (E) 
Spent male: there is residual sperm (Rs) remaining in lumen and many phagocytes (Ph) are present. 
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Figure 3.2 Gonad stages of female Pteria penguin: (A) Developing: growing follicles containing many oogonia (Og) and young oocytes (Yo); 
(B) Ripe: swollen follicles lined with connected oocytes (Co) and mature oocytes (Mo) in centre; (C) Spawning: follicles partially emptied, some 
mature oocytes and resorptive tissue (Rt) present; (D) Spent: some residual oocytes (Ro) remaining in lumen; (E) Hermaphrodite undergoing 
change of sex from male to female: young oocytes are developing around the follicle walls, while residual sperm in the centre of the follicles 
undergo regression and lysis. 
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Table 3.2 Gonad developmental stages of Pteria penguin used in this study. 

 

Gonad stages  

Inactive: This stage occurs in oysters that are inactive between spawning periods. 
There is mainly connective tissue with no gametes present, or some primary sex cells 
are present but sex is not distinguishable (Fig. 3.1A). 

Male gonad stages 
Developing: The follicles are initially small and lined with stem cells and 
spermatogonia. As the follicles increase in size, spermatogonia and spermatocytes 
appear along the periphery of the lumen, with spermatids and some ripe spermatozoa 
in the centre (Fig. 3.1B).  

Ripe: Some spermatogonia are present at the periphery of the follicles, followed by 
spermatocytes and spermatids deeper into the lumen. Connective tissue between the 
follicles is reduced. The follicles are greatly enlarged and the lumen is packed with 
spermatozoa, with aeosinophillic (pink) tails seen radiating from the centre (Fig. 
3.1C).  

Spawning: Partially empty follicles indicate spermatozoa have been expelled, with 
some spermatocytes and spermatids remaining along lining of follicle walls (Fig. 
3.1D).  

Spent: The follicles have collapsed, are decreased in area and almost empty, with 
some pockets of residual sperm present, and signs of gametes being phagocytized 
(Fig. 3.1E).  

Female gonad stages 
Developing: Initially small follicles are lined with stem cells and developing oocytes. 
As the follicles increase in size, oocytes connected to the follicle walls begin to 
accumulate yolk and expand into the lumen, and some free polygonal-shaped oocytes 
appear in the centre of the lumen (Fig. 3.2A). 

Ripe: The follicles are enlarged and filled oogonia and previtellogenic oocytes at the 
periphery. Pedunculate (vitellogenic) oocytes with large nucleus and nucleolus visible 
are attached to the follicle walls, and postvitellogenic oocytes (roundish or polygonal 
in shape) appear at centre of the lumen (Fig. 3.2B). 

Spawning: The number of free oocytes in the lumen is greatly reduced, some follicle 
walls are broken, and there is little connective tissue present (Fig. 3.2C). 

Spent: There are no signs of gametogenesis, the follicles are almost empty, with 
resorptive material and phagocytes surrounding free oocytes undergoing cytolysis 
(Fig. 3.2D). 

Hermaphrodite: Simultaneous hermaphroditism is a transition phase during sex 
reversal, in which the male and female sexual phases temporarily overlap in the same 
follicle. The spermatozoa that are still present while the new oogonial development 
occurs are residual and are either expelled or eventually undergo progressive 
regression and lysis (Fig. 3.2E). 
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3.2.3 Oocyte diameter 

Mean oocyte diameter was analyzed as a function of time. Using digitalized images 

from the histologic preparations (Olympus DP12 microscope digital camera), three 

follicles were randomly selected from all females in each collection period. The 

diameters of 20 of the most mature oocytes present within a follicle in which the 

nucleus was clearly visible were measured along the longest axis (Rose et al., 1990). 

From these data, mean oocyte size and standard error were obtained. A total of 49 

female oysters were sampled, including 48 females and one hermaphrodite (mean 5 

oysters/month), involving 2,940 oocytes.  

 

3.2.4 Sex ratio 

Female to male sex ratio of the sampled population was also calculated and examined 

as a function of time. For the analysis of changes in sex ratio, only the oysters within 

the size range where both sexes occur (i.e. >100 mm DVM) were used. Thus sex ratio 

was calculated using 188 oysters (mean 19 oysters/month), after 13 male oysters from 

the samples that were below 100 mm DVM were excluded.  

 

3.2.5 Water quality 

A datalogger (John Morris Scientific YSI 6600-V2 Sonde; John Morris Scientific, 61-

63 Victoria Avenue, Sydney, 2067) was used to record water temperature (ºC), 

chlorophyll a (µg/L) content and suspended particles as turbidity (Nephelometric 

Turbidity Units, or NTU) at Pioneer Bay, Orpheus Island, every 60 min, and means 

were calculated for the 5-6 week periods between each collection of oyster samples. 

The datalogger probe was wiped clean and the wiper sponge changed approximately 

every two weeks. 
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3.2.6 Data analyses 

One-way ANOVA and Tukey’s post-hoc tests were used to identify significant 

differences in mean oocyte diameter between each collection period. Oocyte data 

were checked for normality (Kolmogorov-Smirnov test) and homogeneity of variance 

(Levene’s test) prior to running ANOVAs. Sex ratio for each collection period was 

determined and examined for deviation from the expected ratio of 1:1 by χ2 analyses. 

Statistical analyses were performed with SPSS (IBM SPSS Statistics. Version 19) 

with p = 0.05. 

 

3.3 Results 

3.3.1 Gonad development 

A substantial portion of oysters began showing signs of gonad development during 

winter to early spring (from July through to September), after which increasing 

numbers of oysters in ripe and spawning stages appeared (Fig. 3.3). Signs of 

spawning activity were most prevalent during the mid-spring through summer period, 

from November to March. Within this extended period of spawning activity, there 

was an initial increase in the number of spent gonads (40%) in December, followed 

by a more pronounced peak in March (55%). By April, most oysters (71%) were 

spent. A quiescent phase in the spawning cycle was indicated by the higher numbers 

of inactive stage gonads, observed principally from June to August.  
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Figure 3.3 Relative frequency of gonad developmental stages of Pteria penguin. 

 

3.3.2 Oocyte diameter and water quality parameters 

The mean diameter of oocytes over the study period indicated that female gonads 

were not ripe with mature oocytes during the autumn-winter (April-July) (Fig. 3.4). 

Higher mean oocyte diameter values (30.2 ± 2.4 - 36.2 ± 3.2 µm) were observed 

during the peak in spawning activity from November 2008 - March 2009. Mean 

oocyte diameter was lowest in June (9.7 ± 3.9 µm), and increased from 22.2 ± 5.3 µm 

in August to 36.2 ± 3.2 µm in March, then fell sharply to 16.7 ± 4.5 in April. Oocyte 

diameter during January and March was significantly greater than in June and July (p 

< 0.05). Peaks in mean oocyte diameter in January and March coincided with highest 

mean monthly water temperatures (29.4 ± 0.1 ºC and 29.2 ± 0.1 ºC, respectively), and 

also with high levels of chlorophyll a (0.86 ± 0.04 to 1.17 ± 0.04 µg/L) and turbidity 

(1.53 ± 0.38 to 1.44 ± 0.22 NTU) (Fig. 3.5). The sharp reduction in oocyte diameter 
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observed from April to June coincided with a decline in water temperature from 29.2 

± 0.1 ºC in March to 23.9 ± 0.1 ºC in June. Lower levels of food availability were also 

recorded during this period; mean chorophyll a was 0.60 ± 0.02 to 0.58 ± 0.01 µg/L in 

April to June respectively, and mean turbidity was 0.57 ± 0.04 to 0.52 ± 0.02 NTU 

during the same period. 

 

0

5

10

15

20

25

30

35

40

45

Aug Sep Oct Nov Dec Jan Mar Apr Jun Jul

August 2008 - July 2009

Mean Oocyte Diameter (µm)

Mean Temperature (ºC)

 

 
 
Figure 3.4 Mean (± 1 SE) water temperature and oocyte diameter of Pteria penguin 
gonad samples collected at Orpheus Island. 
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Figure 3.5 Mean (± 1 SE) chlorophyll a and turbidity levels at Orpheus Island. (NTU 
= Nephelometric Turbidity Units).  
 

 

3.3.3 Seasonality of sex ratio 

The proportion of females and males varied throughout the year, with males always 

out-numbering females, except in December, when the proportion of females present 

in the sampled population peaked at 50% (Fig. 3.6). The percentage of females 

present was higher during October to March, concomitant with the rise of spawning 

activity described above, and lowest from April to August during the quiescent phase 

of the breeding cycle. Oyster gonads of indeterminate sex were present mainly during 

the quiescent phase in the breeding cycle, from June to August. The female to male 

sex ratio did not differ significantly from 1:1 for oysters collected from October 

through to March (p > 0.05), This was also the case for oysters collected in June, 
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however females in this period were in the spent stage. There was significant 

difference from a 1:1 sex ratio in August (χ2 = 5.333, p = 0.021), September (χ2 = 

5.000, p = 0.025), April (χ2 = 8.895, p = 0.003) and July (χ2 = 6.231, p = 0.013). 
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Figure 3.6 Temporal variation in the sex ratio of Pteria penguin. 

 

3.4 Discussion 

The results of this study provide evidence of seasonal spawning in P. penguin at 

Orpheus Island, as distinct active and quiescent phases were observed in the breeding 

cycle. This was expected, as reproduction in marine bivalves is known to be 

seasonally regulated by changing environmental conditions, particularly water 

temperature and food availability (Sastry, 1979; Mackie, 1984; Macdonald and 

Thompson, 1985b). Oocyte development in bivalves is a highly energy-dependant 
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process, which is often restricted to certain periods of the year with abundant food  

(Mackie, 1984). This is also true in pearl oysters (Saucedo and Southgate, 2008). In 

this study, there was significant intra-annual variation in oocyte size, indicating that 

seasonal and synchronous spawning had occurred. In P. penguin, the initiation of 

gonad development and oocyte growth coincided with increased water temperature 

and food availability after a winter respite. While there was evidence of reproductive 

activity occurring throughout the year in this region, the period of most intense 

spawning activity in both sexes was from November to March, synchronous with 

annual rises in water temperature, chlorophyll a concentration and levels of 

particulate matter. In females, spawning stage gonads were only observed from 

November to March, while in males spawning was also observed at lower levels 

throughout the year, except in June. 

 

Seasonal spawning activity observed in this study also correlates with observations of 

recruitment of P. penguin spat at this site, which peaks in the late summer, from 

February to April (Beer and Southgate, 2000). The duration of the larval life stages of 

pearl oysters and other bivalves is primarily determined by water temperature and 

food availability (Mackie, 1984; Saucedo and Southgate, 2008). Thus bivalve spat 

that are exposed to seasonally higher food concentrations and warmer temperatures 

grow significantly faster and develop more quickly to the pediveliger stage (Sastry, 

1979). Thus the expulsion of gametes to produce planktonic larvae at Orpheus Island 

during the spring-summer period when water temperature and food concentrations are 

high, exposes the progeny to seasonally favourable conditions that will ensure their 

rapid growth and survival.  
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In contrast to the spawning and recruitment patterns observed at Orpheus Island, 

spawning activity of female P. penguin in Thailand was found to be continuous all 

year round, where there was little variation recorded in water temperature (27-30 ºC) 

and salinity (30-32 ‰) throughout the year (Arjarasirikoon et al., 2004). The 

difference in the seasonal intensity of spawning activity between the two populations 

of P. penguin at varying distances from the equator reflects the influence of latitude 

on the timing of spawning in this species. In Thailand, the population displays a more 

opportunistic reproductive strategy, investing in gamete production and multiple 

spawning all year round from energy taken from food, while the Queensland 

population has adopted a more conservative strategy, investing in gonad development 

when seasonal conditions become favourable from July through to September and 

using energy previously stored in somatic tissues. Similar latitudinal differences in 

spawning cycles have been noted in other pearl oyster species (Table 3.3).  
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Table 3.3 Summary of spawning activity patterns for selected pearl oysters. 

 

Species Location Latitude Timing of spawning Reference 

Pteria penguin 
 

Thailand 
Vava’u,  Tonga 

11°S 
21°S 

Continuous, (peak from Jan-May) 
Highest in summer (Dec-Mar) 

(Arjarasirikoon et al., 2004) 
(Yamamoto and Tanaka, 1997) 

Pteria sterna 
 

Baja California 
Baja California 

24°N 
24°N 

Continuous, with peak in winter (Feb-March) 
Continuous, with peak in winter (Dec) 

(Cáceres-Martinez et al., 1992) 
(Monteforte et al., 1995) 

Pinctada albina 
 

Torres Strait 
N. Queensland 
New South Wales 

10°S 
18°S 
32°S 

Continuous, with peak in winter (Jun-Aug) 
Over nine months, with summer peak  (Jan-Feb) 
Spring-summer (Nov-Jan) 

(Tranter, 1958b) 
(Beer and Southgate, 2000) 
(O'Connor, 2002) 

Pinctada fucata 
 

Torres Strait 
Venezuela 
N. Queensland 
S. Queensland 
New South Wales 

10°S 
10°S 
18°S 
23°S 
32°S 

Continuous, (peaks in May-Aug and Jan-Mar)  
Continuous, (peaks in Aug and Feb) 
Over seven months, (peak in Feb-Mar) 
Early summer  (Nov-Jan) 
Summer-autumn (peak in Dec-Jan) 

(Tranter, 1959) 
(Jiménez et al., 2000) 
(Beer and Southgate, 2000) 
(Sumpton et al., 1990) 
(O'Connor and Lawler, 2004) 

Pinctada   
margaritifera 

Solomon Islands 
N. Queensland 

8º S 
18°S 

Continuous, peak in summer (Nov-Mar) 
Two cycles with peak in autumn (May-June) 

(Oengpepa et al., 2006) 
(Beer and Southgate, 2000) 
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Within the period of spawning activity observed from November to March, the initial 

rise in the number of spawning stage and spent stage gonads in December made up 

65% of the sample. These fell to 55% in January, followed by a more pronounced 

peak in March (90%), indicating fewer oysters had reached spawning condition early 

in the breeding season while a larger portion participated in reproductive activity later 

in the season. There was also a reduction in oocyte diameter in December, and a rise 

in frequency of oyster gonads in ripe stage from 10% in December to 25% in January. 

In some bivalve species, the time required to recuperate condition between spawning 

events is very brief and gametogenesis begins immediately after spawning 

(Loosanoff, 1942; Ansell, 1961). Given that the environmental conditions favouring 

spawning activity continue over approximately five months at Orpheus Island, it is 

probable that this allows enough time for oysters that spawn early in the season to 

recuperate condition in time for a second spawning before the end of the season.  

 

In this study, the observed variations in sex ratio coincided with seasonal variations in 

water temperature and food availability. The percentage of female oysters was highest 

during the spring/summer period, when food concentrations were highest and mean 

monthly water temperature rose from 25.7 to 29.4 °C. Female frequency was lowest 

during the cooler autumn/winter months, when food concentrations were also lowest. 

Long-term studies undertaken in the Great Barrier Reef showed that chlorophyll a and 

nutrient concentration levels in this region show regular annual fluctuations, with 

higher food availability during the spring-summer months. Nutrients typically peak in 

March-April and decrease by 10-50% in August-September (De'ath, 2007).  
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The seasonal variation in sex ratio of P. penguin in this region may be a seasonally-

adapted reproductive behaviour, which was hypothesized by Tranter (Tranter, 1958a) 

to be a changing of sexual phase in concordance with their nutritional condition, 

which in turn is largely determined by changes in local environmental factors. While 

this view holds considerable tacit consensus in the literature, the mechanisms 

underlying the physiological processes involved in relation to environmental changes 

are not yet clearly understood (Sastry, 1979, Saucedo and Southgate, 2008). In this 

context, it is interesting to compare the sex ratio of females to males collected in our 

study over one year (0.34:1) with that found in Thailand (1:1), where seasonal 

environmental conditions change very little throughout the year (Arjarasirikoon et al., 

2004). Cases of simultaneous hermaphroditism in pearl oysters are rarely observed, as 

this condition occurs briefly during the period of transition from one sex to the other 

(Saucedo and Southgate, 2008). Two cases of this condition observed in P. penguin at 

Orpheus Island were collected in November (one in this study and one previously), 

during the period of seasonally favourable conditions for oocyte development, i.e. the 

annual rise in food availability and water temperature. 

 

In the field of pearl oyster reproductive biology, the question of changes in the sex 

ratio of populations remains an unresolved issue. A number of studies have shown 

that the number of females in pearl oyster populations tends to increase with size, and 

repeated sex changes are believed to occur within individual pearl oysters over time. 

However, the dynamics of sex change within populations is not well understood in 

terms of the number of sex changes that may occur in individual oysters across their 

life span, the frequency with which these changes may occur over time, and how they 

are influenced by various environmental factors, and finally, how these issues can 
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interpreted in terms of an overall reproductive strategy. The development of a biopsy 

method which could successfully sample gonad histology without adversely affecting 

the normal physiological processes in these animals would be a first step in this 

regard.  

 

The findings of this study have industry applications for ascertaining the optimum 

period for spat collection and sampling stock for seed production, and determining 

appropriate timing for insertion of pearl nucleus implants. There are often inter-annual 

variations in the timing and duration of spawning activity reported for pearl oysters. 

However, based on the results of this study, to maximize spawning success and larval 

survival, spawning trials and spat collection are recommended during November to 

March for P. penguin in north-eastern Queensland. 
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CHAPTER 4 

Seasonal changes in recruitment of Pteria penguin 3 

 

4.1 Introduction 

A reliable supply of spat (wild or cultured) is required for the commercial culture of 

bivalves. It is therefore useful to investigate the status of natural stocks in an area, the 

spatial and temporal distribution of spat, and the possible preferences of spat for 

certain collector materials, prior to setting up extensive culture operations (Gosling, 

2003). Collectors materials used for monitoring spat recruitment vary depending on 

the species to be collected and the traditional methods of collection in specific areas 

(Gervis and Sims, 1992). Apart from their effectiveness as settlement substrate, spat 

collector materials can also be evaluated in terms of availability, durability, potential 

for re-use, cost and the effort required to clean them of fouling (Vakily, 1989).  

 

Little is known about the recruitment patterns and substrate preferences of P. penguin 

in Australian waters. Beer and Southgate (2000) reported that recruitment of P. 

penguin at Orpheus Island extended from December to June, with a peak in early 

autumn (March to April), while in the Vava’u Islands in Tonga, recruitment of P. 

penguin peaks in summer, from December to March (Yamamoto and Tanaka, 1997). 

Settlement of P. penguin spat at Orpheus Island was significantly higher on spat 

collectors placed at 6 m depth compared with 2 m, and many of the spat recorded 

were observed to have settled on the outer surface of mesh bags (Beer and Southgate, 

2000).  

                                                 
3 Data in this Chapter are published in the Journal of Shellfish Research (2011) 30: 
89-94. See Appendix 1. 
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Gervis and Sims (1992) stated that P. penguin spat are often found on the outside, 

rather than the inside of collector bags, suggesting a preference for access to free 

flowing water. In addition, hatchery trials have indicated that P. penguin prefer to 

settle on dark materials or on the underside of materials, suggesting negative 

phototaxy at settlement (Gervis and Sims, 1992). 

 

This study investigated the timing of recruitment and abundance of P. penguin spat 

over successive breeding seasons, as significant variability in yearly recruitment 

patterns at specific sites has been reported in other pearl oysters, e.g. for P. sterna 

(Monteforte and Aldana, 1994), Pi. imbricata (O'Connor and Lawler, 2004), Pi. 

maxima (Hart and Joll, 2006) and Pi. margaritifera (Oengpepa et al., 2006). Spat 

preferences for specific substrate materials have also been demonstrated, e.g. P. 

sterna (Monteforte et al., 1995), Pi. maxima (Taylor et al., 1998), Pi. martensii (Su et 

al., 2007), Pi. mazatlanica (Saucedo et al., 2005), and Pi. margaritifera (Friedman et 

al., 1998). Further investigation of the effect of depth on recruitment at Orpheus 

Island is also useful, as significant differences in levels of recruitment between 1 and 

2 m intervals have been reported for P. sterna (Cáceres-Martinez et al., 1992; 

Monteforte et al., 1995). In this study, the sampling program was conducted over 27 

months to assess the temporal variation in abundances of P. penguin spat at Orpheus 

Island. In particular, it focused on the time of year when spat are most abundant over 

three successive reproductive cycles, and tested the suitability of two collector 

substrate materials (shade cloth and mesh bags) and two depths (4 m and 6 m) for 

collecting spat.  
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4.2 Materials and Methods 

4.2.1 Study site 

The study was carried out at James Cook University’s Research Station at Pioneer 

Bay, Orpheus Island, north-eastern Queensland over 27 months, from February 2008 

to April 2010. The study was conducted on a floating long-line in Pioneer Bay, 

situated 50 m from a reef flat with depth underneath of 10-13 m.  

 

4.2.2 Spat collection 

Two collector types were used: 1) 40 × 70 cm mesh bags, and; 2) 40 × 70 cm sheet of 

70% shade cloth. Five replicates were deployed at each depth for both treatments. 

Twenty spat collectors were attached at 2 m intervals along the longline, ten at each 

depth of 4 m and 6 m. The collectors were attached to a 7 m length of 12 mm 

polypropylene rope, which was weighted at the end. Spat were harvested from 

collectors as close as possible to 45-day intervals, corresponding to eight collection 

periods yearly: (1) February to March, (2) March to April, (3) May to June, (4) June 

to July, (5) August to September, (6) September to October, (7) November to 

December, and (8) December to January. Dorso-ventral measurement (DVM) was 

recorded for spat to the nearest 0.1 mm at harvest using calipers. DVM is the greatest 

dorso-ventral distance measured at a right angle to the hinge line (Hynd, 1955). 

 

4.2.3 Data analyses 

Due to insufficient numbers and multiple zero values for sampling periods when there 

was no recruitment, the spat recruitment data did not meet the assumptions of 

heterogeneity of variance and normality required for parametric analysis. Therefore 

non-parametric tests were used. Mann-Whitney tests were used to examine the 
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variation in abundance of spat in relation to substrate and depth, and Kruskal-Wallis 

test was used to examine the variation in abundance of spat in relation to time periods, 

with p set at ≤ 0.05. For post-hoc analyses, Mann Whitney tests were used to identify 

significant variations between groups, with p set at ≤ 0.017, in order to correct for the 

possibility of Type 1 error (Olejnik et al., 1997). All tests were carried out using SPSS 

Version 16.   

 

4.3 Results 

A total of 201 P. penguin spat were collected during the course of the study. Of these, 

101 were collected on shade cloth and 100 on mesh bags; 81 were collected at 4 m 

and 120 at 6 m. Mean DVM of collected spat was 5.9 ± 1.5 mm, and they ranged in 

size from 3.3 to 12.5 mm DVM.  

 

4.3.1 Seasonal recruitment trends 

Recruitment of P. penguin showed distinct seasonal trends, in which the rise and fall 

of recruitment abundance coincided with changes in monthly water temperature (Fig. 

4.1). Mean recruitment per collector was highest from February-March (2.5 ± 0.7) in 

2008 and (2.6 ± 0.6) in 2009. In 2010, there was a smaller recruitment peak (0.9 ± 

0.3), which occurred earlier, in December-January. Recruitment differed significantly 

between the eight collection periods (Kruskal-Wallis: χ2 = 119.924, N = 360, d.f. = 7, 

p < 0.05). Post-hoc pairwise comparisons analysis of collection periods showed that 

Dec-Jan and Feb-Mar did not differ significantly (Mann-Whitney: U = 1154.0, N = 

100, p > 0.05), but recruitment in these periods was significantly higher than in all  
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other collection periods (Mann-Whitney p < 0.001 for all tests). There was significant 

difference in mean recruitment ranks for the three successive annual recruitment 

peaks in Feb-Mar 2008, Feb-Mar 2009, and Dec-Jan 2010 (Kruskal-Wallis: χ2 = 

6.881, N = 60, d.f. = 2, p < 0.05). 
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Figure 4.1 Mean (± 1 SE) recruitment and temperature for Pteria penguin spat 
collected over 27 months at Orpheus Island. 
 
  

4.3.2 Collector substrates and depth 

On the whole, there were no discernable differences in recruitment patterns between 

the two substrate types tested. Overall mean recruitment was 0.6 ± 0.9 for mesh bags, 

and 0.6 ± 0.1 for shade cloth (Fig. 4.2A). The highest mean recruitment recorded (4.0 
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± 1.1) was on mesh bag substrate in February to March, 2008, while the highest 

recorded for shade cloth substrate was (2.8 ± 1.1) in February to March, 2009. 

Differences in recruitment between substrate types were not significant (Mann-

Whitney test: U = 15124.5, p > 0.05). Mean recruitment between depths was 

frequently higher at 6 m than at 4 m (Fig. 4.2B). Mean recruitment per collector at 6 

m was 0.7 ± 0.1, and 0.5 ± 0.1 at 4 m. The highest mean recruitment recorded (3.7 ± 

1.0) was at 6 m in February-March 2009, while the highest at 4 m (2.3 ± 0.9) was in 

February-March 2008. Differences in recruitment between depths were not significant 

(Mann-Whitney test: U = 15487.5, p > 0.05). 

 



 92 

0

1

2

3

4

5

6

FM MA MJ JJ AS SO ND DJ FM MA MJ JJ AS SO ND DJ FM MA

M
ea

n 
re

cr
ui

tm
en

t /
 c

ol
le

ct
or

Shade cloth (n = 160)

Mesh bag    (n = 160)

0

1

2

3

4

5

FM MA MJ JJ AS SO ND DJ FM MA MJ JJ AS SO ND DJ FM MA
February 2008 - April 2010

M
ea

n 
re

cr
ui

tm
en

t /
 c

ol
le

ct
or

4m (n = 160)

6m (n = 160)

A

B

0

1

2

3

4

5

6

FM MA MJ JJ AS SO ND DJ FM MA MJ JJ AS SO ND DJ FM MA

M
ea

n 
re

cr
ui

tm
en

t /
 c

ol
le

ct
or

Shade cloth (n = 160)

Mesh bag    (n = 160)

0

1

2

3

4

5

FM MA MJ JJ AS SO ND DJ FM MA MJ JJ AS SO ND DJ FM MA
February 2008 - April 2010

M
ea

n 
re

cr
ui

tm
en

t /
 c

ol
le

ct
or

4m (n = 160)

6m (n = 160)

0

1

2

3

4

5

6

FM MA MJ JJ AS SO ND DJ FM MA MJ JJ AS SO ND DJ FM MA

M
ea

n 
re

cr
ui

tm
en

t /
 c

ol
le

ct
or

Shade cloth (n = 160)

Mesh bag    (n = 160)

0

1

2

3

4

5

FM MA MJ JJ AS SO ND DJ FM MA MJ JJ AS SO ND DJ FM MA
February 2008 - April 2010

M
ea

n 
re

cr
ui

tm
en

t /
 c

ol
le

ct
or

4m (n = 160)

6m (n = 160)

A

B

 

 
 
Figure 4.2 Mean (± 1 SE) recruitment of Pteria penguin spat collected between (A) 
shade cloth and mesh bag substrate and (B) 4 m and 6 m depth. 
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4.4 Discussion 

Overall, the results support previous reports of a distinct recruitment season for P. 

penguin in north Queensland (Beer and Southgate, 2000) and in Tonga (Yamamoto 

and Tanaka, 1997) (Table 4.1). Water temperature and its variation with latitude is 

known to have an important influence on the timing of sexual development and 

spawning in bivalves (Sastry, 1979). Pearl oysters in temperate regions generally 

show more discrete spawning seasons in the warmer summer months, while those in 

the tropics, where there is reduced variation in water temperature throughout the year, 

generally show multiple spawning peaks of varying intensity during the whole year 

(Saucedo and Southgate, 2008). A number of studies have shown that intraspecific 

reproductive cycles become shorter with increasing latitude for a range of pearl oyster 

species, e.g. P. sterna (Cáceres-Martinez et al., 1992; Saucedo and Monteforte, 

1997a; Hernández-Olalde et al., 2007), Pi. fucata (Wada et al., 1995; Behzadi et al., 

1997; Choi and Chang, 2003; O'Connor and Lawler, 2004), Pi. maxima (Rose et al., 

1990; Joll, 1994), Pi. albina (O'Connor, 2002), and Pi. mazatlanica (Saucedo and 

Monteforte, 1994; Garcia-Dominguez et al., 1996).  

 

There is comparatively little published literature on the reproductive activity of P. 

penguin. However, one study showed there were continuous partial spawnings 

throughout the year for this species in Thailand, and this was attributed to the close 

proximity of the study site to the equator (7º N), where mean monthly water 

temperature ranged between 26.8-30 ºC (Arjarasirikoon et al., 2004). In this study and 

in a prior study (Beer and Southgate, 2000) at Orpheus Island (18° S), where annual 

water temperature ranges between 21-30 ºC (AIMS, 2011), more discrete patterns of 

spat recruitment were observed. Annual recruitment of P. penguin at Orpheus Island 
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extended from November to June, with a peak in late summer (February-March), 

coinciding with mean water temperatures between 28-29 ºC. These dates were earlier 

than those previously reported by Beer and Southgate (2000), in which recruitment 

commenced in December and peaked in March-April. Overall these findings support 

the notion of shorter reproductive period with increasing latitude. Observations of 

shorter periods of spat recruitment for Pi. fucata and Pi. albina at Orpheus Island 

(Beer and Southgate, 2000) compared with populations further north in Torres Strait 

(10° S) (Tranter, 1958a; Tranter, 1959) also support of this view.  

 

Despite this, there is also ample evidence of spawning activity in pearl oysters 

continuing throughout the year, at some low level in most species, even in temperate 

zones, e.g. for P. sterna (24 °N) (Cáceres-Martinez et al., 1992; Monteforte et al., 

1995; Saucedo and Monteforte, 1997a), Pi. fucata (26 °N) (Wada et al., 1995; 

Behzadi et al., 1997), Pi. maxima (18 °S) (Rose et al., 1990), ad Pi. mazatlanica (24 

°N) (Garcia-Dominguez et al., 1996; Saucedo and Monteforte, 1997a). This is also 

true for P. penguin. Even though there was no recruitment of spat recorded in the 

winter to spring period (July-October) in this study, small numbers of spat were found 

on culture nets on the long-line during this period, which suggests that the spat 

collectors may not reflect small pulses in recruitment. This could probably be 

addressed by increasing the number of spat collectors in such studies. 

 

The results also showed that peak spatfall was significantly lower in 2010 and 

occurred earlier (December-January) than in 2008-09. Two successive recruitment 

peaks were recorded in February-March 2008 and in February-March 2009, while in 

2010 a smaller peak was recorded earlier, in December-January. The deviation from 
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the expected pattern of high recruitment in February-March was apparently influenced 

by severe storms generated by tropical cyclone Olga in late January to early February 

2010 (BOM, 2010). During this period, inclement weather also affected oyster 

growth, as mean monthly increase in DVM slumped simultaneously in three separate 

culture populations of P. penguin held at Orpheus Island and nearby at Cape Ferguson 

and Horseshoe Bay at Magnetic Island (see Chapter 6). 

 

Inter-annual variations in the timing and duration of spatfall, and in the total 

abundance of spat between years have been commonly reported for pearl oysters. The 

start and duration of the main spatfall season of P. sterna at Baja California varied 

from one year to another with differences of 1-3 months (Monteforte et al., 1995). 

Mean spatfall of Pi. imbricata at Port Stephens, NSW, fell from 453 per collector in 

1998, to 20 spat per collector in the following year (O'Connor and Lawler, 2004). 

Similar variability has also been reported for P. penguin in Tonga (Yamamoto and 

Tanaka, 1997), Pi. margaritifera in the Solomon Islands (Oengpepa et al., 2006), P. 

maxima in Western Australia (Hart and Joll, 2006) and Pi. fucata in Torres Strait 

(Tranter, 1959). These findings highlight the fact that while spat collection studies 

provide useful information about when peak spat fall is likely to occur, the timing and 

abundance of spatfall may vary annually due to environmental conditions, or other 

factors such as mortality through predation, or inadequate settlement surfaces.  
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Table 4.1 Summary of spat recruitment patterns for selected pearl oysters. 

Species Location   Latitude Timing of spatfall Reference 

Pteria penguin N. Queensland 
Tonga 

18°S 
21°S 

From Dec-Jun, with peak in late summer (Mar-
Apr) 
Highest in summer (Dec-Mar) 

(Beer and Southgate, 2000) 
(Yamamoto and Tanaka, 1997) 

Pteria sterna Baja California 
Baja California 

24°N 
24°N 

Continuous, with peak in winter (Feb-Mar) 
Continuous, with peak in winter (Dec) 

(Cáceres-Martinez et al., 1992) 
(Monteforte et al., 1995) 

Pinctada albina Torres Strait 
N. Queensland 
New South Wales 

10°S 
18°S 
32°S 

Continuous, with peak in winter (Jun-Aug) 
Over nine months, with summer peak  (Jan-Feb) 
Spring-summer (Nov-Jan) 

(Tranter, 1958a) 
(Beer and Southgate, 2000) 
(O'Connor, 2002) 

Pinctada fucata Torres Strait 
Venezuela 
N. Queensland 
S. Queensland 
New South Wales 

10°S 
10°S 
18°S 
23°S 
32°S 

Continuous, with peaks in May-Aug and Jan-Mar 
Continuous, with peaks in Aug and Feb 
Over seven months, with peak in Feb-Mar 
Early summer  (Nov-Jan) 
Summer-autumn with peak in Dec-Jan 

(Tranter, 1959) 
(Jiménez et al., 2000) 
(Beer and Southgate, 2000) 
(Sumpton et al., 1990) 
(O'Connor and Lawler, 2004) 

Pinctada margaritifera Solomon Islands 
N. Queensland 

 8º S 
18°S 

Continuous with  peak in summer (Nov-Mar) 
Two cycles with peak in autumn (May-June) 

(Oengpepa et al., 2006) 
(Beer and Southgate, 2000) 
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The highest mean recruitment per collector we recorded was (4.0 ± 1.1) for mesh bags 

in Feb-Mar 2008, somewhat lower than the highest mean per collector (46.2 ± 6.7) 

reported for P. penguin in March-April 1995 (Beer and Southgate, 2000). However, 

catches of spat between the two studies are not strictly comparable, since collector 

types differed and the previous study included microscopic analysis of the fouling 

material removed from the collectors. Beer and Southgate (2000) did not test substrate 

materials as treatments, but used a combination of pieces of shadecloth placed inside 

mesh bags. Mesh bags filled with synthetic materials are commonly used for spat 

collection, the idea being that if spat detach from the collector substrate inside, they 

are then retained within the bag, and spat inside the bag are also protected from 

predatory fish (Monteforte and Garcia-Gasca, 1994). On the other hand, it is also 

contended that mesh bags tend to become colonized by predators such as xanthid and 

portunid crabs, predatory gastropods, turbellarid flatworms and spionid polychaetes, 

leading to higher mortality of spat (Monteforte and Garcia-Gasca, 1994; Monteforte et 

al., 1995; Friedman and Bell, 2000). 

 

Studies testing different kinds of spat collectors to determine the most effective 

methods for spat collection have compared substrate materials, including: PVC slats, 

polypropylene rope, and monofilament nylon (Taylor et al., 1998), smooth and rough-

textured plastic sheets (Su et al., 2007), shadecloth and plastic strips (Friedman et al., 

1998), fishing net, mosquito net, mesh bags and shade cloth (Sumpton et al., 1990), 

and chivato bush, palm leaves and mesh bags (Monteforte et al., 1995). The results 

have either been inconclusive or are highly species-specific, so that no universally 

accepted collection method has emerged from these studies. P. penguin are reported 

to prefer settling on the outside of collector bags, but it is unclear whether this is due 
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to a preference for the mesh bag substrate, or whether it reflects a preference for 

greater water flow, as has been suggested (Gervis and Sims, 1992). Pearl oyster spat 

have also been observed to settle on adult shells, e.g. Pi. maxima (Takemura and 

Okutani, 1955; Hart and Joll, 2006) and Pi. margaritifera (Sims, 1993). P. penguin 

spat in this study were also frequently found on the shells of adult P. penguin, thus 

adult culture stocks should also be utilized as a means of spat collection. 

 

There was no significant difference in recruitment between the two substrates used in 

this study. However, during the peak reproductive seasons we observed crabs, 

flatworms and amphipods to be present inside the mesh bags, which may have 

affected the number of spat counted. We also found that pieces of shade cloth were 

more durable than the mesh bags, which often became frayed and had to be replaced 

during the course of the experiment. The mesh bags were also more difficult to clean 

and to inspect for spat than the shade cloth, which we recommend for similar studies. 

Our results also showed that recruitment did not differ significantly between depths of 

4 m and 6 m, despite higher recruitment being earlier reported at this site at 6 m depth 

compared with 2 m (Beer and Southgate, 2000). Therefore broadening the range of 

suspension depth of collectors to commence from 4 m would increase recruitment 

yield at this site.  

 

In summary, this study has shown that spat recruitment at Orpheus Island occurs 

mainly between November and April, with a peak in February to March. Shade cloth 

(70%) is an effective and relatively inexpensive substrate material, which is less prone 

to colonization by predators than mesh bags, and is easier to clean and inspect for 
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spat. Collectors at Orpheus Island should be submersed at 4 m depth or greater to 

maximize the yield of spat. 
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CHAPTER 5 

Environmental conditions and culture method effects on growth and survival of  

juvenile Pteria penguin 4 

 

5.1 Introduction 

Developing optimal culture methods which maximize growth and survival in juvenile 

pearl oysters reduces the time required for them to reach operable size for pearl 

production. Juvenile pearl oysters are commonly collected from the wild using spat 

collectors and then placed into nursery culture units with the appropriate size mesh to 

retain the spat and protect them from predators (Wada, 1991).  

 

A range of environmental factors influence pearl oyster growth and survival, 

including water temperature, food availability, salinity and biofouling (DeNys and 

Ison, 2008; Lucas, 2008a; Saucedo and Southgate, 2008). Fouling organisms and the 

accumulation of silt and detritus gradually limit water flow through culture units by 

blocking the surface perforations over time, and water flow influences growth because 

it is linked to food availability and the removal of wastes (Wilson, 1987; Brown and 

Hartwick, 1988). In addition, the fouling organisms are often filter feeders themselves 

and thus compete with the oysters for food and reduce the level of available oxygen 

(Wallace and Reinsnes, 1985; Claereboudt et al., 1994).  

 

Growth and survival of juvenile pearls oysters may also be influenced by site 

conditions (Nasr, 1984; Taylor et al. 1997b; Pouvreau and Prasil, 2001), culture unit 

                                                 
4 Data in this Chapter has been accepted for publication in the Journal of Shellfish 
Research (2011) 30: 223-229. See Appendix 1. 
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(Southgate and Beer, 2000), suspension depth (Smitasiri et al., 1994; Lodeiros et al., 

2002; Kanjanachatree et al., 2003), cleaning regimen (Friedman and Southgate, 1999; 

Monteforte and Morales-Mulia, 2000), and stocking density (Monteforte et al., 2005).  

 

Information relating to culture methods for P. penguin is scarce, and until recently, 

pearl culture from this species was based on wild-collected adult oysters (Southgate et 

al., 2008). This study investigates the efficacy of several nursery culture methods for 

promoting growth and survival of juvenile P. penguin. In particular, two dissimilar 

sites (an offshore coral reef and a coastal mud flat zone) were compared, as well as 

three commonly used culture unit types (plastic mesh trays, panel (pocket) nets and 

pyramidal pearl nets) and two suspension depths (3 m and 6 m). 

 

5.2 Materials and Methods 

5.2.1 Study sites 

This study was conducted at two sites in north Queensland, Australia (Fig. 5.1). The 

first was James Cook University’s Research Station at Pioneer Bay, a natural habitat 

of P. penguin on the leeward side of the Orpheus Island. The study was conducted on 

a floating long-line situated 50 m from the edge of a fringing coral reef with a depth 

underneath of 10-13 m and a coral and rubble substrate. The second site was the 

wharf at the Australian Institute of Marine Science at Cape Ferguson, situated in a 

sheltered bay on the coast, 50 km south of Townsville. Water depth at the wharf is 

between 3-6 m. Cape Ferguson sits within Bowling Green Bay, an extensive area of 

coastal mangroves and mudflats, with high levels of active silt deposition from 

terrestrial discharges, particularly during periods of intense rainfall in the summer, 

from November to May (QPWS, 2000).   
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Figure 5.1 Locations of the two sites used for culture of Pteria penguin in this study. 
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5.2.2 Experimental design 

Juvenile oysters used in this research naturally recruited to spat collectors and ropes 

on the long-line at Pioneer Bay. The experiment was conducted over six-months, from 

May to October 2009. Oysters were held in three culture unit types commonly used in 

the cultured pearl industry (Southgate, 2008): 1) panel (pocket) nets, which consisted 

of a powder-coated steel frame (90 × 40 cm), covered with 1 cm2  polyethylene mesh 

sewn to form 15 pockets per net; 2) perforated (1 cm2) plastic mesh trays (55 × 30 × 

100 cm); and 3) pyramid-shaped pearl nets covered with 0.5 cm2 mesh, with base 15 

× 15 cm. Oysters at Pioneer Bay were suspended at two depths (3 m and 6 m), and 

oysters at Cape Ferguson at 3 m only. During the experiment, all oysters at both sites 

were cleaned and growth and survival rates were recorded after three months and 

again at the end of the experiment after six months. Fouling organisms were removed 

from the shells, which were brushed clean.  

 

A total of 276 oysters were randomly divided into two groups; 190 were used at 

Pioneer Bay and 86 at Cape Ferguson. Growth measures recorded were: (1) whole 

weight (WW) of the animal to the nearest 0.1 g; (2) dorso-ventral measurement 

(DVM); (3) antero-posterior measurement (APM); and (4) shell thickness (ST) to the 

nearest 0.1 mm using calipers (Hynd, 1955). At Pioneer Bay there were ten replicates 

(five at each depth) for each of the three culture unit types (panel nets, trays and pearl 

nets), with 5-7 oysters per replicate (n = 190), with mean initial DVM of 28.0 ± 0.6 

mm, APM 46.9 ± 0.8 mm, ST 8.9 ± 0.2 mm, and WW 4.0 ± 0.2 mm. At Cape 

Ferguson five replicates for each culture unit contained 5-7 oysters (n = 86), with 

mean initial DVM of 28.0 ± 0.6, APM 42.4 ± 0.7 mm, ST 8.8 ± 0.2 mm, and WW 3.4 

± 0.2 mm. Fouling (including living organisms as well as accumulated silt and 
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detritus) was recorded by weighing each culture unit before the experiment and again 

after three months and at the end of the experiment. Culture units were weighed after 

oyster removal and drying in the sun. Due to the variation in size and shape of the 

various culture units, fouling was expressed on the basis of dry weight per unit 

surface area (i.e. mg/cm2). Water temperature data at Pioneer Bay recorded during the 

experiment period was provided by The Australian Institute of Marine Science 

(AIMS, 2011). 

 

5.2.3 Data analyses 

Multiple ANOVAs were performed to determine the significance of culture unit, 

depth and site on growth, survival and level of fouling. For Pioneer Bay data, 

differences in growth of oysters between culture units and depths, and differences in 

fouling and survival between culture units and depths was tested with two-way 

ANOVAs. Tukey’s post-hoc test was used to determine significant differences 

between culture units. All data were checked for normality (Kolmogorov-Smirnov 

test) and homogeneity of variance (Levene’s test) prior to running ANOVAs. Survival 

percentage data at Pioneer Bay was arcsin-sqrt transformed to achieve normality. 

Survival data from Cape Ferguson did not meet the assumptions of normality and 

homogeneity of variance, therefore non-parametric Kruskal-Wallis analysis was used 

to test for differences between mean ranks of survival. All statistical analyses were 

undertaken in SPSS (SPSS Inc. Version 19) with p = 0.05. 
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5.3 Results 

5.3.1 Growth 

For oysters at Pioneer Bay, overall mean DVM increase at the end of the experiment 

was 26.6 ± 0.9 mm, while at Cape Ferguson, mean DVM increase was 32.6 ± 2.4, 

corresponding to an overall monthly growth rate of 4.4 mm month-1 at Pioneer Bay 

and 5.4 mm month-1 at Cape Ferguson. Mean increase for almost all of the growth 

parameters were higher in the second measurement period (Table 5.1). ANOVA 

analysis showed growth increase for all parameters were significantly higher at Cape 

Ferguson: DVM (F = 15.652, df = 1, p < 0.001), APM (F = 5.811, df = 1, p < 0.05), 

ST (F = 47.155, df = 1, p < 0.001) and WW (F = 20.650, df = 1, p < 0.001).  

 

Table 5.1 Mean (± 1 SE) increases in DVM (dorso-ventral measurement, mm); APM 
(antero-posterior measurement, mm); ST (shell thickness, mm) and WW (whole 
weight, g) in Pteria penguin cultured over two consecutive three-month periods. 
(Means for Pioneer Bay are for both depths combined). 
 

Site Period DVM APM ST WW 

Pioneer  
Bay 

May-Jul 12.0 ± 0.9 15.4 ± 1.0 2.5 ± 0.3 6.3 ± 0.4 
Aug-Oct 13.7 ± 0.7 13.0 ± 1.0 3.7 ± 0.2 9.7 ± 0.5 
Total 26.6 ± 0.9 29.6 ± 1.2 6.7 ± 0.3 16.5 ± 0.7 

      
Cape  
Ferguson 

May-Jul 14.3 ± 1.0 14.4 ± 1.1 4.3 ± 0.3 9.1 ± 0.6 
Aug-Oct 18.2 ± 1.8 19.9 ± 2.5 5.5 ± 0.4 14.1 ± 2.0 
Total 32.6 ± 2.4 34.0 ± 2.9 9.7 ± 0.5 23.0 ± 2.1 

 

At Pioneer Bay, mean DVM increase of oysters held in trays (30.1 ± 0.9 mm) and 

pearl nets (28.6 ± 1.2 mm) did not differ significantly, but both were significantly 

greater than the mean DVM increase of oysters held in panel nets (21.4 ± 1.0 mm) (F 

= 10.957, df = 2, p < 0.001). Mean APM increase of oysters in trays and pearl nets 

was significantly higher than that of oysters in panel nets (F = 14.825, df = 2, p < 
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0.001), and APM increase of oysters in trays was significantly higher than for oysters 

in pearl nets (Tukey, p < 0.05). Culture units had no effect on ST and WW, and depth 

had no effect on any of the growth parameters (Fig. 5.2A).  
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Figure 5.2 Mean (± 1 SE) increases in dorso-ventral measurement (DVM, mm),  
antero-posterior measurement (APM, mm), shell thickness (ST, mm) and whole 
weight (WW, g) of juvenile Pteria penguin cultured over six months (May-October 
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2009) in north-eastern Australia; (A) at Pioneer Bay, (B) at Cape Ferguson. Different 
letters above columns denote significant differences in growth between culture units. 
 
At Cape Ferguson, culture unit had a significant effect on increases in all growth 

parameters; DVM (F = 65.917, df = 2, p < 0.001), APM (F = 25.290, df = 2, p < 

0.001), ST (F = 11.363, df = 2, p < 0.01) and WW (F = 25.612, df = 2, p < 0.001) 

(Fig. 5.2B). Growth increases for all parameters were significantly higher for oysters 

in trays compared with those in pearl nets and panel nets, while DVM and APM 

increases were significantly higher in oysters held in pearl nets than those in panel 

nets (Tukey, p < 0.05). Oysters held in trays at Cape Ferguson had significantly 

higher increases in DVM, APM, ST and WW than oysters in trays at Pioneer Bay (p ≤ 

0.001), but there were no significant differences for these variables between sites in 

panel nets, while oysters held in pearl nets between sites differed only in ST (F = 

19.990, df = 1, p < 0.01). At both sites, the migration of oysters in the panel nets 

caused some to become wedged between the net fibres and their shells were deformed 

as a result, while many of the oysters held loosely in trays and pearl nets had aligned 

themselves into aggregations (Fig. 5.3). 

 
 

A BA B
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Figure 5.3 (A) Pteria penguin juvenile held in panel net, with shell deformity on 
ventral shell margin, and (B) an aggregation of P. penguin juveniles held in three-
dimensional tray culture unit. 
 

5.3.2 Survival 

Mean survival of oysters at Pioneer Bay was 79.4%, (76.3% ± 5.7 at 3 m and 82.5% ± 

4.7 at 6 m), compared with 96.5% at Cape Ferguson, and was significantly higher at 

the latter (Kruskal-Wallis test, λ = 9.387, df = 1, p < 0.05). There were no significant 

differences in survival at Pioneer Bay between culture units (two-way ANOVA, F = 

0.600, df = 2, p > 0.05) or depths (two-way ANOVA, F = 0.993, df = 1, p > 0.05). 

Similarly, differences in survival between culture units at Cape Ferguson were not 

significant (Kruskal-Wallis, λ = 1.267, df = 2, p > 0.05).  

 

5.3.3 Fouling 

At Pioneer Bay, fouling organisms included red algae, Laurencia sp., boring sponges 

(Cliona sp.), bivalve spat (predominantly Electroma sp.), feather stars (Comaster sp.), 

brittle stars, bryozoans, annelid worms, polychaetes, sea urchins and flatworms. The 

three-dimensional culture units (trays and panel nets) additionally contained xanthid 

crabs, fishes, mantis shrimp and gastropods (Conus sp.). By comparison, fouling at 

Cape Ferguson consisted mainly of fine silt and detritus, with some bryozoan 

infestation. Thus, the culture units and the oysters at this site were much easier to 

clean.  

 

Fouling at Pioneer Bay averaged 32.7 ± 2.1 mg dry weight/cm2 for all combined 

treatments, compared with 27.8 ± 1.9 at Cape Ferguson (Table 5.2). Two-way 

ANOVA showed culture unit at Pioneer Bay had an effect on fouling (F = 7.780, df = 

2, p < 0.01). Fouling on trays (41.6 ± 6.7) was significantly higher than on pearl nets 
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(30.4 ± 5.6) and panel nets (26.0 ± 4.8) (Tukey, p < 0.05), while fouling on pearl nets 

and panel nets did not differ significantly. Fouling was greater at 3 m (35.4 ± 3.5), 

compared with 6 m (29.9 ± 2.4) although the difference was not significant (F = 

2.764, df = 1, p > 0.05). At Cape Ferguson, culture unit had no effect on fouling (One-

way ANOVA: F = 0.770, df = 2, p > 0.05) and site did not affect fouling in pearl nets 

and panel nets (p > 0.05). However, fouling in trays at Pioneer Bay (49.9 ± 4.2) was 

significantly higher than that in trays at Cape Ferguson (26.9 ± 1.9) (One-way 

ANOVA: F = 17.383, df = 1, p < 0.01).  

 

Table 5.2 Mean survival (%) and fouling (mg/cm2) for Pteria penguin juveniles held 
in three culture units over six months at two sites. All means shown with ± 1 SE and 
range shown in parentheses. 
 
 

Site Variable  Panel nets Trays Pearl nets 

Pioneer  
Bay 

Survival 3 m 
 

6 m 

71.5 ± 5.8 
(57.1 – 85.7) 

82.8 ± 8.3 
(57.1 - 100) 

74.7 ± 15.5 
(16.7 - 100) 

91.4 ± 5.7 
(71.4 - 100) 

82.7 ± 7.0 
(57.1 - 100) 

73.3 ± 9.6 
(42.8 - 100) 

 Fouling 3 m 
 

6 m 

25.7 ± 2.6 
(18.6 – 31.5) 

26.2 ±  4.4 
(17.6 – 39.9) 

49.9 ± 4.2 
(39.8 – 64.5) 

33.3 ± 2.0 
(29.7 – 41.8) 

30.7 ± 3.8 
(22.2 – 45.3) 

30.1 ± 4.6 
(15.7 – 42.7) 

Cape  
Ferguson 

Survival  93.8 ± 6.3 
(75.0 – 100) 

100 ± 0.0 
(100) 

95.3 ± 4.7 
(86.0 – 100) 

 Fouling  25.7 ± 3.4 
(18.1 – 33.1) 

26.9 ± 1.9 
(24.2 – 32.5) 

31.6 ± 4.8 
(24.2 – 40.6) 

 

 

5.4 Discussion 

The results of this study showed that site conditions and culture units affected growth 

and survival in P. penguin. Oysters held in panel nets showed significantly lower 
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growth rates at both sites, although there were some differences in the results between 

the sites. At Pioneer Bay, increases in DVM and APM were significantly higher for 

oysters held in trays and pearl nets compared with panel nets, while at Cape Ferguson, 

all growth parameters measured were significantly higher for oysters held in trays 

than for those in panel nets and pearl nets. Lower growth increases for oysters in 

panel nets appeared to be caused by an interaction between fouling and culture unit 

type. The growth of fouling organisms and the accumulation of silt and detritus on the 

culture units gradually limited water flow through them over time.  

 

Fouling levels were higher in trays than in panel nets, however the negative impacts 

of fouling were mitigated by the structure of the culture unit. In panel nets, the two 

flat sides of the net eventually became fastened together by the build up of fouling, 

which probably prevented the oysters’ capacity to open their shell valves, and thus to 

feed. Fouling in panel nets could be reduced by more frequent cleaning, however this 

increases labour costs and there is also a higher risk of mortality in juvenile oysters 

that are exposed to frequent handling, due to the stresses associated with severing the 

byssus attachment, brushing of the shell and exposure to the air (Taylor et al. 1997; 

Monteforte and Morales-Mulia 2000). Movement of oysters within the culture units 

also affected growth. Active mobility and the tendency to form aggregations is 

commonly observed in juvenile bivalves (Sastry 1979; Mackie 1984), including pearl 

oysters (Friedman and Southgate, 1999; Southgate and Beer, 2000). Some oysters in 

the panel nets had deformed shells after becoming wedged in the net fibres while 

migrating, while oysters in the trays and pearl nets aligned themselves into 

aggregations and were not restricted in their ability to feed, as their shell valves were 

not held tightly together as in the panel nets.  
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There were no significant differences in growth rates between oysters in trays and 

pearl nets at Pioneer Bay, although fouling was significantly higher in trays. At Cape 

Ferguson, growth was significantly higher for oysters held in trays, but there was no 

significant difference in fouling between trays and pearl nets. These results may also 

have been due to structural differences between these culture units and their effect on 

water flow. Trays had larger surface perforations (1 cm2) and greater internal volume 

(16.5 L) than pearl nets (0.5 cm2 and 7.9 L, respectively). Smaller mesh size in the 

pearl nets likely restricted water flow more quickly due to fouling, and as a result, less 

food was probably available to oysters in those culture units. Fouling in trays at Cape 

Ferguson was significantly lower than in trays at Pioneer Bay, and increases in DVM, 

APM, ST, and WW were greater for oysters in trays at Cape Ferguson, indicating that 

growth of oysters in trays is further improved if fouling is minimized by appropriate 

site selection.  

 

Growth of juvenile P. penguin recorded in this study ranged between 4.4–5.4 mm 

DVM month-1, which is within the range reported for Pteria in other studies, although 

lower than that reported by Beer (1999) of 5.9 mm DVM month-1 for juvenile P. 

penguin at Pioneer Bay (Table 5.3). Variability in reported growth rates of pearl 

oysters is not uncommon and may be attributable to genetic potential or variability in 

environmental factors, such as water temperature and food availability (Saucedo and 

Southgate 2008; Lucas, 2008a). Hart & Joll (2006) for example, reported exceptional 

growth of juvenile Pi. maxima in 1995 (42 mm average DVM increment) compared 

with (28-36 mm) in other years. The results reported here almost certainly represent 

seasonally reduced growth rates for P. penguin, because this study was conducted in 
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autumn-winter, when mean water temperature at Pioneer Bay was 23.3 ºC (range 21.0 

- 26.3 ºC). In a pilot study at Pioneer Bay conducted in the spring-summer prior to 

this study, mean water temperature was 28.4 ºC (range 26.2 - 29.3 ºC) and mean 

DVM increase of juvenile P. penguin was 5.5 mm month-1 (Unpublished data). This 

difference in growth rate also reflects the effect of seasonal variation in food 

availability, as food concentrations in the form of chlorophyll a and suspended 

particulate matter are highest in this region during the summer months, and can 

decrease by up to 50% in the winter (De'ath, 2007).  

 

Table 5. 3 Mean monthly growth rates of juvenile Pteria spp. 

Species Initial 
DVM 

Duration 
(months) 

Final 
DVM 

Growth  
(month-1) 

Location Reference 

Pteria  
sterna 

13.4 
 

6.6 

5 
 
4 

42.2 
 

45.6 

5.8 
 

9.5 

Baja California 
 
Baja California 

(Monteforte and 
Aldana, 1994) 
(Farell et al., 1994) 

       
Pteria  12.0 15 100.0 5.9 N. Queensland (Beer, 1999) 
penguin 2.8 17 83.3 4.7 S. China (Gu et al., 2009) 
 18.8 

28.0 
10 
6 

69.8 
60.3 

4.2 
5.3 

S. China  
N. Queensland 

(Liang et al., 2001) 
(this study) 

 
 
 
P. penguin are locally abundant at Pioneer Bay, while they are not found at Bowling 

Green Bay (Dayton et al., 1989), and environmental conditions at the two sites differ 

markedly. At Cape Ferguson, river inputs and wind-driven wave action over the 

shallow waters generate high levels of suspended particulate matter (Yukihira et al., 

1999). At Pioneer Bay water quality conditions are relatively oligotrophic; it is an off-

shore coral reef site and it is protected by the island topography from prevailing ocean 

winds (Yukihira et al., 2006). Studies show that there is generally significantly less 
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recruitment of pearl oyster spat at in-shore sites compared with off-shore sites, due to 

higher run-off from land (Friedman and Bell, 1999).  

 

In a study similar to this with the pearl oysters Pi. maxima and Pi. margaritifera  

(Yukihira et al., 2006), juvenile Pi. margaritifera had significantly lower growth and 

survival at Cape Ferguson compared to those grown at Pioneer Bay, while Pi. maxima 

juveniles grew at similar rates at both sites, showing that high levels of suspended 

particulate matter did not negatively impact growth in Pi. maxima. Oysters may not 

be able to establish themselves at Cape Ferguson because there is a lack of suitable 

substrate for settlement, and/or the turbulent wave action and high turbidity levels 

prevent survival during the larval stage. The results of this study showed however, 

that if P. penguin spat from Pioneer Bay are transplanted to Cape Ferguson, they can 

grow well under turbid water conditions and they actually had higher growth rates at 

this site compared with Pioneer Bay, which was unexpected considering that this 

species is not naturally present at Cape Ferguson. 

 

The results of this study showed that P. penguin had significantly higher growth and 

survival rates at Cape Ferguson during the autumn-winter, it remains to be seen 

whether conditions at Cape Ferguson would favour growth and survival in this species 

all year round. During the spring-summer, the period of major rainfall in this region, 

there are wide fluctuations in salinity levels at Cape Ferguson, due to fresh-water 

inputs from local rivers and creeks (QPWS, 2000; Devlin and Brodie, 2005). 

Although many pearl oysters are able to tolerate a wide range of salinity, they 

generally have a preference for full salinity seawater, and may not grow optimally 

during periods when salinity levels are relatively low (Lucas, 2008a). 
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In summary, several findings in this research are relevant for assessing nursery culture 

methods for juvenile P. penguin. Shallow water coastal sites with high levels of 

suspended particulate matter do not appear to have detrimental effects during the dry 

season, and may in fact be nutritionally beneficial for fast growth. In addition, 

juvenile P. penguin should be loosely held in three-dimensional culture units with 1 

cm2 perforations (or greater), to maximize water flow, and cultured at sites where 

fouling organisms are less prevalent.  
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CHAPTER 6 

Growth of Pteria penguin at dissimilar sites in the Great Barrier Reef Lagoon 5 

 

6.1 Introduction 

Little is known about the culture requirements and suitable environmental conditions 

for optimizing growth in P. penguin. Information on the growth performance of P. 

penguin cultured under different environmental conditions is of interest to pearl 

farmers, as it provides a comparative indicator of the suitability of sites for culture of 

this species. Shell growth rates also provide information related to pearl growth, as 

shell increment and nacre deposition are positively correlated (Coeroli and Mizuno, 

1985). The von Bertalanffy growth function (VBGF) has been used to describe the 

relationship between age and shell height, or dorso-ventral measurement (DVM) in a 

number of pearl oyster species (Saucedo and Southgate, 2008). The VBGF calculates 

the parameter, L∞, which is interpreted as the maximum mean shell height, or dorso-

ventral measurement (DVM) attained, and K is the growth coefficient that determines 

how fast an oyster approaches L∞. The growth index, Φ', is also used in many studies 

to compare growth performance between oysters held at different sites (Saucedo and 

Southgate, 2008).  

 

Another index, T, calculates the time required for oysters to reach commercial size, 

e.g., for Pi. maxima, T120 denotes the time required to reach 120 mm DVM, a size 

suitable for pearl production in this species (Yukihira et al., 2006). Traditionally, P. 

                                                 
5 Data in this chapter has been accepted for publication in the Journal of Shellfish 
Research (2012) In press. 
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penguin have been cultured to produce semi-spherical pearls, or mabé (Gervis and 

Sims, 1992), although round pearl production from this species is increasing (Yu and 

Wang, 2004). Mabé nucleus implants are inserted in oysters at or above 100 mm shell 

height, or dorso-ventral measurement (DVM) (Kripa et al., 2008), while oysters 

between 110-140 mm DVM are used for round pearl production (Mao et al., 2004).  

 

Studies of comparative growth can be used to determine optimal sites for culturing 

oysters at different phases in the production cycle. High growth sites are favoured for 

growing oysters to commercial size more rapidly, while low growth sites are preferred 

before nucleus insertion, to condition oysters prior to seeding, and prior to pearl 

harvest to improve pearl quality by slower deposition of nacre (Lee et al., 2008). In 

this study, growth of P. penguin cultured at three different sites was investigated to 

determine whether there were differences in growth performance of oysters between 

sites, to determine the time required to reach commercial size at each site and to 

generate information on the influence of environmental factors on the growth rate of 

this species. 

 

6.2 Materials and Methods 

6.2.1 Study sites 

The three culture sites used in this study were situated within the Great Barrier Reef 

lagoon. These were: 1) Pioneer Bay, Orpheus Island; 2) Cape Ferguson, Bowling 

Green Bay; and 3) Horseshoe Bay, Magnetic Island (Fig. 6.1). Pioneer Bay is a 

natural habitat of P. penguin, located 17 km east of the mainland coast, approximately 

80 km north of Townsville. Oysters at this site were suspended from a floating long-

line situated 50 m from the edge of a fringing coral reef with a coral and rubble 



 117 

substrate underneath. Of the three sites used in this study, Pioneer Bay is situated 

furthest away from the coast and presents relatively oligotrophic water quality 

conditions compared with Cape Ferguson and Horseshoe Bay (De'ath, 2007).  

 

The oysters at Cape Ferguson were suspended from a wharf at the Australian Institute 

of Marine Science, situated in a sheltered bay on the coast, 50 km south of 

Townsville. Cape Ferguson sits within Bowling Green Bay, an extensive area of 

coastal mangroves and mudflats, with high levels of active silt deposition from 

terrestrial discharges, particularly during periods of intense rainfall in the summer, 

from November to May (QPWS, 2000; Devlin and Brodie, 2005). In addition, high 

levels of turbidity are recorded at the wharf site when wind-driven wave action re-

suspends fine material from the bottom (Yukihira et al., 1999).  

 

Horseshoe Bay at Magnetic Island is situated approximately 15 km from the mainland 

coast, north of Townsville. The oysters at this site were suspended from a floating 

long-line which lies adjacent to a reef flat. Horseshoe Bay also experiences high 

turbidity levels associated with river discharge and wind-driven wave action that re-

suspends sediments, although to a lesser extent than at Cape Ferguson (Devlin and 

Brodie, 2005). Nutrient concentrations in the Great Barrier Reef lagoon follow 

seasonal patterns, with peak levels recorded in the summer months and lower levels 

(by up to 50%) recorded in the winter (De'ath, 2007). 

 

Sediment traps were used to collect SPM (suspended particulate matter) samples at 

each of the sites during each growth measurement period (English et al., 1997). These 

consisted of five replicate PVC cylinders at each site, 11.5 cm long × 5 cm internal 
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diameter, with one end capped and baffles at the top to deter settlement of fish and 

other organisms (English et al. 1997). Sediment traps were vertically attached to the 

frames holding the oysters. The traps were removed at each oyster measurement time 

and the contents rinsed into water sample bottles. These samples were filtered onto 

separate weighed Whatman fibre filters and the contents were dried at 60 ºC for 48 h. 

The sediment samples were then weighed, and then ashed at 500 ºC for 24 h, and re-

weighed to determine the relative ratios of particulate organic matter (POM, g) and 

particulate inorganic matter (PIM, g) for each sample. Salinity data for Cape Ferguson 

were provided by the Australian Institute of Marine Science (AIMS).  
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Figure 6.1 Location of the three sites used in this study. 
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6.2.2 Measurement of oyster growth 

All P. penguin (n = 370) used in this study were field specimens captured on spat 

collectors on the floating long-line at James Cook University’s Research Station at 

Orpheus Island, north-east Queensland (18°61' S, 146°49' E). The juvenile oysters that 

were used to compare growth between sites recruited in February to March, during the 

2009 spawning season (n = 280; initial mean DVM size 24.5 ± 0.5 mm). The oysters 

were randomly divided into three groups and held at three sites over 20 months, from 

April 2009 to November 2010. Growth data from a larger group of oysters captured 

during the 2008 spawning season was also included in the study (n = 90; initial mean 

DVM size 38.2 ± 1.1 mm).  All oysters were held at 3 m depth in panel (pocket) nets, 

which consisted of a powder-coated steel frame (90 × 40 cm), covered with 1 cm2  

polyethylene mesh sewn to form 15 pockets per net (mesh size of 6.25 cm2  was used 

from the third measurement period onwards). There were 8 replicate nets for each group 

of oysters at each site, with each net containing between 11-12 oysters.  

 

Oysters were cleaned, weighed and measured every 2-3 months over 7 growth 

measurement periods (10 growth periods for the larger cohort) and mortalities were also 

recorded for each of the growth measurement periods: 1) Apr-Jul 2009; 2) Jul-Oct; 3) 

Oct-Jan 2010; 4) Jan-Apr; 5) Apr-Jun; 6) Jun-Aug; and 7) Aug-Nov. Shell growth 

dimensions were measured to the nearest 0.1 mm using callipers to record: (1) dorso-

ventral measurement (DVM) the greatest dorso-ventral distance measured at a right angle 

to the hinge line; (2) antero-posterior measurement (APM), the greatest distance between 

the anterior and posterior margins of the shell, parallel to hinge line; and (3) shell 
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thickness (ST), the greatest distance between external surfaces of the two valves when 

closed (Hynd, 1955). Whole weight (WW) of the oysters was also recorded to the nearest 

0.1 g. 

 

6.2.3 Data analyses 

Shell DVM is considered the best indicator of growth performance in pearl oysters (Sims, 

1993). Shell DVM at age data were fitted to the special VBGF  L(t) = L∞ [1 – e –kt], using 

least squares curve fit function in MATLAB, Version 7.9.0. L∞ is the asymptotic length 

(mm), and K is the growth coefficient (y-1), which measures the exponential rate of 

approach to the asymptotic size. Juvenile cohorts in this study were limited to oysters 

between 1.6-1.9 years of age. Thus growth data from a larger cohort of oysters held at 

Pioneer Bay that had reached 2.7 years were pooled with the smaller cohort at that site, 

and a growth curve was computed using the special VBGF. An index of overall growth 

performance developed by Pauly and Munro (1984), which incorporates both K and L∞ 

(Φ' = log10 K + 2 × log10 L∞), was used to evaluate growth performance of oysters 

between sites. Times to reach commercial size, T100 and T120, were also calculated to 

determine the time required for oysters at each site to reach 100 mm and 120 mm DVM; 

sizes suitable for mabé pearl production and round pearl production, respectively.  

 

Mean monthly DVM increase of oysters was calculated for each measurement period and 

checked for normality (Kolmogorov-Smirnov test) and homogeneity of variance 

(Levene’s test) required for parametric analysis. One-way ANOVAs and Tukey’s post-

hoc tests were used to compare monthly DVM increases for each measurement period, 
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and also mean WW:DVM, mean APM:DVM and ST:DVM ratios within the commercial 

size range of 100-120 mm DVM. The relationship between the morphometric parameters, 

APM, ST and WW to DVM were examined by regression analysis (see Chapter 2). 

Sediment traps suspended for weeks at a time cannot give a reliable measure of SPM, as 

the organic component is subject to decomposition or consumption by other organisms 

during the collection period. Therefore, only PIM data from the sediment traps was 

analysed. Kruskal-Wallis non-parametric analysis was used to compare mean PIM (g) 

month-1 between sites for each measurement period. Statistical analyses of DVM growth 

data and PIM samples were performed with SPSS (IBM SPSS Statistics Version 19) with 

p = 0.05.  

 

6.3 Results 

6.3.1 Monthly growth 

Monthly changes in mean DVM for the three groups of juvenile oysters combined, 

increased rapidly at the beginning of the study, rising from 4.5 mm month-1 in May-July 

2009 to 7.2 mm month-1 in January 2010, then declined to the lowest level recorded (2.2 

mm month-1) in larger oysters in November 2010. Overall monthly DVM increase of 

oysters at the end of the study was highest at Horseshoe Bay (5.3 ± 0.2 mm), intermediate 

at Cape Ferguson (4.9 ± 0.2 mm) and lowest at Pioneer Bay (4.7 ± 0.2 mm). Monthly 

DVM increase varied significantly between oysters held at different sites during five of 

the seven growth measurement periods (p < 0.05), with those at Horseshoe Bay 

frequently showing the highest growth rates (Fig. 6.2). Overall survival at the end of the 

study was highest for oysters at Cape Ferguson (90.7%), intermediate at Pioneer Bay 



123 
 

(82.1%) and lowest for oysters held at Horseshoe Bay (69.2%). At all three sites, the 

highest mortalities were recorded for young oysters in May to October 2009.  
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Figure 6.2 Mean (± 1 SE) monthly DVM increase of Pteria penguin cultured at Pioneer 
Bay (PB), Cape Ferguson (CF) and Horseshoe Bay (HB). Means in the same 
measurement period with the same superscript do not differ significantly. 
 

 

6.3.2 PIM 

Mean PIM levels (g month -1) over the whole study period were 1.68 ± 0.13 at Pioneer  

Bay, 20.15 ± 2.02 at Cape Ferguson, and 8.59 ± 0.81 at Horseshoe Bay. Mean PIM levels 
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differed significantly between sites (p < 0.001), and there were significant differences in 

mean monthly PIM between sites in all measurement periods (p < 0.001, Fig. 6.3). 
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Figure 6.3 Mean PIM month-1 (± 1 S.E.) (g) at Pioneer Bay (PB), Cape Ferguson (CF) 
and Horseshoe Bay (HB). 
 

 

6.3.3 VBGF growth parameters 

The results of the von Bertalanffy model applied to the growth data from the smaller 

oysters held at three sites, as well as the combined growth data from two age cohorts at 

Pioneer Bay, are shown in Table 6.1. Time to reach commercial size (T100 ) was least at 

Cape Ferguson (1.38 years) and longest (1.67 years) for the combined size classes at 
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Pioneer Bay. The lowest Φ' value (4.23) was obtained from the combined growth data 

from the small and large oysters held at Pioneer Bay, while the highest value for this 

growth index (4.77) was computed for oysters at Horseshoe Bay. Predicted L∞ values for 

the small cohorts deviated considerably from the known Lmax for this species (212 mm 

DVM). However, the L∞ value of 213.4 mm predicted from the pooled growth data at 

Pioneer Bay deviated only marginally from Lmax. The VBGF growth curves for the 

smaller cohorts of P. penguin held at three sites and the combined groups at Pioneer Bay 

are shown in Figures 6.4 and 6.5.  

 

Table 6.1 Growth parameter estimates of von Bertalanffy model for groups of Pteria 
penguin held at three sites. L∞ : asymptotic dorso-ventral measurement (DVM); K : 
growth coefficient; T100 and T120 estimated time to reach commercial size (100 mm and 
120 mm); Φ' : growth performance index; Dev : √(L∞ - Lmax)2, (Lmax = 212 mm). 
 

Site Size 
group 

K  
(year-1) 

L∞ 
(mm) 

Dev T100  
(years) 

T120  
(years) 

 Φ' 

Pioneer Bay small 0.21 362.3 150.3 1.54 1.92  4.44 

Cape Ferguson small 0.32 283.6  71.6 1.38 1.74  4.40 

Horseshoe Bay small 0.09 822.5  610.5 1.49 1.81  4.77 

Pioneer Bay  small and 
large* 

0.38 213.4 1.4 1.67 2.19  4.23 

* Combined 
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Figure 6.4 Shell dorso-ventral measurement and computed von Bertalanffy growth 
curves for juvenile Pteria penguin held at three sites. 
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Figure 6.5 Shell dorso-ventral measurement and computed von Bertalanffy growth 
curve for two cohorts (small and large) of Pteria penguin plotted against age. 
 

 

6.3.4 Morphometric relationships 

The relationships between APM, ST and WW to DVM were all significant in all 

groups (Table 6.2). Within the DVM size class 100-120 mm, there were no significant 

differences in the mean ST:DVM ratios between sites. However mean APM:DVM 

was significantly higher at Cape Ferguson and Horseshoe Bay than at Pioneer Bay (p 

< 0.01), and mean WW of oysters was significantly higher at Cape Ferguson (p < 

0.01) (Table 6.3).   
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Table 6.2 Regression statistics for Pteria penguin held at three sites between whole 
weight (WW) and dorso-ventral measurement (DVM), antero-posterior measurement 
(APM) and DVM, and shell thickness (ST) and DVM.  
 

Parameter Site Equation r2 p 

WW Pioneer Bay 

Cape Ferguson 

Horseshoe Bay 

y = 0.0002 x 2.85 

y = 0.0005 x 2.70 

y = 0.0004 x 2.70 

0.97 

0.98 

0.98 

0.000 

0.000 

0.000 

APM Pioneer Bay 

Cape Ferguson 

Horseshoe Bay 

y = 19.79 + 0.93 x 

y = 23.82 + 0.92 x 

y = 11.11 + 1.06 x 

0.91 

0.92 

0.97 

0.000 

0.000 

0.000 

ST Pioneer Bay 

Cape Ferguson 

Horseshoe Bay 

y = 0.12 + 0.30 x 

y = 1.35 + 0.29 x 

y = 0.09 + 0.31 x 

0.93 

0.94 

0.98 

0.000 

0.000 

0.000 

 

 

Table 6.3 Mean (± 1 SE) morphometric measurements for Pteria penguin within size 
range 100-120 mm DVM at three sites. (Means with the same superscript do not 
differ significantly). 
 

Site WW (g) APM:DVM 
ratio 

ST:DVM 
ratio 

Pioneer Bay 139.3 (± 2.3) a 1.090 (± 0.01) a 0.301 (± 0.002) a 

Cape Ferguson 152.2 (± 2.5) b 1.135 (± 0.01) b 0.303 (± 0.002) a 

Horseshoe Bay 136.1 (± 2.7) a  1.145 (± 0.02) b 0.304 (± 0.003) a 
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6.4 Discussion 

The growth rates of marine bivalves are directly related to age (Bayne and Newell, 

1983). Shell or somatic tissue growth begins to decrease in larger animals, when there 

is a shift in the allocation of energy towards reproductive effort (Saucedo and 

Southgate, 2008). The mean maximum theoretical size calculated with the VBGF may 

diverge considerably from the true maximum size if the data provided only covers 

part of the species’ growth range. For L∞  to accurately describe the growth trajectory 

of an organism, the growth data must be extensive enough to demonstrate asymptotic 

growth (Knight, 1968; Francis, 1988a). This explains why the VBGF estimates of L∞ 

made with growth data from the three younger cohorts in this study did not produce 

an accurate model of size at maturity. The estimates of L∞  for small oyster cohorts at 

Pioneer Bay, Cape Ferguson and Horseshoe Bay of 283.6, 362.3 and 822.5 mm DVM 

respectively, deviated substanially from the maximum size observed in field 

specimens of P. penguin (212 mm DVM). Substantial variability in reported L∞ 

values both within and between studies on the same species are not uncommon 

(Munro, 1982) (Table 6.4). Overestimated L∞ values have been reported for Pi. 

imbricata, L∞ = 162.7 (Urban, 2002), Pi. margaritifera, L∞ = 310  (Sims, 1994) and 

Pi. fucata L∞ = 600.9 (Yassein et al., 2000). VBGF constants are based on 

quantitative laws that describe animal growth and are confirmed by empirical 

evidence. Thus, concordance should be sought between observed and graphically 

calculated values (Bertalanffy, 1938; Bertalanffy, 1957). In this study, the most 

accurate estimate of L∞ = 213 mm DVM for P. penguin (with the smallest deviation 

from Lmax of 1.4 mm) was obtained by using growth data of oysters up to 2.7 years of 

age, ranging in size from 89.7-153.0 mm in the final measurement period. 
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Table 6.4 von Bertalanffy growth parameters for various species of pearl oyster at different locations. 

Species Location L∞ K (year-1) Author(s) 

Pteria sterna Baja California 100 0.69 (Saucedo and Monteforte, 1997b) 

Pteria penguin N. Queensland 213.4 0.38 (this study) 

Pinctada maxima N. Queensland 205-229 0.39-0.41 (Yukihira et al., 2006) 
 Western Australia 194-210 0.72-0.79 (Hart and Joll, 2006) 
 West Papua 168.38 0.93 (Lee et al., 2008) 

Pinctada margaritifera N. Queensland 136-157 0.54-0.58 (Yukihira et al., 2006) 
 French Polynesia 160.5 

147-186.5 
0.038 
0.42-0.58 

(Pouvreau et al., 2000c) 
(Pouvreau and Prasil, 2001) 

 Cook Islands 189-266 1.10-1.98 (Sims, 1993) 
 Cook Islands 131-310 0.162-0.528 (Sims, 1994) 

Pinctada mazatlanica Baja California 110 0.45 (Saucedo and Monteforte, 1997b) 

Pinctada fucata S. India 79.36 0.075 (month-1) (Chellam, 1988) 

Pinctada radiata (fucata) Arabian Gulf 132.2 0.34 (Mohammed and Yassien, 2003) 
 Egyptian 

Mediterranean 
600.9 0.56 (Yassein et al., 2000) 

Pinctada imbricata Venezuela 85.15 1.42 (Marcano et al., 2005) 
(fucata) Columbian 

Caribbean 
 

84 
63.9-84 
162.7 

0.939 
0.625-1.605 
0.365 

(Urban, 2000a) 
(Urban, 2000b) 
(Urban, 2002) 
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The VBGF growth parameters L∞ and K are highly correlated, which causes problems 

in model fitting and in interpretation (Francis, 1988b). Due to the inverse relationship 

between these parameters, overestimates of L∞ for the younger cohorts mean that K 

was also underestimated for these groups. In any case, neither of these parameters 

should be used individually to compare different growth sets (Pauly, 1979). Based on 

demonstrated empirical and theoretical grounds, the growth index Φ' better serves this 

purpose (Pauly and Munro, 1984).  Calculated Φ' values for the three small oyster 

groups held at different sites indicated that oysters at Horseshoe Bay presented the 

best ‘overall growth performance’ (Φ' = 4.77). This was also reflected in the analysis 

of monthly DVM increment, which showed that the overall increase in DVM at 

Horseshoe Bay (5.3 ± 0.2) was significantly higher than that of oysters at Pioneer Bay 

(4.8 ± 0.1) and at Cape Ferguson (4.9 ± 0.2).  

 

The estimates of time to reach commercial size for the juvenile cohorts show that P. 

penguin presents a relatively fast growth rate. The estimates of T100 at these sites of 

between 1.38 - 1.54 years and T120 between 1.74 - 1.92 years were calculated from 

oysters that had reached a mean DVM size of 105.3 ± 1.6 mm at Horseshoe Bay, 112 

± 1.1 mm at Pioneer Bay and 117 ± 1.2 mm at Cape Ferguson, respectively. By 

comparison, T120 for Pi. maxima was 1.9 years at Cape Ferguson and 2.1 years at 

Pioneer Bay, and for Pi. margaritifera T120 was 2.5 years at Pioneer Bay and 3.9 years 

at Cape Ferguson (Yukihira et al., 2006). However, mortalies were highest at 

Horseshoe Bay. These occurred mainly during periods of severe biofouling infestation 

at this site, particularly from settlement of barnacles on the nets. Biofouling has been 

linked to stunted growth and higher mortality in cultured bivalves, including pearl 

oysters (DeNys and Ison, 2008). Survival in this group at Horseshoe Bay would 
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probably have been increased by applying more frequent cleaning of shells during the 

summer, from December to January.  

 

It is theorized that bivalves exposed to differing environmental conditions during 

growth, such as food availability, water temperature, depth and wave action, amongst 

others, may display differences in the morphometric ratios between shell dimensions 

and/or shell dimensions and weight (Dame, 1972; Brown and Hartwick, 1988). 

However observed differences in morphometric relationships between populations 

from different localities may also be the result of adaptations through successive 

generations (Galtsoff, 1964; Edkins, 2004) and therefore these differences may not 

become manifest in newly translocated animals. A number of pearl oyster studies 

have described progressive changes that occur in the form of the shell during the 

course of the life cycle, e.g. in Pi. fucata (Alagarswami and Chellam, 1977; Yoo et 

al., 1986; Tomaru et al., 2002; Mohamed et al., 2006; Hwang et al., 2007), P. sterna 

and Pi. mazatlanica (Gaytan-Mondragon et al., 1993; Saucedo et al., 1998), and Pi. 

margaritifera (Sims, 1993; Pouvreau et al., 2000c; Hwang et al., 2007). In this study, 

we also compared morphometric relationships between groups of P. penguin reared 

under different environmental conditions.  

 

In pearl culture, the relative shell dimensions of oysters, in particular shell thickness, 

can be a limiting factor on the size and/or the number of the nuclei which can be 

implanted and thus the size and/or number of pearls produced (Wada, 1984). Previous 

morphometric studies on pearl oysters cultured in different environments have 

reported significant differences between calculated regression coefficients for the 

relationship between APM and DVM and for ST and DVM (or other growth 
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parameters) in different size classes (Alagarswami and Chellam, 1977; Yoo et al., 

1986; Mohamed et al., 2006; Hwang et al., 2007). However absolute differences in 

the relative ratios of APM:DVM or ST:DVM between groups of oysters held under 

differing site conditions have not been shown. Sims (1993) reported significant 

differences in the ratio of DVM:heel depth between groups of Pi. margaritifera, but it 

is unclear whether relative heel depth has relevance for nucleus insertion procedures. 

On the other hand, Taylor et al. (1997a) demonstrated that the APM:DVM ratio 

differed significantly between oysters held at different stocking densities, but in this 

case the independent variable was related to culture method, not environment per se. 

This raises the question of whether varying culture method could be used as a means 

to grow oysters with a greater ST:DVM ratio. There were significant differences 

found in this study in the ratios of APM:DVM for oysters within the commercial size 

range of 100-120 mm DVM at Cape Ferguson and Horseshoe Bay, and in mean WW 

of oysters held at Cape Ferguson. This suggests the possibility of using selective 

breeding of oysters at these sites as a means to improve morphometric relationships 

for pearl production. Continued monitoring of the morphometric relationships in these 

oysters further over time and also in successive generations is required. 

 

Faster DVM increase observed in the earlier stages of the study and slower growth 

rates observed at all three sites during the final growth period were expected, due to 

rapid growth during the juvenile phase and the onset of reproductive activity in the 

larger animals. Female sexuality in P. penguin occurs at around the beginning of the 

second spawning season in oysters over 100 mm DVM (see Chapter 2). The sharp 

decrease in growth recorded at all sites between January to April 2010 was anomalous 

however, caused by inclement weather in early February 2010. During this time, parts 
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of the floating long-line at Horseshoe Bay were damaged, and the normal peak in spat 

harvest at Pioneer Bay was decimated (see Chapter 4). Growth during this period 

would usually be expected to have continued vigorously, as sea water temperature and 

food concentrations are generally favourable (i.e. highest) at this time (De'ath, 2007), 

and a return to higher growth rates was seen in the following measurement period.  

 

For the most part, higher monthly DVM increases between the three smaller groups of 

oysters were observed at Horseshoe Bay and Cape Ferguson, indicating that 

conditions at these sites are generally more favourable for growth of P. penguin. A 

notable exception to this was observed for the oysters at Cape Ferguson during April-

June 2010, which did not return to vigorous growth after the decreased growth rates 

seen during January-April, suggesting that the adverse environmental conditions of 

the preceding measurement period may have had chronic impact or persisted longer at 

this site, particularly lowered salinity as a result of freshwater terrestrial inputs. Of the 

three sites, Cape Ferguson is exposed to greater fluctuations in salinity due to its 

proximity to freshwater run off from nearby creeks and rivers (Devlin and Brodie, 

2005), and this may have been an important contributing factor to the decreased 

growth at Cape Ferguson. Mean monthly salinity at Cape Ferguson from September 

2009 to January 2010 ranged between 34.6 – 36.1‰, but fell during February to 29.4 

± 0.1, ranging between 25.6 – 31.8‰ (AIMS, Unpublished data).  

 

Decreased salinity limits scope for growth in marine bivalves by reducing feeding 

absorption, and thereby restricting the potential for energy acquisition (Fry, 1947). 

While some pearl oyster species are able to tolerate a wide range of salinity during 

certain phases of their life cycle, even short periods of exposure to stressful salinity 
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levels can affect subsequent growth for a considerable period of time in some species 

(Lucas, 2008a). The effects of exposure to lowered salinity levels on P. penguin has 

not been investigated, however negative effects on growth have been demonstrated in 

other pearl oysters. Growth of Pi. maxima was found to be significantly depressed in 

juveniles held over 20 days at salinity of  25‰ compared with those held at 30‰ 

(Taylor et al., 2004) and Pi. fucata that were exposed to low salinity levels for 36 and 

48 hours showed significantly reduced shell growth for up to 3 months afterwards 

(Katada, 1959). For Pioneer Bay and Horseshoe Bay, the marginally lower growth 

rates recorded in Apr-Jun compared with Oct-Jan, probably reflected the cooler water 

temperature in autumn compared with the spring-summer period. However, 

differences in water temperature would not explain the marked reduction in growth at 

Cape Ferguson compared with the other two sites during April to June, as the three 

sites are in relatively close proximity to each other. In a similar study using these 

sites, Yukihira et al. (2006) reported that the difference in mean water temperature 

between Pioneer Bay and Cape Ferguson (the two most distant of the three study 

sites) was not significantly different. It is also unlikely that the high PIM levels at 

Cape Ferguson in this period were responsible for the reduced growth. Mean PIM 

month-1 were equally high during October to January, when DVM growth rate peaked 

at this site.  

 

Pearl oyster growth rates are strongly influenced by the quantity and quality of 

available food particles, as well as their ability to ingest and digest the particles 

(Lucas, 2008b). The ability of bivalves to select and retain particles of higher 

nutritional quality from suspended particles in coastal and estuarine habitats varies 

enormously (Bayne and Newell, 1983), and bivalves feeding on natural SPM vary in 
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their capacity for pre- and/or post-ingestive sorting of filtered particulates if the 

nutritional content is not uniform or the concentration exceeds that which can be 

effectively processed (Hawkins et al., 1998; Ward and Shumway, 2004). The high 

SPM concentrations at Cape Ferguson are caused by wave action generated by strong 

winds, which suspends benthic materials, such as silt, benthic algae and deposited 

detritus at this site (Yukihira et al., 1999). Yukihira et al. (1999) reported that while 

increases in SPM at Cape Ferguson corresponded with an increase in the absolute 

amounts of particulate organic matter (POM) present, the proportion of POM to PIM 

decreased as overall SPM increased.  

 

During this study, the concurrent higher PIM levels and DVM increase observed at 

Horseshoe Bay and at Cape Ferguson, compared with Pioneer Bay, indicate that P. 

penguin is able to tolerate, and even thrive in, environments with relatively high , 

possibly due to its capacity to derive higher nutrient uptake under these conditions. 

Published data on the particle size ingestion capacity of P. penguin, its nutrient 

absorption efficiency, or its ability to preferentially select food particles of higher 

nutritional quality from available food sources under natural conditions is currently 

lacking. A recent laboratory study using concentrated algal diets however, found that 

P. penguin has a superior ability to maintain ingestion efficiency at high food 

densities compared with other pearl oyster species (Wassnig and Southgate, 2011). 

Further studies on how P. penguin responds to variations in SPM concentrations in 

the environment as well as the nutritional quality of the particles present is required. 

 

In summary, the results show the highest Φ' value was achieved by oysters held at 

Horseshoe Bay and observed DVM increase here was also generally higher, 
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indicating that sites with relatively high turbidity may promote faster growth in this 

species compared with more oligotrophic conditions found further away from the 

coast. High growth rates were also recorded at Cape Ferguson, although exposure to 

seasonal changes in water quality due to freshwater inputs may limit growth at this 

site during the monsoon season. The findings of this study have implications for 

selection of optimal sites for achieving rapid growth of juvenile P. penguin up to 

commercial (pearl producing) size, or slowing growth when preparing oysters for 

nucleus insertion, and for slowing nacre deposition rates to achieve higher quality 

pearls. 
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CHAPTER 7 

General Discussion 

 

7.1 Introduction 

This project aimed to contribute to the further development of pearl culture from P. 

penguin by refining our knowledge concerning reproduction, spat collection, nursery 

culture and the effects of environmental variables and site selection on growth and 

survival of this species. 

 

7.2 Major findings of this study 

The major findings in this study were: 

• Evidence of protandry was shown, with male sexuality occurring in oysters ≥ 70 

mm DVM and female sex in oysters ≥ 100 mm DVM; 

• A female to male sex ratio was shown to tend towards 1:1 with increasing size/age, 

reaching a ratio of 1:1 in oysters at between 170-180 mm DVM; 

• A distinct seasonal pattern in the spawning cycle of P. penguin in this region was 

demonstrated, with a peak occurring during the summer months, from November 

to March, and this was correlated with seasonal peaks in water quality parameters, 

i.e. water temperature and food availability.  

• A seasonal pattern in sex ratio was shown, with a 1:1 ratio occurring in the summer 

(December); 

• Seasonal patterns in spat recruitment over three successive spawning seasons were 

demonstrated, with peaks occurring in the summer months, from December to 

February, and shade cloth was found to be a more efficient collector material; 
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• The effects of culture unit and environmental conditions on juvenile growth were 

described, with evidence of faster growth at high turbidity sites and significantly 

higher growth in oysters loosely held in three-dimensional structures shown; 

• Seasonal and age-related growth rates were described and evidence of negative 

environmental impacts (e.g. cyclones, low salinity) was demonstrated; 

• Growth from spat stage through to sexually mature adults of oysters cultured under 

differing environmental conditions was described and using modelling (the special 

von Bertalanffy Growth Function); 

• The best growth performance of P. penguin (Φ' = 4.77) was found to occur at 

Horseshoe Bay, a site of relatively high turbidity (PIM) levels; 

• Time to reach commercial size was quantified and shown to be fastest at Cape 

Ferguson (T100 = 1.4 and T120 = 1.7 years), where the highest PIM levels were 

recorded. 

• Changes in the form of the shell with growth were described and morphometric 

relationships between growth parameters (WW, APM and ST in relation to DVM) 

were found to be significantly correlated;  

• Evidence was shown of significant differences in the relationships between growth 

parameters in oysters cultured under differing environmental conditions. 

 

7.3 Implications of these findings 

The findings of this study provide information relevant to managing various stages in 

the life cycle and understanding the culture requirements of P. penguin. The 

information will also serve as a basis for expansion of pearl culture activities based on 

this species. This may be to provide diversity in countries with established pearl 
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industries such as Australia, or to support sustainable livelihoods from culture of this 

species in the Pacific region (Teitelbaum and Fale, 2008).  

 

Knowledge of the timing of the spawning cycle in north-eastern Queensland will 

assist in improving stock selection for successful hatchery production of this species, 

and planning the timing of nucleus implanting for pearl production. Information 

concerning seasonal patterns in spat recruitment, and the effects of collector materials 

and depth will assist in optimizing methods for harvesting seed stock from the wild. 

Changes in sex ratio of sexually mature oysters in relation to seasonal changes in 

water quality parameters also provided evidence in support of the hypothesis of 

oysters changing their sexual phase in response to environmental conditions. This 

study also provides information that will assist in the choice of sites to optimize 

growth and survival rates during nursery culture of this species and in the selection of 

culture methods during growth.  

 

The results of this study can be directly applied in P. penguin culture in the 

following ways: 

• Collecting oysters  in December-January will help ensure that oysters will be 

ripe for hatchery production; 

• Collecting oysters ≥ 170 mm DVM will ensure that the sex ratio will be nearer 

to1:1 in stock samples; 

• Nuclei insertion for pearl production should be undertaken after spawning has 

ended (from April-May); 
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• Spat collection will yield best results from December to March, with shade 

cloth being the most efficient collector material in terms of ease of use, and 

collectors should be submerged at 4-6 m depth for best results. 

• Juvenile culture need not necessarily be undertaken in oligotrophic waters or 

associated with coral reefs, it is possible in inshore conditions with relatively 

high turbidity; 

• P. penguin can survive relatively low salinity, however exposure to low 

salinity e.g. 25 ‰ for extended periods, may depress growth. 

• Mabé production may begin in oysters ≥ 1.4 years, and round pearl production 

in oysters ≥ 1.7 years; 

• Morphometric dimensions of oysters may be improved by culturing oysters at 

sites of relatively high turbidity. 

 

7.4 Limitations of this research  

There were a number of factors that limited the scope of this study and the quality of 

the data and information produced by it. The fact that there was very little published 

information about this species and there were virtually no oysters of known age 

available at the beginning of the study meant that time was required to obtain stocks 

from the wild before the growth experiments could begin. This limited the range of 

the life cycle growth trajectory that could be studied within the time limits of the 

project. Greater numbers of available oysters for use in the study could also have been 

used to expand the range of sites included in the growth experiments. Limited 

environmental monitoring equipment available also meant that more in-depth 

analyses of water quality parameters was not possible. 
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7.5 Future directions 

This study opened up a range of areas for future follow-up research that should be 

pursued in order to deepen our understanding of the biology, growth and culture 

requirements of P. penguin. These include studies on: 

• Factors affecting spat recruitment, such as investigation of appropriate substrate 

materials and effects of environmental conditions; 

• The effects of salinity on growth and development; 

• Development of biopsy techniques to enable non-destructive monitoring of  

reproductive activity; 

• Monitoring the spawning cycle of oysters held under differing environmental 

conditions; 

• Growth modelling of oysters encompassing the full growth cycle; 

• Analysis of the relative nutrient content, particle size and variety of food sources 

present in natural SPM between sites used in this study; 

• Particle sorting, ingestion and digestion capacity of oysters in relation to varying 

natural turbidity regimes; 

• Changes in relationships between morphometric variables of oysters further over 

time. 
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Appendix 2. Results tables of statistical analyses for thesis chapters. 
 
Chapter 2.  DVM:AW 

Model Summary 

R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
.963 .928 .928 .390 

The independent variable is dvm. 
 

ANOVA 
 Sum of Squares df Mean Square F Sig. 

Regression 747.254 1 747.254 4923.984 .000 
Residual 57.972 388 .152   
Total 805.225 389    
The independent variable is dvm. 

 
Coefficients 

 Unstandardized Coefficients 
Standardized 
Coefficients 

t Sig. B Std. Error Beta 
ln(dvm) 3.043 .043 .963 70.171 .000 
(Constant) 3.142E-6 .000  4.945 .000 
The dependent variable is ln(aw). 

 
 
DVM:APM 

Model Summary 

Model R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
1 .985a .969 .969 11.08260 
a. Predictors: (Constant), DVM 

 
ANOVAb 

Model Sum of Squares df Mean Square F Sig. 
1 Regression 2241612.865 1 2241612.865 18250.601 .000a 

Residual 70869.482 578 122.824   
Total 2312482.347 579    

a. Predictors: (Constant), DVM  b. Dependent Variable: APM 
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Coefficientsa 

Model 
Unstandardized Coefficients 

Standardized 
Coefficients 

t Sig. B Std. Error Beta 
1 (Constant) 9.631 .782  12.323 .000 

DVM 1.067 .008 .985 135.095 .000 
a. Dependent Variable: APM 
 
DVM:ST 

Model Summary 

Model R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
1 .977a .955 .955 4.26311 
a. Predictors: (Constant), DVM 

 
ANOVAb 

Model Sum of Squares df Mean Square F Sig. 
1 Regression 221871.043 1 221871.043 12208.101 .000a 

Residual 10486.446 578 18.174   
Total 232357.489 579    

a. Predictors: (Constant), DVM  b. Dependent Variable: ST 
 

Coefficientsa 

Model 
Unstandardized Coefficients 

Standardized 
Coefficients 

t Sig. B Std. Error Beta 
1 (Constant) .661 .301  2.200 .028 

DVM .336 .003 .977 110.490 .000 
a. Dependent Variable: ST 
 
 
Chapter 3. male female DVM 

ANOVA 
 

 Sum of Squares df Mean Square F Sig. 

Between Groups 78579.406 1 78579.406 66.872 .000 
Within Groups 385422.160 328 1175.086   
Total 464001.566 329    

 
Oocyte diameter 

ANOVA 
diameter 

 Sum of Squares df Mean Square F Sig. 
Between Groups 3273.519 9 363.724 6.264 .000 
Within Groups 2264.598 39 58.067   
Total 5538.117 48    

 
Multiple Comparisons 

diameterTukey HSD 
(I) 
month 

(J) 
month Mean Difference (I-J) Std. Error Sig. 

95% Confidence Interval 
Lower Bound Upper Bound 

aug sep -2.39000 6.37547 1.000 -23.7647 18.9847 
oct -4.08333 6.22182 1.000 -24.9429 16.7762 
nov -10.55000 6.37547 .813 -31.9247 10.8247 
dec -7.93000 5.90254 .937 -27.7191 11.8591 
jan -12.58333 6.22182 .589 -33.4429 8.2762 
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mar -13.91667 6.22182 .451 -34.7762 6.9429 
apr 5.55000 6.95621 .998 -17.7717 28.8717 
jun 12.55000 6.59924 .668 -9.5749 34.6749 
jul 11.70000 7.62015 .869 -13.8476 37.2476 

sep aug 2.39000 6.37547 1.000 -18.9847 23.7647 
oct -1.69333 4.61423 1.000 -17.1632 13.7765 
nov -8.16000 4.81940 .792 -24.3177 7.9977 
dec -5.54000 4.17373 .941 -19.5330 8.4530 
jan -10.19333 4.61423 .468 -25.6632 5.2765 
mar -11.52667 4.61423 .301 -26.9965 3.9432 
apr 7.94000 5.56497 .911 -10.7174 26.5974 
jun 14.94000 5.11175 .134 -2.1979 32.0779 
jul 14.09000 6.37547 .467 -7.2847 35.4647 

oct aug 4.08333 6.22182 1.000 -16.7762 24.9429 
sep 1.69333 4.61423 1.000 -13.7765 17.1632 
nov -6.46667 4.61423 .919 -21.9365 9.0032 
dec -3.84667 3.93503 .992 -17.0394 9.3461 
jan -8.50000 4.39949 .648 -23.2499 6.2499 
mar -9.83333 4.39949 .452 -24.5833 4.9166 
apr 9.63333 5.38826 .738 -8.4316 27.6982 
jun 16.63333* 4.91878 .047 .1424 33.1243 
jul 15.78333 6.22182 .282 -5.0762 36.6429 

nov aug 10.55000 6.37547 .813 -10.8247 31.9247 
sep 8.16000 4.81940 .792 -7.9977 24.3177 
oct 6.46667 4.61423 .919 -9.0032 21.9365 
dec 2.62000 4.17373 1.000 -11.3730 16.6130 
jan -2.03333 4.61423 1.000 -17.5032 13.4365 
mar -3.36667 4.61423 .999 -18.8365 12.1032 
apr 16.10000 5.56497 .142 -2.5574 34.7574 
jun 23.10000* 5.11175 .002 5.9621 40.2379 
jul 22.25000* 6.37547 .036 .8753 43.6247 

dec aug 7.93000 5.90254 .937 -11.8591 27.7191 
sep 5.54000 4.17373 .941 -8.4530 19.5330 
oct 3.84667 3.93503 .992 -9.3461 17.0394 
nov -2.62000 4.17373 1.000 -16.6130 11.3730 
jan -4.65333 3.93503 .971 -17.8461 8.5394 
mar -5.98667 3.93503 .875 -19.1794 7.2061 
apr 13.48000 5.01619 .214 -3.3375 30.2975 
jun 20.48000* 4.50814 .002 5.3658 35.5942 
jul 19.63000 5.90254 .053 -.1591 39.4191 

jan aug 12.58333 6.22182 .589 -8.2762 33.4429 
sep 10.19333 4.61423 .468 -5.2765 25.6632 
oct 8.50000 4.39949 .648 -6.2499 23.2499 
nov 2.03333 4.61423 1.000 -13.4365 17.5032 
dec 4.65333 3.93503 .971 -8.5394 17.8461 
mar -1.33333 4.39949 1.000 -16.0833 13.4166 
apr 18.13333* 5.38826 .048 .0684 36.1982 
jun 25.13333* 4.91878 .000 8.6424 41.6243 
jul 24.28333* 6.22182 .012 3.4238 45.1429 

mar aug 13.91667 6.22182 .451 -6.9429 34.7762 
sep 11.52667 4.61423 .301 -3.9432 26.9965 
oct 9.83333 4.39949 .452 -4.9166 24.5833 
nov 3.36667 4.61423 .999 -12.1032 18.8365 
dec 5.98667 3.93503 .875 -7.2061 19.1794 
jan 1.33333 4.39949 1.000 -13.4166 16.0833 
apr 19.46667* 5.38826 .026 1.4018 37.5316 
jun 26.46667* 4.91878 .000 9.9757 42.9576 
jul 25.61667* 6.22182 .007 4.7571 46.4762 

apr aug -5.55000 6.95621 .998 -28.8717 17.7717 
sep -7.94000 5.56497 .911 -26.5974 10.7174 
oct -9.63333 5.38826 .738 -27.6982 8.4316 
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nov -16.10000 5.56497 .142 -34.7574 2.5574 
dec -13.48000 5.01619 .214 -30.2975 3.3375 
jan -18.13333* 5.38826 .048 -36.1982 -.0684 
mar -19.46667* 5.38826 .026 -37.5316 -1.4018 
jun 7.00000 5.81998 .968 -12.5123 26.5123 
jul 6.15000 6.95621 .996 -17.1717 29.4717 

jun aug -12.55000 6.59924 .668 -34.6749 9.5749 
sep -14.94000 5.11175 .134 -32.0779 2.1979 
oct -16.63333* 4.91878 .047 -33.1243 -.1424 
nov -23.10000* 5.11175 .002 -40.2379 -5.9621 
dec -20.48000* 4.50814 .002 -35.5942 -5.3658 
jan -25.13333* 4.91878 .000 -41.6243 -8.6424 
mar -26.46667* 4.91878 .000 -42.9576 -9.9757 
apr -7.00000 5.81998 .968 -26.5123 12.5123 
jul -.85000 6.59924 1.000 -22.9749 21.2749 

jul aug -11.70000 7.62015 .869 -37.2476 13.8476 
sep -14.09000 6.37547 .467 -35.4647 7.2847 
oct -15.78333 6.22182 .282 -36.6429 5.0762 
nov -22.25000* 6.37547 .036 -43.6247 -.8753 
dec -19.63000 5.90254 .053 -39.4191 .1591 
jan -24.28333* 6.22182 .012 -45.1429 -3.4238 
mar -25.61667* 6.22182 .007 -46.4762 -4.7571 
apr -6.15000 6.95621 .996 -29.4717 17.1717 
jun .85000 6.59924 1.000 -21.2749 22.9749 

*. The mean difference is significant at the 0.05 level. 
 
diameter 

Tukey HSDa,b 

month N 
Subset for alpha = 0.05 

1 2 3 
jun 4 9.7000   
jul 2 10.5500   
apr 3 16.7000 16.7000  
aug 2 22.2500 22.2500 22.2500 
sep 5 24.6400 24.6400 24.6400 
oct 6 26.3333 26.3333 26.3333 
dec 10  30.1800 30.1800 
nov 5  32.8000 32.8000 
jan 6  34.8333 34.8333 
mar 6   36.1667 
Sig.  .104 .055 .280 
Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3.871. b. The group sizes are 
unequal. The harmonic mean of the group sizes is used. Type I error levels 
are not guaranteed. 
 
Sex ratio 10 collection periods 
August 2008 

sex 
 Observed N Expected N Residual 
female 2 6.0 -4.0 
male 10 6.0 4.0 
Total 12   

 
Test Statistics 

 sex 
Chi-Square 5.333a 
df 1 
Asymp. Sig. .021 
a. 0 cells (.0%) have expected frequencies less than 5. The minimum expected cell frequency is 6.0. 
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September 2008 

sex 
 Observed N Expected N Residual 
female 5 10.0 -5.0 
male 15 10.0 5.0 
Total 20   

 
 
 
 

Test Statistics 
 sex 
Chi-Square 5.000a 
df 1 
Asymp. Sig. .025 
a. 0 cells (.0%) have expected frequencies less than 5. The minimum expected cell frequency is 10.0. 
 
October 2008 

sex 
 Observed N Expected N Residual 
female 5 8.0 -3.0 
male 11 8.0 3.0 
Total 16   

 
Test Statistics 

 sex 
Chi-Square 2.250a 
df 1 
Asymp. Sig. .134 
a. 0 cells (.0%) have expected frequencies less than 5. The minimum expected cell frequency is 8.0. 
 
November 2008 

sex 
 Observed N Expected N Residual 
female 6 9.0 -3.0 
male 12 9.0 3.0 
Total 18   

 
Test Statistics 

 sex 
Chi-Square 2.000a 
df 1 
Asymp. Sig. .157 
a. 0 cells (.0%) have expected frequencies less than 5. The minimum expected cell frequency is 9.0. 
 
December 2008 

sex 
 Observed N Expected N Residual 
female 10 10.0 .0 
male 10 10.0 .0 
Total 20   

 
Test Statistics 

 sex 
Chi-Square .000a 
df 1 
Asymp. Sig. 1.000 
a. 0 cells (.0%) have expected frequencies less than 5. The minimum expected cell frequency is 10.0. 
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January 2009 
sex 

 Observed N Expected N Residual 
female 14 10.0 4.0 
male 6 10.0 -4.0 
Total 20   

 
Test Statistics 

 sex 
Chi-Square 3.200a 
df 1 
Asymp. Sig. .074 
a. 0 cells (.0%) have expected frequencies less than 5. The minimum expected cell frequency is 10.0. 
 
March 2009 

sex 
 Observed N Expected N Residual 
female 14 10.0 4.0 
male 6 10.0 -4.0 
Total 20   

Test Statistics 
 sex 
Chi-Square 3.200a 
df 1 
Asymp. Sig. .074 
a. 0 cells (.0%) have expected frequencies less than 5. The minimum expected cell frequency is 10.0. 
 
April 2009 

sex 
 Observed N Expected N Residual 
female 3 9.5 -6.5 
male 16 9.5 6.5 
Total 19   

 
Test Statistics 

 sex 
Chi-Square 8.895a 
df 1 
Asymp. Sig. .003 
a. 0 cells (.0%) have expected frequencies less than 5. The minimum expected cell frequency is 9.5. 
 
June 2009 

sex 
 Observed N Expected N Residual 
female 4 7.0 -3.0 
male 10 7.0 3.0 
Total 14   

 
Test Statistics 

 sex 
Chi-Square 2.571a 
df 1 
Asymp. Sig. .109 
a. 0 cells (.0%) have expected frequencies less than 5. The minimum expected cell frequency is 7.0. 
 
July 2009 

sex 
 Observed N Expected N Residual 
female 2 6.5 -4.5 
male 11 6.5 4.5 
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sex 
 Observed N Expected N Residual 
female 2 6.5 -4.5 
male 11 6.5 4.5 
Total 13   

 
Test Statistics 

 sex 
Chi-Square 6.231a 
df 1 
Asymp. Sig. .013 
a. 0 cells (.0%) have expected frequencies less than 5. The minimum expected cell frequency is 6.5. 
 
Chapter 4. Substrate 

Test Statisticsa 
 spat 
Mann-Whitney U 15124.500 
Wilcoxon W 31348.500 
Z -1.495 
Asymp. Sig. (2-tailed) .158 
a. Grouping Variable: substrate 
 
Depth 
Test Statisticsa 
 spat 
Mann-Whitney U 15487.500 
Wilcoxon W 31837.000 
Z -.855 
Asymp. Sig. (2-tailed) .349 
a. Grouping Variable: depth 
 
Collection periods 

Test Statisticsa,b 
 spat 
Chi-Square 119.924 
df 7 
Asymp. Sig. .000 
a. Kruskal Wallis Test 
b. Grouping Variable: month 

 
Dec-Jan and Feb-Mar 

Test Statisticsa 
 spat 

Mann-Whitney U 1154.000 
Wilcoxon W 1974.000 
Z -.336 
Asymp. Sig. (2-tailed) .737 
a. Grouping Variable: month 
Dec-Jan and Mar-Apr  

Test Statisticsa 
 spat 

Mann-Whitney U 576.000 
Wilcoxon W 2406.000 
Z -5.036 
Asymp. Sig. (2-tailed) .000 
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Test Statisticsa 
 spat 

Mann-Whitney U 576.000 
Wilcoxon W 2406.000 
Z -5.036 
Asymp. Sig. (2-tailed) .000 
a. Grouping Variable: month 
Dec-Jan and May-Jun 

Test Statisticsa 
 spat 

Mann-Whitney U 382.500 
Wilcoxon W 1202.500 
Z -4.498 
Asymp. Sig. (2-tailed) .000 
a. Grouping Variable: month 
Dec-Jan and Jun-Jul 

Test Statisticsa 
 spat 

Mann-Whitney U 273.000 
Wilcoxon W 1093.000 
Z -5.981 
Asymp. Sig. (2-tailed) .000 
a. Grouping Variable: month 
Dec-Jan and Aug-Sep 

Test Statisticsa 
 spat 

Mann-Whitney U 260.000 
Wilcoxon W 1080.000 
Z -6.193 
Asymp. Sig. (2-tailed) .000 
a. Grouping Variable: month 
Dec-Jan and Sep-Oct 

Test Statisticsa 
 spat 

Mann-Whitney U 260.000 
Wilcoxon W 1080.000 
Z -6.193 
Asymp. Sig. (2-tailed) .000 
a. Grouping Variable: month 
Dec-Jan and Nov-Dec 

Test Statisticsa 
 spat 

Mann-Whitney U 437.000 
Wilcoxon W 1257.000 
Z -3.812 
Asymp. Sig. (2-tailed) .000 
a. Grouping Variable: month 
Feb-Mar and Mar-Apr 

Test Statisticsa 
 spat 

Mann-Whitney U 967.500 
Wilcoxon W 2797.500 
Z -4.956 
Asymp. Sig. (2-tailed) .000 
a. Grouping Variable: month 
Feb-Mar and May-Jun 

Test Statisticsa 
 spat 

Mann-Whitney U 634.500 
Wilcoxon W 1454.500 
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Z -4.423 
Asymp. Sig. (2-tailed) .000 
a. Grouping Variable: month 
Feb-Mar and Jun-Jul 

Test Statisticsa 
 spat 

Mann-Whitney U 498.000 
Wilcoxon W 1318.000 
Z -5.715 
Asymp. Sig. (2-tailed) .000 
a. Grouping Variable: month 
Feb-Mar and Aug-Sep 
 

Test Statisticsa 
 spat 

Mann-Whitney U 480.000 
Wilcoxon W 1300.000 
Z -5.908 
Asymp. Sig. (2-tailed) .000 
a. Grouping Variable: month 
Feb-Mar and Sep-Oct 

Test Statisticsa 
 spat 

Mann-Whitney U 480.000 
Wilcoxon W 1300.000 
Z -5.908 
Asymp. Sig. (2-tailed) .000 
a. Grouping Variable: month 
Feb-Mar and Nov-Dec 

Test Statisticsa 
 spat 

Mann-Whitney U 715.000 
Wilcoxon W 1535.000 
Z -3.707 
Asymp. Sig. (2-tailed) .000 
a. Grouping Variable: month 
FM 08, FM 09 and DJ 2010 

Test Statisticsa,b 
 spat 
Chi-Square 6.881 
df 2 
Asymp. Sig. .032 
a. Kruskal Wallis Test 
b. Grouping Variable: period 

Chapter 5. Growth -  Pioneer Bay 
Descriptivesa 

 unit Statistic Std. Error 
ww panel Mean 17.6200 1.27295 

tray Mean 17.2600 2.28026 
lantern Mean 18.0200 2.85349 

dvm panel Mean 22.8400 1.88271 
tray Mean 29.8000 2.33731 
lantern Mean 30.5400 3.72553 

apm panel Mean 24.0000 2.88184 
tray Mean 33.8400 2.31119 
lantern Mean 32.4600 2.72206 

st panel Mean 7.9200 .70739 
tray Mean 7.2600 .73389 
lantern Mean 7.0800 .52288 
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Descriptivesa 
 unit Statistic Std. Error 
ww panel Mean 17.6200 1.27295 

tray Mean 17.2600 2.28026 
lantern Mean 18.0200 2.85349 

dvm panel Mean 22.8400 1.88271 
tray Mean 29.8000 2.33731 
lantern Mean 30.5400 3.72553 

apm panel Mean 24.0000 2.88184 
tray Mean 33.8400 2.31119 
lantern Mean 32.4600 2.72206 

st panel Mean 7.9200 .70739 
tray Mean 7.2600 .73389 
lantern Mean 7.0800 .52288 

a. depth = 3.00 
Descriptivesa 

 unit Statistic Std. Error 
ww panel Mean 13.0600 .47286 

tray Mean 19.1400 1.38550 
lantern Mean 15.3000 1.43318 

dvm panel Mean 19.9800 1.03218 
tray Mean 32.1400 1.36330 
lantern Mean 26.9400 1.25960 

apm panel Mean 23.5400 2.26817 
tray Mean 37.8800 1.78337 
lantern Mean 26.8800 .44989 

st panel Mean 6.4000 .14491 
tray Mean 7.4000 .34351 
lantern Mean 6.0600 .49960 

a. depth = 6.00 
 
 

Tests of Between-Subjects Effects 
Dependent Variable:dvm 

Source 
Type III Sum of 
Squares df Mean Square F Sig. 

Corrected Model 566.856a 5 113.371 4.966 .003 
Intercept 21934.848 1 21934.848 960.727 .000 
depth 14.145 1 14.145 .620 .439 
unit 500.318 2 250.159 10.957 .000 
depth * unit 52.393 2 26.196 1.147 .334 
Error 547.956 24 22.832   
Total 23049.660 30    
Corrected Total 1114.812 29    
a. R Squared = .508 (Adjusted R Squared = .406) b. Computed using alpha = .05 

 
Multiple Comparisons 

dvmTukey HSD 

(I) unit (J) unit 
Mean 

Difference (I-J) Std. Error Sig. 
95% Confidence Interval 

Lower Bound Upper Bound 
panel tray -9.5600* 2.13689 .000 -14.8964 -4.2236 

pearl -7.3300* 2.13689 .006 -12.6664 -1.9936 
tray panel 9.5600* 2.13689 .000 4.2236 14.8964 

pearl 2.2300 2.13689 .557 -3.1064 7.5664 
pearl panel 7.3300* 2.13689 .006 1.9936 12.6664 

tray -2.2300 2.13689 .557 -7.5664 3.1064 
Based on observed means.The error term is Mean Square(Error) = 22.832. 
*. The mean difference is significant at the .05 level. 

 
dvm Tukey HSDa,b 

unit N 
Subset 

1 2 
panel 10 21.4100  
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lantern 10  28.7400 
tray 10  30.9700 
Sig.  1.000 .557 
Means for groups in homogeneous subsets are displayedBased on observed means.The error term is 
Mean Square(Error) = 22.832. 

a. Uses Harmonic Mean Sample Size = 10.000. b. Alpha = 0.05. 
 
 

Tests of Between-Subjects Effects 
Dependent Variable:apm 

Source 

Type III 
Sum of 

Squares df 
Mean 

Square F Sig. 
Noncent. 

Parameter 
Observed 

Powerb 
Corrected 
Model 

850.155a 5 170.031 6.897 .000 34.485 .991 

Intercept 26581.633 1 26581.633 1078.231 .000 1078.231 1.000 
depth 3.333 1 3.333 .135 .716 .135 .064 
unit 730.981 2 365.490 14.825 .000 29.651 .997 
depth * unit 115.841 2 57.920 2.349 .117 4.699 .429 
Error 591.672 24 24.653     
Total 28023.460 30      
Corrected Total 1441.827 29      
a. R Squared = .590 (Adjusted R Squared = .504) b. Computed using alpha = .05 

 
Multiple Comparisons 

Apm Tukey HSD 

(I) unit (J) unit 
Mean Difference 

(I-J) Std. Error Sig. 
95% Confidence Interval 

Lower Bound Upper Bound 
panel tray -12.0900* 2.22050 .000 -17.6352 -6.5448 

pearl -5.9000* 2.22050 .036 -11.4452 -.3548 
tray panel 12.0900* 2.22050 .000 6.5448 17.6352 

pearl 6.1900* 2.22050 .027 .6448 11.7352 
pearl panel 5.9000* 2.22050 .036 .3548 11.4452 

tray -6.1900* 2.22050 .027 -11.7352 -.6448 
Based on observed means. The error term is Mean Square(Error) = 24.653. 
*. The mean difference is significant at the .05 level. 

 
apm 

Tukey HSDa,b 

unit N 
Subset 

1 2 3 
panel 10 23.7700   
lantern 10  29.6700  
tray 10   35.8600 
Sig.  1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. The error term is Mean Square(Error) = 24.653. 
a. Uses Harmonic Mean Sample Size = 10.000.b. Alpha = 0.05. 

 
Tests of Between-Subjects Effects 

Dependent Variable:st 

Source 

Type III 
Sum of 
Squares df 

Mean 
Square F Sig. 

Noncent. 
Parameter 

Observed 
Powerb 

Corrected 
Model 

11.608a 5 2.322 1.638 .188 8.189 .472 

Intercept 1478.412 1 1478.412 1042.971 .000 1042.971 1.000 
depth 4.800 1 4.800 3.386 .078 3.386 .423 
unit 3.182 2 1.591 1.122 .342 2.245 .224 
depth * unit 3.626 2 1.813 1.279 .297 2.558 .250 
Error 34.020 24 1.418     
Total 1524.040 30      
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Corrected 
Total 

45.628 29      

a. R Squared = .254 (Adjusted R Squared = .099)  b. Computed using alpha = .05 
 

 
Tests of Between-Subjects Effects 

Dependent Variable:ww 

Source 

Type III 
Sum of 
Squares df 

Mean 
Square F Sig. 

Noncent. 
Parameter 

Observed 
Powerb 

Corrected 
Model 

120.295a 5 24.059 1.507 .225 7.534 .436 

Intercept 8400.133 1 8400.133 526.115 .000 526.115 1.000 
depth 24.300 1 24.300 1.522 .229 1.522 .220 
unit 40.979 2 20.489 1.283 .295 2.567 .251 
depth * unit 55.016 2 27.508 1.723 .200 3.446 .326 
Error 383.192 24 15.966     
Total 8903.620 30      
Corrected 
Total 

503.487 29      

a. R Squared = .239 (Adjusted R Squared = .080)  b. Computed using alpha = .05 
 
Growth - Cape Ferguson 

Descriptives 

 

N Mean 
Std. 

Deviation 
Std. 
Error 

95% Confidence Interval 
for Mean 

Minimum Maximum 
Lower 
Bound 

Upper 
Bound 

ww panel 5 15.3600 3.86885 1.73020 10.5562 20.1638 11.70 21.10 
tray 5 32.4400 4.10037 1.83374 27.3487 37.5313 25.80 36.20 
pearl 5 19.9400 3.74072 1.67290 15.2953 24.5847 16.10 24.10 
Total 15 22.5800 8.30096 2.14330 17.9831 27.1769 11.70 36.20 

dvm panel 5 21.2000 3.73898 1.67212 16.5574 25.8426 17.90 25.50 
tray 5 42.6000 1.12250 .50200 41.2062 43.9938 41.20 43.90 
pearl 5 33.4400 3.31557 1.48277 29.3232 37.5568 29.60 37.60 
Total 15 32.4133 9.47831 2.44729 27.1644 37.6622 17.90 43.90 

apm panel 5 22.2600 6.65530 2.97634 13.9964 30.5236 14.10 30.40 
tray 5 46.4200 3.51098 1.57016 42.0605 50.7795 43.00 50.30 
pearl 5 32.5400 5.52929 2.47277 25.6745 39.4055 27.70 41.50 
Total 15 33.7400 11.39811 2.94298 27.4279 40.0521 14.10 50.30 

st panel 5 8.1200 .88713 .39674 7.0185 9.2215 7.30 9.30 
tray 5 11.4200 1.33866 .59867 9.7578 13.0822 9.90 13.10 
pearl 5 9.4000 1.03682 .46368 8.1126 10.6874 8.00 10.80 
Total 15 9.6467 1.73817 .44879 8.6841 10.6092 7.30 13.10 

 
ANOVA 

 Sum of Squares df Mean Square F Sig. 
ww Between Groups 781.588 2 390.794 25.612 .000 

Within Groups 183.096 12 15.258   
Total 964.684 14    

dvm Between Groups 1152.805 2 576.403 65.917 .000 
Within Groups 104.932 12 8.744   
Total 1257.737 14    

apm Between Groups 1470.064 2 735.032 25.290 .000 
Within Groups 348.772 12 29.064   
Total 1818.836 14    

st Between Groups 27.681 2 13.841 11.363 .002 
Within Groups 14.616 12 1.218   
Total 42.297 14    

 
Multiple Comparisons 
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Tukey HSD 

Dependent 
Variable (I) unit (J) unit 

Mean 
Difference (I-

J) 
Std. 
Error Sig. 

95% Confidence Interval 
Lower 
Bound 

Upper 
Bound 

ww panel tray -17.08000* 2.47047 .000 -23.6709 -10.4891 
pearl -4.58000 2.47047 .194 -11.1709 2.0109 

tray panel 17.08000* 2.47047 .000 10.4891 23.6709 
pearl 12.50000* 2.47047 .001 5.9091 19.0909 

pearl panel 4.58000 2.47047 .194 -2.0109 11.1709 
tray -12.50000* 2.47047 .001 -19.0909 -5.9091 

dvm panel tray -21.40000* 1.87022 .000 -26.3895 -16.4105 
pearl -12.24000* 1.87022 .000 -17.2295 -7.2505 

tray panel 21.40000* 1.87022 .000 16.4105 26.3895 
pearl 9.16000* 1.87022 .001 4.1705 14.1495 

pearl panel 12.24000* 1.87022 .000 7.2505 17.2295 
tray -9.16000* 1.87022 .001 -14.1495 -4.1705 

apm panel tray -24.16000* 3.40965 .000 -33.2565 -15.0635 
pearl -10.28000* 3.40965 .027 -19.3765 -1.1835 

tray panel 24.16000* 3.40965 .000 15.0635 33.2565 
pearl 13.88000* 3.40965 .004 4.7835 22.9765 

pearl panel 10.28000* 3.40965 .027 1.1835 19.3765 
tray -13.88000* 3.40965 .004 -22.9765 -4.7835 

st panel tray -3.30000* .69800 .001 -5.1622 -1.4378 
pearl -1.28000 .69800 .200 -3.1422 .5822 

tray panel 3.30000* .69800 .001 1.4378 5.1622 
pearl 2.02000* .69800 .033 .1578 3.8822 

pearl panel 1.28000 .69800 .200 -.5822 3.1422 
tray -2.02000* .69800 .033 -3.8822 -.1578 

*. The mean difference is significant at the 0.05 level. 
 

ww 
Tukey HSDa 

unit N 
Subset for alpha = 0.05 

1 2 
panel 5 15.3600  
pearl 5 19.9400  
tray 5  32.4400 
Sig.  .194 1.000 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 5.000. 

 
dvm 

Tukey HSDa 

unit N 
Subset for alpha = 0.05 

1 2 3 
panel 5 21.2000   
pearl 5  33.4400  
tray 5   42.6000 
Sig.  1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. a. Uses Harmonic Mean Sample Size = 5.000. 

 
apm 

Tukey HSDa 

unit N 
Subset for alpha = 0.05 

1 2 3 
panel 5 22.2600   
pearl 5  32.5400  
tray 5   46.4200 
Sig.  1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 5.000. 
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st 

Tukey HSDa 

unit N 
Subset for alpha = 0.05 

1 2 
panel 5 8.1200  
pearl 5 9.4000  
tray 5  11.4200 
Sig.  .200 1.000 
Means for groups in homogeneous subsets ar displayed. 

a. Uses Harmonic Mean Sample Size = 5.000. 
 
Growth - sites 

Tests of Between-Subjects Effects 
Dependent Variable:dvm 

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Corrected Model 1941.850a 5 388.370 21.053 .000 
Intercept 35346.988 1 35346.988 1916.156 .000 
site 288.727 1 288.727 15.652 .000 
Error 719.426 39 18.447   
Total 40066.760 45    
Corrected Total 2661.276 44    
a. R Squared = .730 (Adjusted R Squared = .695) 

 
Tests of Between-Subjects Effects 

Dependent Variable:apm 

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Corrected Model 2358.918a 5 471.784 17.364 .000 
Intercept 40330.967 1 40330.967 1484.410 .000 
site 157.874 1 157.874 5.811 .021 
Error 1059.618 39 27.170   
Total 46918.110 45    
Corrected Total 3418.536 44    
a. R Squared = .690 (Adjusted R Squared = .650) 

 
Tests of Between-Subjects Effects 

Dependent Variable:st 

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Corrected Model 99.857a 5 19.971 13.650 .000 
Intercept 2777.778 1 2777.778 1898.520 .000 
site 68.994 1 68.994 47.155 .000 
Error 57.062 39 1.463   
Total 2962.210 45    
Corrected Total 156.919 44    
a. R Squared = .636 (Adjusted R Squared = .590) 

 
Tests of Between-Subjects Effects 

Dependent Variable:ww 

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Corrected Model 1164.402a 5 232.880 14.068 .000 
Intercept 15455.382 1 15455.382 933.637 .000 
site 341.835 1 341.835 20.650 .000 
Error 645.604 39 16.554   
Total 17516.150 45    
Corrected Total 1810.006 44    
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Tests of Between-Subjects Effects 
Dependent Variable:ww 

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Corrected Model 1164.402a 5 232.880 14.068 .000 
Intercept 15455.382 1 15455.382 933.637 .000 
site 341.835 1 341.835 20.650 .000 
Error 645.604 39 16.554   
Total 17516.150 45    
Corrected Total 1810.006 44    
a. R Squared = .643 (Adjusted R Squared = .598) 
 
Panel growth - Sites  

ANOVA 

 Sum of Squares df Mean Square F Sig. 
ww Between Groups .001 1 .001 .000 .992 

Within Groups 148.736 13 11.441   
Total 148.737 14    

dvm Between Groups .147 1 .147 .011 .917 
Within Groups 168.569 13 12.967   
Total 168.716 14    

apm Between Groups 7.600 1 7.600 .221 .646 
Within Groups 446.693 13 34.361   
Total 454.293 14    

st Between Groups 3.072 1 3.072 2.064 .174 
Within Groups 19.352 13 1.489   
Total 22.424 14    

 
Tray growth - sites 

ANOVA 

 Sum of Squares df Mean Square F Sig. 
ww Between Groups 675.925 1 675.925 40.220 .000 

Within Groups 218.472 13 16.806   
Total 894.397 14    

dvm Between Groups 450.856 1 450.856 35.487 .000 
Within Groups 165.161 13 12.705   
Total 616.017 14    

apm Between Groups 371.712 1 371.712 18.546 .001 
Within Groups 260.552 13 20.042   
Total 632.264 14    

st Between Groups 55.760 1 55.760 35.623 .000 
Within Groups 20.349 13 1.565   
Total 76.109 14    

 
Pearl net growth - sites 

ANOVA 

 Sum of Squares df Mean Square F Sig. 
ww Between Groups 35.861 1 35.861 1.675 .218 

Within Groups 278.396 13 21.415   
Total 314.257 14    

dvm Between Groups 73.633 1 73.633 2.482 .139 
Within Groups 385.696 13 29.669   
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Total 459.329 14    
apm Between Groups 27.456 1 27.456 1.013 .333 

Within Groups 352.373 13 27.106   
Total 379.829 14    

st Between Groups 26.696 1 26.696 19.990 .001 
Within Groups 17.361 13 1.335   
Total 44.057 14    

 
Survival Pioneer Bay  

Tests of Between-Subjects Effects 
Dependent Variable:arcsin_sqrt_survival    

Source 
Type III Sum of 
Squares df Mean Square F Sig. 

Corrected Model .215a 3 .072 .731 .543 
Intercept 41.597 1 41.597 423.926 .000 
unit .118 2 .059 .600 .556 
depth .097 1 .097 .993 .328 
Error 2.551 26 .098   
Total 44.363 30    
Corrected Total 2.766 29    
a. R Squared = .078 (Adjusted R Squared = -.029)   
 
Cape Ferguson 

Test Statisticsa,b 

 Rank of survival 

Chi-Square 1.267 
df 2 
Asymp. Sig. .531 
a. Kruskal Wallis Test  b. Grouping Variable: unit 
 
Between sites 

Test Statisticsa,b 

 survival 

Chi-Square 9.387 
Df 1 
Asymp. Sig. .002 
a. Kruskal Wallis Test  b. Grouping Variable: site 
 
Fouling  Pioneer Bay 

Descriptive Statistics 

 N Mean Std. Deviation Minimum Maximum 

fouling 30 32.6533 11.72615 15.70 64.50 
 

Descriptive Statistics 
Dependent Variable:fouling 

unit depth Mean Std. Deviation N 

panel 3m 25.7400 6.46011 5 

6m 26.2400 10.67417 5 

Total 25.9900 8.32205 10 
tray 3m 49.8800 10.35215 5 
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6m 33.3400 4.95712 5 
Total 41.6100 11.59928 10 

pearl 3m 30.6600 9.18820 5 
6m 30.0600 11.35751 5 
Total 30.3600 9.74431 10 

Total 3m 35.4267 13.52392 15 
6m 29.8800 9.24386 15 
Total 32.6533 11.72615 30 

 
Report 
Fouling 

unit Mean N Std. Deviation 

panel 25.9900 10 8.32205 
tray 41.6100 10 11.59928 
lantern 30.3600 10 9.74431 
Total 32.6533 30 11.72615 
 

Descriptives 

 depth Statistic Std. Error 

fouling 3m Mean 35.4267 3.49186 

6m Mean 29.8800 2.38675 
 
 

Source df F Sig. 
Observed 

Powerb 
Corrected 
Model 

5 4.754 .004 .940 

Intercept 1 383.213 .000 1.000 
unit 2 7.780 .002 .922 
depth 1 2.764 .109 .358 
unit * depth 2 2.724 .086 .487 
 

(I) unit (J) unit Sig. 
panel tray .002 

pearl .542 
tray panel .002 

pearl .029 
pearl panel .542 

tray .029 

 
Cape Ferguson 
 

N Mean 
Std. 

Deviation Std. Error  

panel 4 25.7371 6.88683 3.44341 
tray 4 26.9151 3.79824 1.89912 
pearl 3 31.5559 8.33004 4.80935 
Total 11 27.7524 6.21928 1.87518 
 
 Df F Sig. 
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Between Groups 2 .770 .494 
Within Groups 8   
Total 10   
 
Trays - sites 

ANOVA 
Fouling 

 Sum of Squares df Mean Square F Sig. 

Between Groups 1171.975 1 1171.975 17.383 .004 
Within Groups 471.948 7 67.421   
Total 1643.923 8    

 
Chapter 6.DVM month-1 increase - sites  
 

Descriptives 
 Site Statistic Std. Error 
DVM PB Mean 4.7286 .24775 

CF Mean 4.9214 .20568 
HB Mean 5.3321 .24973 

 
 

Tests of Between-Subjects Effectsc 
Dependent Variable:DVM 

Source 

Type III 
Sum of 

Squares df 
Mean 

Square F Sig. 
Noncent. 

Parameter 
Observed 

Powerb 
Corrected Model 7.158a 2 3.579 5.011 .017 10.021 .754 
Intercept 472.594 1 472.594 661.686 .000 661.686 1.000 
site 7.158 2 3.579 5.011 .017 10.021 .754 
Error 14.999 21 .714     
Total 494.750 24      
Corrected Total 22.156 23      
a. R Squared = .323 (Adjusted R Squared = .259) b. Computed using alpha = .05  c. period = 1.00 

 
Multiple Comparisons DVM  Tukey HSD 

(I) site (J) site 
Mean 

Difference (I-J) Std. Error Sig. 
95% Confidence Interval 

Lower Bound Upper Bound 
PB CF -.6875 .42256 .257 -1.7526 .3776 

HB .6500 .42256 .294 -.4151 1.7151 
CF PB .6875 .42256 .257 -.3776 1.7526 

HB 1.3375* .42256 .012 .2724 2.4026 
HB PB -.6500 .42256 .294 -1.7151 .4151 

CF -1.3375* .42256 .012 -2.4026 -.2724 
Based on observed means. The error term is Mean Square(Error) = .714. 

*. The mean difference is significant at the .05 level.  a. period = 1.00 
 

Tests of Between-Subjects Effectsc 
Dependent Variable:DVM 

Source 

Type III 
Sum of 

Squares df 
Mean 

Square F Sig. 
Noncent. 

Parameter 
Observed 

Powerb 
Corrected 
Model 

9.556a 2 4.778 5.848 .010 11.696 .820 

Intercept 644.807 1 644.807 789.214 .000 789.214 1.000 
site 9.556 2 4.778 5.848 .010 11.696 .820 
Error 17.158 21 .817     
Total 671.520 24      
Corrected 
Total 

26.713 23      
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Tests of Between-Subjects Effectsc 
Dependent Variable:DVM 

Source 

Type III 
Sum of 

Squares df 
Mean 

Square F Sig. 
Noncent. 

Parameter 
Observed 

Powerb 
Corrected 
Model 

9.556a 2 4.778 5.848 .010 11.696 .820 

Intercept 644.807 1 644.807 789.214 .000 789.214 1.000 
site 9.556 2 4.778 5.848 .010 11.696 .820 
Error 17.158 21 .817     
Total 671.520 24      
Corrected 
Total 

26.713 23      

a. R Squared = .358 (Adjusted R Squared = .297)  b. Computed using alpha = .05   c. period = 2.00 
 

Multiple Comparisonsa 
DVM  Tukey HSD 

(I) site (J) site 
Mean 

Difference (I-J) Std. Error Sig. 
95% Confidence Interval 

Lower Bound Upper Bound 
PB CF -1.1375 .45195 .050 -2.2767 .0017 

HB -1.4750* .45195 .010 -2.6142 -.3358 
CF PB 1.1375 .45195 .050 -.0017 2.2767 

HB -.3375 .45195 .739 -1.4767 .8017 
HB PB 1.4750* .45195 .010 .3358 2.6142 

CF .3375 .45195 .739 -.8017 1.4767 
Based on observed means. The error term is Mean Square(Error) = .817. 
*. The mean difference is significant at the .05 level.   a. period = 2.00 

 
Tests of Between-Subjects Effectsc 

Dependent Variable:DVM 

Source 

Type III 
Sum of 

Squares df 
Mean 

Square F Sig. 
Noncent. 

Parameter 
Observed 

Powerb 
Corrected 
Model 

.401a 2 .200 .249 .782 .497 .084 

Intercept 1249.927 1 1249.927 1550.182 .000 1550.182 1.000 
site .401 2 .200 .249 .782 .497 .084 
Error 16.933 21 .806     
Total 1267.260 24      
Corrected Total 17.333 23      
a. R Squared = .023 (Adjusted R Squared = -.070)  b. Computed using alpha = .05  c. period = 3.00 

 
 

Tests of Between-Subjects Effectsc 
Dependent Variable:DVM 

Source 

Type III 
Sum of 

Squares df 
Mean 

Square F Sig. 
Noncent. 

Parameter 
Observed 

Powerb 
Corrected Model 3.636a 2 1.818 1.241 .309 2.482 .240 
Intercept 474.370 1 474.370 323.815 .000 323.815 1.000 
site 3.636 2 1.818 1.241 .309 2.482 .240 
Error 30.764 21 1.465     
Total 508.770 24      
Corrected Total 34.400 23      
a. R Squared = .106 (Adjusted R Squared = .021) b. Computed using alpha = .05  c. period = 4.00 

 
Tests of Between-Subjects Effectsc 

Dependent Variable:DVM 

Source 

Type III 
Sum of 

Squares df 
Mean 

Square F Sig. 
Noncent. 

Parameter 
Observed 

Powerb 
Corrected Model 28.506a 2 14.253 20.883 .000 41.767 1.000 
Intercept 890.602 1 890.602 1304.911 .000 1304.911 1.000 



201 
 

site 28.506 2 14.253 20.883 .000 41.767 1.000 
Error 14.332 21 .682     
Total 933.440 24      
Corrected Total 42.838 23      
a. R Squared = .665 (Adjusted R Squared = .634)  b. Computed using alpha = .05  c. period = 5.00 

 
Multiple Comparisonsa 

DVM Tukey HSD 

(I) site (J) site 
Mean 

Difference (I-J) Std. Error Sig. 
95% Confidence Interval 

Lower Bound Upper Bound 
PB CF 2.0375* .41307 .000 .9963 3.0787 

HB -.4750 .41307 .495 -1.5162 .5662 
CF PB -2.0375* .41307 .000 -3.0787 -.9963 

HB -2.5125* .41307 .000 -3.5537 -1.4713 
HB PB .4750 .41307 .495 -.5662 1.5162 

CF 2.5125* .41307 .000 1.4713 3.5537 
Based on observed means. The error term is Mean Square(Error) = .683. 
*. The mean difference is significant at the .05 level.   a. period = 5.00 

 
Tests of Between-Subjects Effectsc 

Dependent Variable:DVM 

Source 
Type III Sum 
of Squares df 

Mean 
Square F Sig. 

Noncent. 
Parameter 

Observed 
Powerb 

Corrected Model 8.363a 2 4.182 4.860 .018 9.719 .740 
Intercept 657.307 1 657.307 763.887 .000 763.887 1.000 
site 8.363 2 4.182 4.860 .018 9.719 .740 
Error 18.070 21 .860     
Total 683.740 24      
Corrected Total 26.433 23      
a. R Squared = .316 (Adjusted R Squared = .251)  b. Computed using alpha = .05  c. period = 6.00 

 
Multiple Comparisonsa 

DVM Tukey HSD 

(I) site (J) site Mean Difference (I-J) Std. Error Sig. 
95% Confidence Interval 

Lower Bound Upper Bound 
PB CF .3000 .46381 .796 -.8691 1.4691 

HB -1.0750 .46381 .075 -2.2441 .0941 
CF PB -.3000 .46381 .796 -1.4691 .8691 

HB -1.3750* .46381 .019 -2.5441 -.2059 
HB PB 1.0750 .46381 .075 -.0941 2.2441 

CF 1.3750* .46381 .019 .2059 2.5441 
Based on observed means. The error term is Mean Square(Error) = .860. 
*. The mean difference is significant at the .05 level.a. period = 6.00 

 
Tests of Between-Subjects Effectsc 

Dependent Variable:DVM 

Source 

Type III 
Sum of 

Squares df 
Mean 

Square F Sig. 
Noncent. 

Parameter 
Observed 

Powerb 
Corrected Model 6.690a 2 3.345 5.254 .014 10.508 .775 
Intercept 132.540 1 132.540 208.178 .000 208.178 1.000 
site 6.690 2 3.345 5.254 .014 10.508 .775 
Error 13.370 21 .637     
Total 152.600 24      
Corrected Total 20.060 23      
a. R Squared = .333 (Adjusted R Squared = .270) b. Computed using alpha = .05 c. period = 7.00 

 
Multiple Comparisonsa 

DVM Tukey HSD 

(I) site (J) site 
Mean 

Difference (I-J) Std. Error Sig. 
95% Confidence Interval 

Lower Bound Upper Bound 
PB CF -.8250 .39896 .121 -1.8306 .1806 
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HB -1.2750* .39896 .012 -2.2806 -.2694 
CF PB .8250 .39896 .121 -.1806 1.8306 

HB -.4500 .39896 .508 -1.4556 .5556 
HB PB 1.2750* .39896 .012 .2694 2.2806 

CF .4500 .39896 .508 -.5556 1.4556 
Based on observed means. The error term is Mean Square(Error) = .637. 
*. The mean difference is significant at the .05 level.  a. period = 7.00 
 

Regressions  APM:DVM Pioneer Bay 
Model Summary 

Model R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
1 .953a .908 .908 9.03327 
a. Predictors: (Constant), dvm_1 

 
ANOVAb 

Model Sum of Squares df Mean Square F Sig. 
1 Regression 602437.520 1 602437.520 7382.823 .000a 

Residual 61199.915 750 81.600   
Total 663637.436 751    

a. Predictors: (Constant), dvm_1  b. Dependent Variable: apm_1 
 

Coefficientsa 

Model 
Unstandardized Coefficients 

Standardized 
Coefficients 

t Sig. B Std. Error Beta 
1 (Constant) 19.789 .874  22.651 .000 

dvm_1 .928 .011 .953 85.923 .000 
a. Dependent Variable: apm_1 
 

APM:DVM Cape Ferguson 
Model Summary 

Model R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
1 .959a .919 .919 8.52095 
a. Predictors: (Constant), dvm_2 

 
ANOVAb 

Model Sum of Squares df Mean Square F Sig. 
1 Regression 554543.256 1 554543.256 7637.644 .000a 

Residual 48791.628 672 72.607   
Total 603334.885 673    

a. Predictors: (Constant), dvm_2  b. Dependent Variable: apm_2 
 

Coefficientsa 

Model 
Unstandardized Coefficients 

Standardized 
Coefficients 

t Sig. B Std. Error Beta 
1 (Constant) 23.817 .874  27.258 .000 

dvm_2 .918 .011 .959 87.394 .000 
a. Dependent Variable: apm_2 

 
APM:DVM Horseshoe Bay 

Model Summary 

Model R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
1 .986a .972 .972 6.05134 
a. Predictors: (Constant), dvm_3 

 
ANOVAb 
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Model Sum of Squares df Mean Square F Sig. 
1 Regression 494944.999 1 494944.999 13516.179 .000a 

Residual 14391.152 393 36.619   
Total 509336.152 394    

a. Predictors: (Constant), dvm_3  b. Dependent Variable: apm_3 
 

Coefficientsa 

Model 
Unstandardized Coefficients 

Standardized 
Coefficients 

t Sig. B Std. Error Beta 
1 (Constant) 11.105 .573  19.371 .000 

dvm_3 1.062 .009 .986 116.259 .000 
a. Dependent Variable: apm_3 
 

ST:DVM Pioneer Bay 
Model Summary 

Model R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
1 .963a .928 .928 2.55472 
a. Predictors: (Constant), dvm_pb 

 
ANOVAb 

Model Sum of Squares df Mean Square F Sig. 
1 Regression 62866.030 1 62866.030 9632.314 .000a 

Residual 4894.932 750 6.527   
Total 67760.962 751    

a. Predictors: (Constant), dvm_pb   b. Dependent Variable: st_pb 
 

Coefficientsa 

Model 
Unstandardized Coefficients 

Standardized 
Coefficients 

t Sig. B Std. Error Beta 
1 (Constant) .124 .247  .503 .615 

dvm_pb .300 .003 .963 98.144 .000 
a. Dependent Variable: st_pb 
 

ST:DVM Cape Ferguson 
Model Summary 

Model R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
1 .967a .936 .936 2.38555 
a. Predictors: (Constant), dvm_cf 

 
ANOVAb 

Model Sum of Squares df Mean Square F Sig. 
1 Regression 55608.942 1 55608.942 9771.626 .000a 

Residual 3824.257 672 5.691   
Total 59433.199 673    

a. Predictors: (Constant), dvm_cf  b. Dependent Variable: st_cf 
 

Coefficientsa 

Model 
Unstandardized Coefficients 

Standardized 
Coefficients 

t Sig. B Std. Error Beta 
1 (Constant) 1.351 .245  5.523 .000 

dvm_cf .291 .003 .967 98.852 .000 
a. Dependent Variable: st_cf 
 

ST:DVM Horseshoe Bay 
Model Summary 
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Model R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
1 .987a .975 .975 1.65795 
a. Predictors: (Constant), dvm_hb 

 
ANOVAb 

Model Sum of Squares df Mean Square F Sig. 
1 Regression 42340.139 1 42340.139 15403.090 .000a 

Residual 1080.282 393 2.749   
Total 43420.420 394    

a. Predictors: (Constant), dvm_hb  b. Dependent Variable: sr_hb 
 

Coefficientsa 

Model 
Unstandardized Coefficients 

Standardized 
Coefficients 

t Sig. B Std. Error Beta 
1 (Constant) .091 .157  .577 .565 

dvm_hb .311 .003 .987 124.109 .000 
a. Dependent Variable: sr_hb 
 

WW:DVM Pioneer Bay 
Model Summary 

R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
.987 .973 .973 .234 

The independent variable is dvm_pb. 
 

ANOVA 
 Sum of Squares df Mean Square F Sig. 

Regression 1314.984 1 1314.984 24012.761 .000 
Residual 35.814 654 .055   
Total 1350.798 655    
The independent variable is dvm_pb. 

 
Coefficients 

 Unstandardized Coefficients 
Standardized 
Coefficients 

t Sig. B Std. Error Beta 
ln(dvm_pb) 2.851 .018 .987 154.961 .000 
(Constant) .000 .000  13.029 .000 
The dependent variable is ln(ww_pb). 

 
WW:DVM Cape Ferguson 

Model Summary 

R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
.988 .977 .977 .209 

The independent variable is dvm_cf. 
 

ANOVA 
 Sum of Squares df Mean Square F Sig. 

Regression 1225.318 1 1225.318 28115.985 .000 
Residual 29.286 672 .044   
Total 1254.604 673    
The independent variable is dvm_cf. 

 
Coefficients 

 Unstandardized Coefficients 
Standardized 
Coefficients 

t Sig. B Std. Error Beta 
ln(dvm_cf) 2.699 .016 .988 167.678 .000 
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(Constant) .000 .000  14.561 .000 
The dependent variable is ln(ww_cf). 

 
WW:DVM Horseshoe Bay 

Model Summary 

R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
.990 .979 .979 .299 

The independent variable is dvm_hb. 
 

ANOVA 
 Sum of Squares df Mean Square F Sig. 

Regression 1658.886 1 1658.886 18515.964 .000 
Residual 35.210 393 .090   
Total 1694.096 394    
The independent variable is dvm_hb. 

 
Coefficients 

 Unstandardized Coefficients 
Standardized 
Coefficients 

t Sig. B Std. Error Beta 
ln(dvm_hb) 2.701 .020 .990 136.073 .000 
(Constant) .000 .000  13.259 .000 
The dependent variable is ln(ww_hb). 

 
100-120 mm DVM at three sites    APM:DVM ratios ANOVA 100-120 DVM CLASS 

ANOVA 
APM_DVM_ratio 

 Sum of Squares df Mean Square F Sig. 
Between Groups .184 2 .092 10.655 .000 
Within Groups 2.902 337 .009   
Total 3.086 339    

 
Multiple Comparisons 

APM_DVM_ratio  Tukey HSD 

(I) SITES (J) SITES 
Mean 

Difference (I-J) Std. Error Sig. 
95% Confidence Interval 

Lower Bound Upper Bound 
PB CF -.04431* .01058 .000 -.0692 -.0194 

HB -.05467* .01839 .009 -.0979 -.0114 
CF PB .04431* .01058 .000 .0194 .0692 

HB -.01035 .01866 .844 -.0543 .0336 
HB PB .05467* .01839 .009 .0114 .0979 

CF .01035 .01866 .844 -.0336 .0543 
*. The mean difference is significant at the 0.05 level. 

ST:DVM ratios ANOVA 100-120 DVM CLASS 
ANOVA 

st_dvm 
 Sum of Squares df Mean Square F Sig. 

Between Groups .001 2 .000 .472 .624 
Within Groups .215 330 .001   
Total .216 332    

WW_DVM  ANOVA 100-120 DVM CLASS 
ANOVA 

WW 
 Sum of Squares df Mean Square F Sig. 

Between Groups 14010.255 2 7005.128 9.785 .000 
Within Groups 203307.277 284 715.871   
Total 217317.532 286    

 
Multiple Comparisons 

WW Tukey HSD 
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(I) site (J) site 
Mean 

Difference (I-J) Std. Error Sig. 
95% Confidence Interval 

Lower Bound Upper Bound 
PB CF -12.89055* 3.46804 .001 -21.0615 -4.7196 

HB 3.16688 4.85781 .791 -8.2785 14.6122 
CF PB 12.89055* 3.46804 .001 4.7196 21.0615 

HB 16.05743* 4.66104 .002 5.0757 27.0391 
HB PB -3.16688 4.85781 .791 -14.6122 8.2785 

CF -16.05743* 4.66104 .002 -27.0391 -5.0757 
*. The mean difference is significant at the 0.05 level. 
 
PIM  month-1    Overall means per site 

Descriptives 
 site Statistic Std. Error 
monthly_PIM pb Mean 1.6801 .12602 

cf Mean 20.1480 2.01641 
hb Mean 8.5891 .80500 

   

 
PIM  (afdw)  Period 1 

 
Period 2 

 
Period 3 

 
Period 4 
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Period 5 

 
 
Period 6 

 
 
Period 7 

 
 
 
Appendix 3. Chapter 6. Matlab files. 
SPVB.m file 
%out.m - trial function to be optimised using  
least squares procedure 
function out = spVB(parameters,t) 
  
%parameters to be optimised 
Loo = parameters(1); 
K  = parameters(2); 
t0 = parameters(3); 
b = parameters(4); 
%output 
out = Loo.*(1-exp(-K.*t)); 
%out = Loo.*(1-exp(-K.*t)).^b; 
%out = Loo.*exp(-exp(-K.*(t-t0))); 
%out = Loo.*(1-b*exp(-K.*t)).^(1/b); 
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%out = Loo.*(1 + exp(-K.*t)).^(-1); 
 
 

Fitting.m file 
%fitting.m 
  
%clear existing data; 
clear all; clf; close all; 
%Read in appropriate data 
[data, headers] = xlsread('pb total.xls'); 
  
%Assign variable names to data columns if it helps 
x = data(:,1); 
x = x./365; 
y = data(:,2); 
  
%Plot is you wish 
scatter(x,y) 
hold on; 
  
%Need to have a trial function to optimise defined and in same 
directory. 
%Ours is called spVB 
%Do least squares procedure with initial 'guess' to find values for the 
constants that best 
%match data. 
VBfit = lsqcurvefit(@spVB,[210, 0.001, 0, 1],x,y); 
K = VBfit(2); 
Loo = VBfit(1); 
phi = log10(K) +2*log10(Loo); 
  
%Plot resulting best fit curve on whatever mesh 
%xx = linspace(0, 7300, 1000)'; 
xx = linspace(0, 8, 2000)'; 
yy = spVB(VBfit, xx)'; 
  
T = xx(dsearchn(yy', 100)); 
  
%plot(x, spVB(VBfit,x),'r') 
%hold on; 
plot(xx, yy,'r') 
  
%growth rate (1st model) 
growth = VBfit(1)*VBfit(2)*exp(-VBfit(2)*xx); 
  
A = [xx,yy']; 
%save large.txt A -ASCII 
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