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Abstract 

The flat oyster, Ostrea chilensis, is an important cultural and commercial species in New 

Zealand fishing and aquaculture industries. However, natural populations and commercial 

operations are threatened by haplosporidian parasites in the genus Bonamia. Mass mortality 

from a Bonamia exitiosa infection epidemic during 1986-1992 led to a period of closure in 

New Zealand’s largest flat oyster fishery at Foveaux Strait, and recent infections by a new 

incursion of Bonamia ostreae have forced the destocking of oyster farms nationwide. 

Recruitment issues have also been identified as key drivers of these commercial populations, 

and there is a need to improve the understanding of the reproductive biology for O. chilensis. 

Furthermore, B. exitiosa proliferation is thought to be controlled by O. chilensis gametogenic 

cycle. With these key issues in mind, the present study aimed to improve the understanding of 

aspects of O. chilensis reproduction, patterns of B. exitiosa infection, and to compare 

gametogenesis processes with those observed in Foveaux Strait before the 1986 epizootic. 

The gametogenic cycle, biochemical composition, and the intensity of B. exitiosa infection in 

Foveaux Strait O. chilensis was examined monthly at one location from July 2017 to September 

2018, with spatial variation being investigated seasonally from spring 2017 to spring 2018, 

across five sites. Monthly histological examination of O. chilensis gonad tissue revealed that 

the gametogenic cycle was relatively similar to that described before bonamiasis epidemics, 

with the onset of a continuous spawning event beginning in spring 2017. However, there was 

evidence for a more female skewed sex ratio, with less than 5% purely female oysters overall 

described previously, while almost one quarter of all samples were exclusively female in the 

present study. In addition, the development of female reproductive features at smaller sizes was 

observed, as well as an increased component of gonadal inactivity.  

Monthly examination of the total percentage protein, carbohydrate and lipid content of oysters 

revealed consistent seasonal patterns in the utilisation and accumulation of reserves. 

Carbohydrates were depleted over the winter and spring, while high concentrations persisted 

through summer and autumn. While proteins and lipids exhibited the opposite trend, and were 

accumulated through winter, peaking in spring, with extensive utilisation occurring over 

summer and autumn. Oysters in western Foveaux Strait may have exhibited more conservative 

elements in the utilisation and accumulation of biochemical components, relying more on 

reserves for spawning. While eastern populations were more opportunistic, relying less on 
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biochemical reserves during spawning, and conserving these constituents for utilisation during 

lean autumn and winter months.  

This may have been related to differences in B. exitiosa infection, as qPCR assays of a subset 

of samples suggested a higher prevalence in western Foveaux Strait, and biochemical reserves 

were lower in infected oysters. Overall B. exitiosa prevalence was low, at 2.2%, however, the 

parasite tended to exhibit a preference for female oysters weakened by spawning, or by 

concurrent infection of the trematode Bucephalus longicornutus. This means that 

gametogenesis may remain largely unaffected by B. exitiosa infection, as proliferation may 

occur after spawning. The present study provides insights into the relationship between B. 

exitiosa infection and O. chilensis gonadic condition, as well as the first description of the 

seasonal cycle of the biochemical composition.  
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“Nature flies from the infinite; for the infinite is imperfect, and nature always seeks an end.” 

-Aristotle 
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Chapter 1: General Introduction 

 

The New Zealand Flat Oyster, Ostrea chilensis Küster 1844 (Ostreidae), is a benthic, filter 

feeding, bivalve mollusc, distributed widely throughout New Zealand, Chile and also 

documented in waters around the United Kingdom from introductions in the 1960’s (Jeffs & 

Creese, 1996). There are significant commercial industries associated with the live culture and 

capture of O. chilensis due to its high economic value (Jeffs & Creese, 1996). The unusual 

reproduction and mixed development of this species that involves both brooding and a free-

living larval stage continues to frustrate artificial breeding in aquaculture systems (Jeffs & 

Creese, 1996). This has been attributed to a lack of updated knowledge around aspects of 

reproductive biology, especially in Foveaux Strait, which contains the largest commercially 

exploitable New Zealand flat oyster fishery, known locally as Bluff Oysters. O. chilensis has a 

long-standing association with the Bonamia  parasite, and infection cycles are thought to be 

closely connected with reproduction (Hine & Jones, 1994). However, there is a lack of 

published literature on how gametogenesis may be affected by Bonamia infection. This thesis 

examines aspects of reproduction in the dredge oyster Ostrea chilensis from southern New 

Zealand, its implications for the ongoing fishery, and impacts of disease.  

 

1.1 Taxonomy 

The taxonomy of O. chilensis has been a source of continuous debate. The majority of modern 

authors classify both New Zealand and Chilean flat oysters as a single species. However, the 

disjointed distribution of these populations prompted initial classifications of New Zealand and 

Chilean flat oysters as separate species (Jeffs & Creese, 1996). 

The New Zealand dredge oyster was first described as Ostrea lutaria by Hutton (1873), while 

the Chilean Oyster was referred to separately as Ostrea chilensis (Philippi, 1845). These 

classifications were challenged when Wakamatsu (1975) characterised the distribution of O. 

chilensis, proposing that the species existed along the west coast of South America and 

throughout New Zealand. However, Korringa (1976), despite incorrectly confusing O. lutaria 

with Ostrea angasi (Sowerby, 1871), a flat oyster native to South Australia (Buroker et al., 

1983), speculated that O. lutaria and O. chilensis were different, if not highly similar species. 

Global analysis of the larval characteristics of osterid oysters indicated that O. chilensis and O. 

lutaria were unique among the group (Chanley & Dinamani, 1980). Therefore, Chanley and 
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Dinamani (1980) suggested that the genus Tiostrea be created, comprising of Tiostrea chilensis 

and Tiostrea lutaria; the Chilean and New Zealand oysters respectively. Later genetic studies 

indicated a high level of similarity between the two species (Buroker et al., 1983; Foighil et 

al., 1999). Both taxa were pronounced almost indistinguishable through genetic analysis of 29 

structural loci (Buroker et al., 1983). Additionally, comparison of 609 nucleotide fragments of 

cytochrome oxidase I, indicated a difference of only four nucleotide substitutions between New 

Zealand and Chilean populations (Foighil et al., 1999). This led to the conjecture that New 

Zealand and Chilean flat oysters were the same species, T. chilensis. 

Fossil and genetic evidence implicates New Zealand as the ancestral population, and it is likely 

that Chile was colonised by adult dispersal via rafting (Foighil et al., 1999). This may be the 

most feasible dispersal hypothesis that explains O. chilensis disjoint distribution, as 

colonisation through larval dispersal is unlikely. This is thought to be due to brooding, and the 

short larval phase, that have been consistently present in both New Zealand and Chilean O. 

chilensis populations (DiSalvo et al., 1983, Winter et al., 1984, Toro & Chaparro, 1990, 

Chaparro et al., 1993). Furthermore, anthropogenic dispersal was not possible, as human 

settlement of New Zealand only occurred around 950 years before present, whereas O. chilensis 

was known to be present in Chile 2000 years ago (Foighil et al., 1999). Additionally, repeated 

volcanic eruptions provided a large supply of pumice from New Zealand as source of rafting 

material during the Pliocene (Wilson et al., 1986, Foighil et al., 1999). 

To add further obscurity to the classification of the New Zealand flat oyster, it has been 

proposed that three different forms exist (Westerkov, 1980; Buroker et al., 1983). These are 

thought to be the result of genotypic responses to different environments, as the oyster is 

distributed through a wide range of habitats (Westerkov, 1980; Buroker et al., 1983). 

Westerkov (1980) suggested that three different morphotypes are displayed in New Zealand 

flat oysters. These were originally identified as different species, including; Ostrea lutaria, the 

subtidal morph, Ostrea heffordi (Finlay, 1928) southern intertidal rock oysters, and Ostrea 

charllotae (Finlay, 1928) deep water oysters with broad, frilled shells (Powell, 1979; Buroker 

et al., 1983). However, genetic studies have since confirmed that these species were ecomorphs 

of Ostrea chilensis (Buroker et al., 1983). 

Ostrea puelchana, an oyster native to Argentina, has also been suggested as an equivalent for 

O. chilensis (Carriker et al., 1994). It was thought that O. puelchana was the species of all 

oysters occupying a circum-global band between 35°S and 50°S in latitude (Harry, 1985). 
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Initially, insufficient genetic work had been performed to confirm this was not the case. 

However, authors noted the marked difference in reproductive biology between the two species 

(Toro & Chaparro, 1990; Pascual et al., 1989; Toro, 1995). O. puelchana exhibits a longer 

planktonic larval phase, higher fecundity, and earlier sexual maturity than O. chilensis. To 

further refute Harry’s (1985) classification, Jozefowicz and O’ Foighil (1998) proposed the 

separation of O. puelchana into four species, including Ostrea chilensis inhabiting New 

Zealand and Chile, upon the basis of DNA molecular phylogenetic analysis. Therefore, despite 

the obscurity that still exists in the classification of the New Zealand flat oyster, there is a 

widespread acceptance of Ostrea chilensis as the scientific name for New Zealand flat oysters 

(Beau & Maxwell, 1990; Jeffs & Creese, 1996).  

 

1.2 Distribution 

O. chilensis is broadly distributed throughout New Zealand across a wide range of habitats. 

The oyster is found intertidally throughout harbours, estuaries, and attached to rocks or other 

structures, across the coastline of New Zealand (Morton & Millar, 1973; Westerkov, 1980). O. 

chilensis has been found sub-tidally up to depths of 549m (Record A0910- Collection of the 

New Zealand Oceanographic Institute, in Jeffs & Creese, 1996) from the coarse sandy pebble 

gravels at intermediate depths (20-50 m) (Cullen, 1962), to the mud substrates offshore of the 

Chatham Islands and the Otago Heads (Powell, 1979; Jeffs & Creese, 1996). Studies have 

identified genetic differentiation between populations of O. chilensis (Foighil, 1999; Hil-

Spanik et al., 2015; Thomas, 2015; Lane et al., 2018), and populations are thought to be poorly 

connected due to their short larval phase. However, translocations of O. chilensis from Foveaux 

Strait to locations around New Zealand (Lane et al., 2018) and internationally (Utting & 

Spencer, 1992) are known to have taken place to establish new oyster beds. Despite this wide 

distribution, the oyster is mainly present at commercially exploitable densities in Foveaux 

Strait and Tasman Bay, where populations can form dense beds of more than 150 per m2 

(Cranfield, 1968a; Jeffs & Creese, 1996).  

 

1.3 Biology & Ecology 

O. chilensis is known to tolerate a range of biotic factors found throughout the diverse range 

of habitats they occupy. Typical oceanic salinities ranging from 31-35 ppt have been recorded 

throughout O. chilensis distribution. However, salinity in some inlets that oysters are known to 
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inhabit has been measured as low as 3-5 ppt (Westerkov, 1980; Buroker et al., 1983). 

Furthermore, O. chilensis is known to endure temperatures as low as 8°C in the Otago Harbour 

during winter, and up to 27°C during the summer in Northern Harbours (Jeffs & Creese, 1996).   

O. chilensis exhibits unusual reproductive characteristics for a filter-feeding bivalve and small-

scale variation in these characteristics is thought to occur across their distribution (Cranfield & 

Michael, 1989). O. chilensis are protandrous hermaphrodites (Jeffs & Hickman, 2000), they 

generally mature as males at around 20 mm shell height, then begin to develop female 

reproductive tissue from approximately 50 mm (Buroker et al., 1983; Jeffs et al., 1996; Jeffs, 

1998; Jeffs & Hickman, 2000). O. chilensis exhibits many traits typical of low fecundity 

reproductive strategies, including reduced planktonic development, relatively few (7000-

120,000 eggs per individual), large eggs (300-350 µm diameter),  and large larvae 

(prodissoconch length 416-514 µm) (Hollis, 1962, 1963; Millar & Hollis, 1963; Cranfield & 

Allen, 1977; Cranfield, 1979a, 1979b; Chanley & Dinamani, 1980; Buroker et al., 1983; 

Buroker, 1985; Jeffs & Creese, 1996; Jeffs et al., 1996, 1997a, 1997b; Jeffs & Hickman, 2000).  

Unusually for many marine bivalves, O. chilensis, (generally above 60 mm shell length), tends 

to brood larvae in the mantle cavity (Walne, 1963), until completion of development to the 

pediveliger stage (Millar & Hollis, 1963; Hickman, 2000). The brooding period has been 

reported to range from 15 to 38 days in New Zealand (Hollis, 1963; Stead, 1971a; Westerkov, 

1980), and reach up to 62 days in colder Chilean waters (Toro & Morande, 1998). Initially it 

was thought that upon release, brooded larvae settle almost immediately (Cranfield & Allen, 

1977; Winter et al., 1984; Jeffs & Creese, 1996), within close-proximity to parents. This was 

thought to be an adaptation towards residing in areas of strong tidal flow (DiSalvo et al., 1983), 

and suggested to contribute to the distribution of dense oyster beds often observed (Westerkov, 

1980). However, these suggestions have recently been challenged, and there is now thought to 

be a greater degree of dispersal of O. chilensis larvae throughout Foveaux Strait (Michael, 

2019) 

O. chilensis was also thought to release some larvae into the plankton to develop (Stead, 1971a; 

Cranfield & Michael, 1989; Jeffs, et al., 1997a, 1997b; Brown et al., 2010; Broekhuizen et al., 

2011). However, the amount released to the plankton is highly variable, and the mechanisms 

which control this are poorly understood (Cranfield & Michael, 1989). The proposed dual 

release strategy is anticipated to be influenced by local environmental conditions, such as 

temperature and food levels (Cranfield & Michael, 1989; Jeffs et al., 1997a; Brown et al., 
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2010). O. chilensis follows the typical principles of larval development by showing a clear 

latitudinal gradient in larval release (Brown et al., 2010). Populations that are further north tend 

to release higher numbers of larvae into the plankton, have smaller larvae, and exhibit higher 

proportions of yearly brooders (Cranfield & Michael, 1989; Jeffs, 1996; Jeffs et al., 1997c). 

While in southern populations, a lower percentage of adults brood yearly and fewer, but larger 

larvae are released (Jeffs et al., 1997a, 1997b, 1997c). It has been hypothesised that this dual 

release strategy may enhance gene flow between populations, and allow dispersal (Cranfield 

& Michael, 1989), despite the tendency for close-proximity larval settlement.  

Growth rates of O. chilensis are thought to be highly variable, both between individuals and 

among populations at different sites, as well as through time. Growth studies of oysters in 

Foveaux Strait have indicated that settled spat may reach a shell height of 5-20 mm after one 

year of growth (Stead, 1971b; Dunn et al., 1998; Michael et al., 2000). In their second and 

third years, oysters have been recorded at shell heights between 15-40 mm, and 25-60 mm 

respectively, and are known become sexually mature around this time (Stead, 1971b; Jeffs & 

Creese, 1996). These slow growth rates have had implications on the harvesting of this species 

(Winter et al., 1984; Toro et al., 1996).  

 

1.4 Background of the Foveaux Strait Oyster Fishery & Aquaculture in New Zealand 

The industry for the Flat Oyster has long been an iconic part of New Zealand history and culture 

(Hill et al., 2010). The Bluff Oyster, as the population of Foveaux Strait flat oysters is known 

locally, is one of the most prized eating oysters, creating demand to support a domestically 

important commercial industry (Ministry for Primary Industries, 2014). Foveaux Strait is 

known to have been fished for oysters as early as 1867 (Cranfield et al., 1999). Initially, dredges 

towed by sailing cutters were too light to be able to catch oysters inhabiting the extensive 

epifaunal reefs that were once present throughout Foveaux Strait (Cranfield et al., 1999). 

However, steam and diesel-powered vessels enabled deployment of larger dredges, which 

allowed exploitation of the dense beds of oysters situated among epifaunal reefs (Cranfield et 

al., 1999) and contributed to the successive removal of biogenic reefs across much of Foveaux 

Strait (Cranfield et al., 1999,, 2003, 2004). Annual catches peaked at 164,000 sacks, each 

containing around 70 dozen oysters, in the late 1960s (Cranfield, 1979b; Michael & Cranfield, 

1983; Cranfield et al., 1991; Jeffs & Creese, 1996).  
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Initially, fishing effort was controlled by limiting vessel numbers (Cranfield et al., 1999). 

Quota was introduced in 1963 and was successively reduced each year up to 1975 (Cranfield 

et al., 1999). Quota then stabilised at 89 million oysters from 1975-1987, before it was forcibly 

reduced due to high oyster mortality, resulting from a large-scale Bonamia exitiosa epidemic 

event (Cranfield et al., 1999; Hall et al., 2009). This epizootic event devastated the Foveaux 

Strait fishery between 1986 and 1992, reducing the oyster population to an estimated 9% of its 

pre-disease level (Doonan & Cranfield, 1992; Doonan et al., 1994; Cranfield et al., 1999, 

2005). Subsequent fishery closure allowed the rebuilding of oyster stocks (Doonan et al., 1994; 

Cranfield et al., 2005). However, subsequent B. exitiosa epidemic events struck between 2000-

2005 and 2012-2016, coupled with a series of recruitment failures between 2010-2016 

(Michael & Shima, 2018), further reducing oyster densities (Michael et al., 2013, 2015b, 2017). 

Oysters are now fished at lower rates of exploitation (Hall et al., 2009), and B. exitiosa infection 

has been recognised as a key factor controlling population density and size (Michael et al., 

2015b). B. exitiosa infection is thought to have remained at low levels since the large-scale 

bonamiasis mortality events (Michael et al., 2015b), and prevalence has recently been 

estimated at 7% (Lane et al., 2018). B. exitiosa has been detected in Foveaux Strait oysters as 

early as 1964 (Hine & Jones, 1994), and it is now thought that mortality from infection has 

been a recurrent feature of the oyster population (Hine, 1996; Michael et al., 2015b). 

Reductions in catch rates of the oyster fishery led to an increasing interest in expanding the live 

culture of the species in New Zealand (Jeffs & Creese, 1996). The aquaculture industry for O. 

chilensis is in relatively early stages in New Zealand (Jeffs & Creese, 1996). However, recent 

setbacks from infection by Bonamia ostreae (Lane et al., 2016), an incursion of a new pathogen 

to New Zealand, has led to the removal of many oyster farms nationwide. In addition to impacts 

of disease, O. chilensis aquaculture has been hampered by a lack of reliable spat supply (Jeffs 

& Creese, 1996; Toro et al., 1996; Jeffs et al., 1997a; Jeffs, 1999; Jeffs et al., 2002). Low 

fertility (Cranfield & Allen 1977; Hickman, 1992), and the variable nature of spawning 

between individuals (Jeffs et al., 2002), makes obtaining spat from broodstock difficult (Jeffs, 

1999). Furthermore, due to their unusual reproduction (Hickman et al., 1988; Jeffs, 1995), very 

few breeders could successfully create an environment to induce spawning of Bluff Oysters in 

an artificial setting (Jeffs et al., 2002; Joyce et al., 2015). Therefore, more research is needed 

into the reproductive biology of the oyster to improve spat supply, and more knowledge on 

oyster interaction with the Bonamia sp. parasite is required to reduce impacts of disease on 

oyster farms.  
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1.5 Thesis Aims: 

The major drivers of the Foveaux Strait oyster population have been identified as Bonamia sp. 

infection and recruitment. Similarly, Bonamia sp. infection has demonstrated that it can have 

a large impact on oyster aquaculture, through causing the removal of most O. chilensis farms 

in New Zealand. Furthermore, the difficulty maintaining a spat supply for oyster farms has 

been identified.This is often attributed to a lack of recent knowledge about aspects of oyster 

reproductive biology, despite numerous studies mostly conducted before 1985. While there has 

been no evidence of direct parasitism of gametes (Lane, 2018), it has been suggested that the 

infection cycle of B. exitiosa is closely associated with the reproductive cycle of the oyster 

host. However, there is little published literature that investigates the pattern of B. exitiosa 

infection on O. chilensis gonad condition. Given the lack of knowledge regarding these key 

issues to the oyster industry in New Zealand, this thesis aims to determine the spatial and 

temporal variation in O. chilensis gametogenesis in Foveaux Strait. While Jeffs and Hickman 

(2000) have previously described the gametogenic cycle of O. chilensis in Foveaux Strait, the 

study was carried out before the major B. exitiosa epizootics. Therefore, this thesis additionally 

aims to examine any changes that may have occurred to O. chilensis gametogenesis since B. 

exitiosa epidemics, as well as to assess patterns in gonad condition, biochemical composition, 

gametogenic stage and gender of infected oysters. 

 

Specific Chapter Objectives: 

Chapter 2: General Methods 

Chapter 3: Spatio-Temporal Variation in the Gametogenic Cycle of Ostrea chilensis in 

Foveaux Strait 

• Examine the temporal and spatial variation of gametogenesis across the Foveaux Strait 

O. chilensis population from July 2017-September 2018 using detailed histological 

examination of gonad tissue, as well as gonad and condition indices.  

• Relate In-situ measurements of temperature and chlorophyll-a to the gametogenic cycle 

of Foveaux Strait O. chilensis. 
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• Compare patterns of gametogenesis with Jeffs and Hickman’s (2000) description of 

gametogenesis in Foveaux Strait before the 1985 B. exitiosa epidemic, to examine any 

changes that may have occurred since then. 

Chapter 4: Spatio-Temporal Variation in the Biochemical Composition of Ostrea chilensis in 

Foveaux Strait 

• Examine the temporal and spatial variation in the percentage total carbohydrate, lipid, 

and soluble protein content for O. chilensis across Foveaux Strait from July 2017-

August 2018. 

Chapter 5: Examining Bonamia exitiosa Infection Intensity in Foveaux Strait Ostrea chilensis 

using qPCR 

• Quantify the prevalence and intensity of Bonamia exitiosa infection in individual O. 

chilensis across a subset of 3 sites in Foveaux Strait during each season of the year from 

spring 2017- winter 2018.  

• Determine whether the intensity of infection by Bonamia exitiosa has any impact on 

the gametogenic stage, sex category, biochemical composition, and gonad condition of 

O. chilensis in Foveaux Strait. 

Chapter 6: General Discussion 
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Chapter 2: General Methods 

 

2.1 Study Site: 

Five study sites were located across Foveaux Strait, at the southern tip of New Zealand’s South 

Island (Fig. 2.1). Foveaux Strait ranges from 50 m depth in the west to 20 m in the east, 

stretches around 80 km South-East to North-West, and fluctuates between 23-54 km in width 

(Cullen, 1967; Cranfield et al., 2005). Foveaux Strait is dominated by strong currents and daily 

tidal flows that can reach up to 120 cm s-1 (Cranfield et al., 2005). The water column has been 

reported to be well mixed, with little seasonal stratification (Bradford et al., 1991; Butler et al., 

1992; Shaw & Vennell, 2001; Smith et al., 2013). Predominant currents flow eastward across 

the Strait, and transport relatively warm (9-13°C) (Butler et al., 1992; Shaw & Vennell, 2001), 

sub-tropical origin water from an Australasian source (Butler et al., 1992). Commercial oyster 

beds are located throughout the Strait, and range in depth from around 16-40m (Stead, 1971b).  
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Figure 2.1: Location of study sites across Foveaux Strait, between the south coast of New 

Zealand’s South Island and Stewart Island. 
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2.2 Sample Collection: 

In order to examine temporal variation in gametogenesis and biochemical composition of the 

Foveaux Strait Ostrea chilensis population, 30 oysters were collected as close as possible to 

Site 1 (Fig. 2.1) each month, from July 2017 to September 2018. Samples were obtained by the 

oyster fishing vessel, The Golden Quest, and the RV Polaris II. The months of December 2017, 

and February 2018 were not sampled due to lack of vessel availability. 

Five sites across Foveaux Strait (Fig. 2.1) were sampled five times, from October 2017 to 

September 2018, to examine spatial variation in gametogenesis, biochemical composition, and 

Bonamia exitiosa infection of O. chilensis. Thirty oysters were collected from each site during 

spring (October 2017), summer (January 2018), autumn (March 2018), and winter (June 2018), 

and one additional spring (September 2018). These spatial surveys were carried out by oyster 

fishing vessels The Golden Quest, and the Argosy, as part of planned fishery surveys.   

Samples were collected by the deployment of a commercial oyster dredge, and 30 oysters were 

haphazardly selected from dredge hauls. A size range of samples were taken, from 31-105 mm 

in length, to provide a good representation of both male and female reproductive material. 

Approximately 5 individuals were taken in each of seven 10 mm size bins (30-39 mm, 40-49 

mm, 50-59 mm, 60-69 mm, 70-79 mm, 80-89 mm, 90-100+ mm) from each site. Samples were 

transported to Portobello Marine Laboratory, Dunedin, in portable coolers for dissection.  

 

2.3 Dissection: 

Shell morphometrics, including height, length and width, were measured for each oyster. 

Oysters were opened, and residual water was drained from the mantle cavity. A total wet weight 

was obtained, and the soft tissues and shell were removed and weighed separately, to the 

nearest 0.01 grams. Any individuals brooding larvae were noted. Brooding was detected by the 

presence of larvae in the gills and mantle cavity.   

A small section of gonad tissue (approximately 5 mm) was excised, and immediately fixed in 

Bouin’s fluid. Tissue sections were stored in Bouin;s fluid for later histological preparation. 

Additionally, the heart of each individual was removed and stored in 1.5 ml Eppendorf tubes 

at -80°C for later qPCR (quantitative Polymerase Chain Reaction) analysis. Lastly, each 

separate body part was wrapped in aluminium foil, and frozen at -80°C for later proximate 

analysis of protein, carbohydrates, lipids. 
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Chapter 3: Spatio-Temporal Variation in the Gametogenic 

Cycle of Ostrea chilensis in Foveaux Strait, New Zealand 

 

3.1 Introduction 

Oysters make up a significant proportion of the global bivalve industry, contributing up to one 

third of the total production (Wijsman et al., 2019). Flat Oysters (Ostreinae) comprise a 

proportionally small amount of total oyster production, which is dominated by cupped oysters 

(Crassostreinae) (Wijsman et al., 2019), with more than 96% of value and tonnage attributed 

to the Pacific Oyster, Crassostrea gigas (Forrest et al., 2009). Global oyster production is 

mostly attributed to aquaculture at 5.1 mt, while many high value fisheries have become 

commercially extinct (Michael & Shima, 2018), and fishery production has dropped to 0.131 

mt (FAO, 2014). Many harvested oyster species have a long-standing association with 

epizootic diseases (Carnegie, 2012), including bacterial (Paillard et al., 2004) and viral 

diseases, such as the OsHV-1 virus in C. gigas. The protozoan parasites, Haplosporidium 

nelsoni (Andrews, 1962; Haskin et al., 1966; Burreson et al., 2000), and Perkinsus marinus 

(Mackin et al., 1950; Ray 1996; Bushek & Ford, 2016), in C. gigas and C. virginica, as well 

as species of haplosporidians in the genus, Bonamia, in Ostrea edulis and O. chilensis, have 

been the cause of significant epizootic events  in global oyster stocks (Engelsma et al., 2014; 

Hill-Spanik et al., 2015). 

Harvested flat oyster populations worldwide have been threatened by Bonamia sp. infection, 

and it has become one of the major issues faced in the management of these species (Hine & 

Jones, 1994; Kroeck, 2010; Engelsma et al., 2014; Hill-Spanik et al., 2015). Significant 

mortality caused by bonamiosis within oyster populations has led to fishery closures (Doonan 

et al., 1994; Hine & Jones, 1994; Cranfield et al., 2005; Engelsma et al., 2014), contributed to 

stock declines (Montes, 1990; Hudson & Hill, 1991; McArdle et al., 1991; Van Banning, 1991; 

Kroeck, 2010; Engelsma et al., 2014; Lafferty et al., 2015), and had detrimental impacts on 

oyster farms (McArdle et al., 1991; Engelsma et al., 2014; Lafferty et al., 2015).  

Majority of oyster species that are produced and harvested belong to the Ostreidae (Forrest et 

al., 2009), which are a unique family of bivalves, in that they exhibit a wide range of 

reproductive traits, including the oviparous Crassostreinae and larvipourus Ostreinae 

(Andrews, 1979; Buroker, 1985; Jeffs & Creese, 1996; Jeffs, 1998). Therefore, extensive 

knowledge of the reproductive traits that are unique to each species has been an important 



13 

 

aspect in the management of captured and cultivated oyster populations globally (Jeffs & 

Creese, 1996). Ostrea chilensis, distributed widely throughout New Zealand and Chile, 

exhibits reproductive traits at one extreme of the range within the Ostreidae family (Jeffs, 

1998). The reproductive characteristics of O. chilensis are typical of low fecundity reproductive 

strategies, including large eggs and larvae, with an extensive larval brooding period (Hollis, 

1962, 1963; Millar & Hollis, 1963; Cranfield & Allen, 1977; Cranfield, 1979a, 1979b; Chanley 

& Dinamani, 1980; Buroker et al., 1983; Buroker, 1985; Cranfield & Michael, 1989; Jeffs & 

Creese, 1996; Jeffs et al., 1996, 1997a, 1997b; Jeffs & Hickman, 2000). O. chilensis are 

protandrous hermaphrodites (Jeffs & Creese, 1996; Jeffs, 1997a; Jeffs & Hickman, 2000), 

known to mature first as males and beginning to develop female gonadal tissue at larger sizes 

(Jeffs & Hickman, 2000). These reproductive traits have provided unique challenges to the 

management of O. chilensis production in New Zealand (Jeffs & Creese, 1996; Jeffs et al., 

2002).    

O. chilensis harvesting is dominated by the largest fishery in New Zealand in Foveaux Strait, 

that has long been important to the socioeconomics of the southern region (Cranfield et al., 

1999; Michael et al., 2017). Mortality from B. exitiosa is recurrent feature of the Foveaux Strait 

O. chilensis fishery (Hine & Jones, 1994) and has recently been identified as one of the major 

factors that determines population density and size (Michael et al., 2015b). The B. exitiosa 

epidemic during 1986-1992, reduced the Foveaux Strait population to 9% of its pre-disease 

level and forced a period of fishery closure (Doonan & Cranfield, 1992; Doonan et al., 1994; 

Cranfield et al., 1999, 2005) with subsequent epizootics in 2000-2005, and 2012-2016 

(Michael et al., 2015b, 2017). Infection prevalence of the Foveaux Strait oyster fishery has 

recently been reported at 7% (Lane et al., 2018) and is thought to have persisted at low rates 

after the major B. exitiosa epizootics (Michael et al., 2015b).  

The aquaculture of O. chilensis is in a relatively early stage in New Zealand, and has been 

devastated by infection from B. ostreae, a new incursion of this species, that was not previously 

thought to be present in New Zealand oysters (Lane et al., 2016). This led to the destocking of 

many oyster farms across New Zealand in an effort to prevent infection of wild fishery 

populations. Before this setback, O. chilensis aquaculture was hampered by lack of a reliable 

spat supply, and very few hatcheries could successfully spawn brood-stock in an artificial 

setting (Jeffs & Creese, 1996; Toro et al., 1996; Jeffs et al., 1997a; Jeffs, 1999; Jeffs et al., 

2002; Joyce et al., 2015). Additional knowledge is required around oyster interaction with the 

Bonamia sp. parasite so that this can be better managed in aquaculture systems. Additionally, 
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an increased understanding of the gametogenic cycle may be required to expand artificial 

hatcheries and reduce reliance on natural spat to supply oyster farms (Joyce et al., 2015).  

Extensive literature has consistently linked the gametogenic cycle of bivalve species to 

environmental factors such as temperature and food availability (Orban et al., 2002; Gadomski 

& Lamare, 2015). Spawning in oysters has previously been associated with spring 

phytoplankton blooms (Westerkov, 1980; Ruiz et al., 1992), and experimental evidence 

suggests that food quantity and quality can influence the timing of reproductive cycles, as well 

as the success of larval settlement (Chaparro, 1990; Wilson et al., 1996; Toro & Morande, 

1998; Joyce et al., 2015). Furthermore, temperature is known to be an important cue for the 

initiation of gametogenesis and spawning, as well as influencing the rate of gamete 

development and brooding (Cranfield & Michael, 1989; Chaparro, 1990; Jeffs, 1996; Jeffs & 

Creese, 1996; Jeffs, 1998; Toro & Morande, 1998; Jeffs et al., 2002). The link between 

environmental factors and the gametogenic cycle of O. chilensis may need to be further 

investigated in order to improve the understanding of reproductive biology for aquaculture 

systems and fisheries recruitment management (Joyce et al., 2015). 

While studies have described the gametogenic cycle of O. chilensis, information on 

reproductive biology of the species consists largely of studies before the 1985 B. exitiosa 

epidemic, and aspects of reproduction remain poorly understood, including the drivers of 

brooding (Cranfield, 1968a, 1968b; Cranfield & Allen, 1977; Cranfield & Michael, 1989; Jeffs 

& Creese, 1996; Jeffs & Hickman, 2000). In New Zealand, descriptions of O. chilensis 

gametogenic cycles have been carried out in northern populations of the Hauraki Gulf (Jeffs, 

1998; Jeffs, 1999), a Marlborough Sounds oyster farm and hatchery (Joyce et al., 2015), and 

the Foveaux Strait population (Jeffs & Hickman, 2000). However, the survey of the Foveaux 

Strait population was undertaken on samples from the 1970s, before large-scale mortality from 

B. exitiosa infection (Jeffs & Hickman, 2000). Studies have shown that the proliferation of B. 

exitiosa is closely associated with O. chilensis gametogenic cycle, occurring during the 

reabsorption phase of unspawned gametes (Hine, 1991a). However, it is unclear if O. chilensis 

gametogenesis has changed in any way since B. exitiosa epidemics.  

The present research examines temporal and spatial variation in gametogenesis in the Foveaux 

Strait Ostrea chilensis population from July 2017 to September 2018. Specifically, temporal 

variation was assessed by examining the gametogenic stage and sex category using detailed 

histological examination of the gonad, on monthly samples of a size range (30-100+ mm) of 
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30 oysters from Site 1 (Fig. 2.1).  Furthermore, spatial differences in gametogenesis and sex 

ratios were assessed seasonally on a size range (30-100+ mm) of 30 oysters each, at five sites 

across Foveaux Strait. Condition and gonad indices were also assessed to contribute to the 

examination of spatial and temporal variation in gametogenesis. In-situ temperature and 

chlorophyll-a (as a proxy for food availability) measurements were taken during seasonal 

spatial surveys to relate environmental drivers to the gametogenic cycle, with a sea surface 

temperature (SST) satellite data set also being examined. Lastly, patterns in gametogenesis and 

sex ratios were compared with Jeffs and Hickmans (2000) description of gametogenesis from 

before the 1985 B. exitiosa epidemic, to assess any changes that may have occurred since. It is 

hypothesised that there have been changes in gametogenesis since large scale bonamiasis in 

Foveaux Strait O. chilensis, as the lifecycle of the parasite is closely associated with previously 

observed patterns of reproductive events (Hine, 1991a; Jeffs & Hickman, 2000). Additionally, 

because the population was reduced to 9% of its pre-disease level, there may be certain features 

of surviving oysters that improve resistance to B. exitiosa infection, influencing the low 

prevalence recently estimated (Michael et al., 2015b; Lane et al., 2018) and that is thought to 

persist in periods between epidemic events (Hine, 1996).  

 

3.2 Methods 

Temporal variation in the gametogenic cycle of O. chilensis was examined monthly using 

histological gonad sections, at Site 1 in Foveaux Strait (Fig. 2.1) from July 2017 to September 

2018, with spatial variation being assessed once per season, across five sites (Fig. 2.1), see 

Chapter 2 for further detail. Samples were collected from Foveaux Strait following the methods 

described in Chapter 2, with 30 oysters collected monthly from Site 1 to assess temporal 

variation, and 30 from each of five sites collected once per season (austral spring, October 

2017, summer, January 2018, autumn, March 2018, winter, June 2018, and spring, September 

2018) to assess spatial variation.  

 

Condition Index 

Condition indices for each individual were calculated by dividing the combined weight (g) of 

soft body tissue (Ws), by the total drained wet weight (g) of the animal (Wt) (Herrmann et al., 

2009; after de Villiers, 1975; Gadomski & Lamare, 2015). 

Condition Index (%) = [Ws/Wt] * 100 
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Histological Preparation 

Gonad sections that were fixed in Bouin’s fluid were dehydrated using an ethanol and xylene 

series in tissue cassettes. Sections were embedded in Paraplast (Leica) wax and cut at 5 µm 

thickness. Sections were mounted with DPX mountant on chrome alum gelatine coated slides, 

after being stained with Mayer’s Haematoxylin, blued with Scotts water, and counter-stained 

with eosin.  

 

Determination of Sex and Gametogenic Stage 

Histological sections were viewed under a compound microscope to assign each oyster to a sex 

category (Table 3.1; Fig. 3.1 & 3.3) and gametogenic stage (Table 3.2; Fig. 3.2 & 3.3). 

Definitions of sexes and stages were adapted from earlier studies of gametogenesis in oysters 

(Jeffs & Hickman, 2000; Siddiqui & Ahmed, 2002; da Silva et al., 2009; Joyce et al., 2013, 

2015) Adaptations of the stages and sex ratios are summarised in Table 3.1 and 3.2. The sex 

and gametogenic stage for oysters with infections from sporocysts of the trematode, 

Bucephalus longicornutus, were classed separately to indeterminate or resting phase oysters 

(Table 3.1 & 3.2), as “infected by B. longicornutus,” because the parasite castrates its host and 

replaces gonadal contents (Howell, 1966), meaning the sex and gametogenic stage could not 

be determined.  
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Table 3.1:Description of the six sex categories assigned to each Ostrea chilensis gonad 

section from Foveaux Strait between July 2017 and September 2018.  

Sex Sex Category Description 

I Indeterminate Collapsed/empty Follicles. 

M Exclusively Male Follicles contain only male gonad material. 

F Exclusively Female Follicles contain only female gonad material. 

H 
Hermaphrodite: both sexes equally 

represented 

Follicles containing approximately half male and 

half female gonad material. 

MH Hermaphrodite: predominately male 

Follicles contain predominately male, but some 

female material. Male material usually at a more 

mature stage than female material.  

FH 
Hermaphrodite: predominately 

female 

Follicles contain predominately female, but some 

male material. Female material usually at a more 

mature stage than male material. 

 

Table 3.2: Description of the five gametogenic stages assigned to each Ostrea chilensis gonad 

section gathered from Foveaux Strait between July 2017 and September 2018. 

 

 

Stage Stage Category Description 

0 Resting Phase Follicles collapsed. Abundant Connective Tissue (CT). 

No trace of Gonad Material 

1 Developing Male: Spermatogonia and spermatocytes abundant. Few 

Spermatids and spermatozoa. Reduced CT. 

Female: Mostly Ovogonia and attached Ovocytes. 

Occasional free Oocyte. Reduced CT 

2 Ripe Male: Abundant Spermatozoa and Spermatids. Few 

Spermatocytes. Occasional Spermatogonia. Little CT. 

Female: Mature Ovocytes, free in lumen of follicles. 

Little CT. 

3 Spawned Male: Follicles partly or nearly empty. Residual sperm 

balls present. Some phagocytes and haemocytes may be 

present. Increasing amount of CT. 

Female: Follicles partly or nearly empty. Residual 

Oocytes present. Some phagocytes and haemocytes 

present. Increasing amount of CT. 

4 Reabsorbing Male: Follicles contracted, few in number, occasional 

residual sperm. Abundant CT. Phagocytosis and 

haemocytes abundant. 

Female: Follicles contracted, few in number, few residual 

oocytes, abundant CT. Phagocytosis and haemocytes 

abundant. 
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Figure 3.1: Photomicrographs of histological sections through Ostrea chilensis gonads from 

Foveaux Strait at various stages in the gametogenic cycle showing different sex categories. (A) 

Exclusively male, developing stage. (B) Exclusively female, ripe stage. (C) Hermaphrodite, 

predominately male, late developing stage, some ripe male products with unripe female material. 

(D) Hermaphrodite, predominately female, ripe stage, with immature male products. (E) 

Hermaphrodite, developing stage, ripe female and male material. CT = connective tissue; H = 

haemocytes/phagocytes. Sg = spermatogonia; Sc = spermatocytes; Sd = spermatids; S = 

spermatozoa.; Oc = ovocyte. Refer to Table 3.1 for detailed descriptions of each sex category. 
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Figure 3.2: Photomicrographs of histological sections through Ostrea chilensis gonads from 

Foveaux Strait showing different the various stages exhibited throughout the gametogenic cycle. 

(A) Developing male. (B) Developing female. (C) Ripe male. (D) Ripe female. (E) Spawned 

male. (F) Spawned female. CT = connective tissue; FW = follicle wall; L = Lumen; N = nucleus; 

SF = spawned follicle; H = haemocytes/phagocytes. Sg = spermatogonia; Sc = spermatocytes; 

Sd = spermatids; S = spermatozoa. Og = ovogonia; Oc = ovocyte. Refer to Table 3.2 for detailed 

descriptions of each stage. 
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Figure 3.3: Photomicrographs of histological sections through Ostrea chilensis gonads 

from Foveaux Strait at various stages in the gametogenic cycle. (A) Indeterminate sex 

category: abundant connective tissue, no trace of gonad material. (B) Inactive/resting 

stage: empty gonad follicles, abundant connective tissue. (C) Male reabsorbing stage: 

residual spermatozoa balls, haemocytes/phagocytes surrounding follicles. (D) Female 

reabsorbing stage: residual ovocytes, haemocytes/phagocytes present in follicles. CT = 

connective tissue; H = haemocytes, S = spermatozoa; Oc = ovocytes. Refer to Table 3.1 

and 3.2 for detailed descriptions 
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Gonad Maturity Index 

Mean gonad maturity indices were estimated for each month. This was done by multiplying 

the number of oysters in each gametogenic stage with a numerical ranking assigned to that 

particular stage (Numerical rankings: Ripe = 5, Developing = 4, Spawned = 3, Reabsorbing = 

2, Resting = 1). The result of this calculation was then divided by the total number of oysters 

in the sample. For each month, mean gonad index scores were then calculated by adding 

together the scores for all stages (Thorarinsdóttir et al., 2013).  

 

Environmental Measurements 

CTD (conductivity, temperature, depth) (Seabird SBE-19 CTD 1469) profiling of the water 

column was performed at each site when possible during austral summer (January 2018), 

autumn (March 2018), winter (June 2018), and spring (September 2018) spatial surveys, as 

well as at Site 1 (Fig. 2.1) during September 2017 and November 2017 monthly surveys. The 

CTD was left to equilibrate at the surface before each cast. Casts measured salinity (PSU), 

temperature (°C), dissolved oxygen (ml/l & percentage saturation), and fluorescence (mg/m3), 

a proxy for chlorophyll-a, with an attached fluorometer.  

SSTs were derived from oceanographic satellite data. Data was obtained from NOAA (The 

National Oceanic and Atmospheric Administration) through the ERDDAP (Environmental 

Research Division's Data Access Program) sever from a merged multi-sensor L4 foundation 

SST product from Jet Propulsion laboratory, which included night time GHRSST L2P skin and 

subskin SST observations from the NASA Advanced Microwave Scanning Radiometer- EOS, 

Terra platforms, the US Navy microwave WindSat radiometer, Advanced Very High 

Resolution Radiometer on several NOAA satellites and in situ SST observations from the 

NOAA iQuam project. A mean daily, global, Multi-scale, Ultra-high Resolution (MUR) time 

series of SST at Site 1 in Foveaux Strait (168.2E, 46.7S, 1km dataset) was extracted for the 

period 1 January 2017 to 1 December 2018 (https://coastwatch.pfeg.noaa.gov/erddap) on 16 

January 2019. 

  

Statistical Analyses 

To assess temporal variation, statistical differences (∂ = 0.05) in condition index (square root 

transformed) among months at Site 1 were tested using a one-way ANOVA. While to assess 

spatial variation, statistical differences in condition index (square root transformed) between 
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seasons and among months were tested using a two-way ANOVA. Where a significant 

interaction between the factors occurred, a one-way ANOVA was performed (Stevens, 1999) 

to test significant differences in condition index between sites during each season. Significant 

differences were identified using a Tukey’s post-hoc test. All data was assessed for normality 

using Shapiro-Wilks test and equality of variances was confirmed by a Levene’s test. All tests 

were performed on the statistical software, SPSS. 

 

3.3 Results 

Condition & Gonad indices 

Gonad and condition indices were calculated for the 947 oysters sampled at each site between 

July 2017 and September 2018. The mean monthly condition index ranged from 10.9 to 14.6% 

(Fig. 3.4). A one-way ANOVA (F (12,337) = 5.744; P < 0.001) indicated significant differences 

in condition indices among months at site 1 (Fig. 3.4). Tukey pairwise comparisons indicated 

that the mean condition index of oysters during September 2018 (14.65%), was significantly 

higher than the mean condition indices during July (12.37%), October (12.11%), and 

November (10.98%) 2017, as well as March (12.63%), April (12.48%) and May (12.81%) 2018 

(Fig. 3.4). Mean condition indices of oysters during November 2017, however, were 

significantly lower than all other months, except for July, September (12.18%), and October 

2017, and March 2018 (Fig. 3.4). While the mean condition index of oysters during October 

2017 was also significantly lower than July (13.94%) 2018 (Fig. 3.4).  

A two-way ANOVA indicated that the mean monthly condition index varied significantly 

among sites (F (4,717) = 8.916, P < 0.001), however the effect of site depended on the season (F 

(16,717) = 3.239, P < 0.001) (Fig. 3.6). During austral spring 2017, a one-way ANOVA showed 

that the mean condition index at Site 2 (10.67%) was significantly lower than at Sites 3 

(13.34%) and 5 (14.44%) (F (4,145) = 3.354, p < 0.05) (Fig. 3.6). In contrast, a one-way ANOVA 

indicated that there were no significant differences between the mean condition indices at each 

site during austral summer 2018 (F (4, 142) = 1.428, p = 0.228) (Fig. 3.6). During austral autumn 

2018, a one-way ANOVA showed that the mean condition index at Site 5 (13.74%) was 

significantly higher than Site 2 (12.16%) (F (4,145) = 2.408, p < 0.05) (Fig. 3.6). In austral winter 

2018, the mean condition index at Site 2 (10.94%) was significantly lower than at Sites 1 

(12.85%), 3 (12.95%), and 5 (13.61%), indicated by a one-way ANOVA (F (4,145) = 6.808, p < 

0.001 ) (Fig. 3.6). In austral spring 2018, a one-way ANOVA indicated that the mean condition 
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indices at Sites 3 (12.7%) and 4 (13.5%) were significantly lower than at Site 5 (15.92%) (F 

(4,145) = 5.412, p < 0.001) (Fig. 3.6). 

The highest gonad maturity index at Site 1 was 3.2, in August 2017, which coincided with the 

highest percentage of ripe oysters when males and females were pooled together (50%) (Fig. 

3.5). The gonad maturity index decreased to 1.2 over the main spawning period, from October 

2017 to March 2018, before it began to build back up again (Fig. 3.7). Slight variation in the 

gonad maturity index was detected between sites. In austral spring 2017, Sites 1 and 3 had the 

highest gonad index (2.6), while Site 2 had the lowest (1.9). In the austral summer 2018, Site 

5 (2.4) had a higher gonad maturity index than all other sites (1.3-1.5) (Fig. 3.7). The gonad 

maturity index in austral autumn was lowest (1.2) at Site 1, and highest at Site 5 (1.9). Site 4 

(2.9) had the highest gonad maturity index compared to all other sites (ranging from 1.8 - 2.2) 

during the austral winter 2018 (Fig. 3.7). During spring 2018 however, Site 4 (1.9) had the 

lowest gonad index, while Site 3 (2.6) had the highest (Fig. 3.7).  
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Figure 3.4: Mean monthly condition index (%) for male (exclusively male, hermaphrodite, and 

predominately male hermaphrodites), female (exclusively female, hermaphrodite, and 

predominately female hermaphrodites) and all sex categories pooled  Ostrea chilensis from site 

1 in Foveaux Strait, between July 2017 and September 2018. Error bars for sexes pooled 

indicate ±1 standard error. Error bars were omitted for males and females for clarity. Different 

letters for sex categories pooled indicate significantly different means. (n=30) 

 

 

 

 

 

 

 

 

 

Figure 3.5: Monthly gonad maturity indices for Ostrea chilensis from Site 1 in Foveaux Strait, 

between July 2017 and September 2018 (n=30). 
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Figure 3.6: Mean condition index (%) for Ostrea chilensis at five sites across Foveaux Strait, 

during austral spring (October) 2017, summer (January) 2018, autumn (March) 2018, winter 

(June) 2018, and spring (September) 2018. Error bars indicate ±1 standard error. Statistically 

different means among sites are indicated by different letters. (n=30) 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Gonad maturity indices for Ostrea chilensis from five sites across Foveaux Strait, 

during austral spring (October) 2017, summer (January) 2018, autumn (March) 2018, winter 

(June) 2018, and spring (September) 2018. (n=30) 
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Gametogenic Cycle 

Of 950 oyster samples gathered from five sites across Foveaux Strait between July 2017 and 

September 2018, 871 histological sections of gonad tissue were able to be examined to 

determine the sex and gametogenic stage of each oyster. Of the 79 sections that were not able 

to be used in sexing and staging oysters, 41 (4.3% overall prevalence) were rendered sterile 

due to severe infection of the trematode, B. longicornutus and were excluded from gametogenic 

cycle and sex ratio analysis. No seasonal or spatial trends were observed in B. longicornutus 

classified oysters, with prevalence fluctuating between 0 to 16.7% across sites and months. The 

remaining 38 sections either contained the incorrect tissue or were too damaged to successfully 

view.  

Within the 871 sections, 17% (152) were absent of reproductive material, and classed as an 

indeterminate sex, and a stage 0 (inactive/resting phase) gametogenic stage. There were no 

consistent seasonal or spatial trends detected in the percentage distribution of individuals in 

stage 0, which fluctuated monthly between 0 and 20%. A total of 137 (15%) individuals were 

exclusively male oysters, while 134 (15%) were predominately male hermaphrodites. Overall, 

there were more females than males, with 201 (23%) exclusively female sections and 184 

(21%) predominately female hermaphrodites. Additionally, there were 63 (7%) hermaphrodite 

oysters. There was a higher proportion of purely male oysters (70%) in the smallest size class 

(30-39mm) (Fig. 3.8), while only 7% were female, and 7% predominately female 

hermaphrodite oysters. Hermaphrodites were present in oysters above 40 mm and made up 

between 5-10% of each size class. However, 43% of oysters from 40-49 mm were 

hermaphrodites (Fig. 3.8). In oysters from 60-100+ mm there was a low proportion of purely 

male oysters (7-15%). In the oysters within the 60-100+ mm size classes, there was a high 

proportion of purely female (20-30%) and predominately female hermaphrodites (20-30%) 

(Fig. 3.8).   

Of all 950 oysters collected, 16 were brooding larvae (1.7%). Brooding oysters ranged in size 

from 53 to 100 mm shell height. Brooding was concentrated between September 2017 (10% of 

sample) (October 2017, 2.7%; November 2017, 3.3%) and January 2018 (1.3%). Brooding was 

observed again in August 2018 (3.3%) and September (2.7%) 2018. Brooding was spatially 

variable, detected at four out of the five sites, Sites 1 (25% of all brooders), 3 (25%) and 4 

(44%), as well as one oyster that was brooding larvae at Site 5 (6%) in September 2018.  
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Examination of the sex ratio of oysters at Site 1 between July 2017 and September 2018 

indicated that the proportion of female oysters was higher (ranging from 34-55%) between 

January and April 2018 (Fig. 3.9). The proportion of males was low during this period (10-

13%), however, during July to November 2017, and May to September 2018, males and 

predominately male hermaphrodites made up around 30-60% of the sample (Fig. 3.9). Monthly 

samples consistently contained a small number of indeterminate sexed oysters (ranging from 

7-25%), with a peak in the proportion in March 2018 (33%) (Fig. 3.9).  

Histological examination of spermatogenesis in male, hermaphrodite, and primarily male 

hermaphrodite oysters from July 2017 to September 2018 at Site 1, indicated the onset of a 

continuous spawning event from October 2017 through to the end of August 2018 (Fig. 3.10). 

At its commencement in October, the proportion of males spawning was relatively low (15%), 

but then increased over November (42%) and January (57%), with a peak in March (66%). 

After the March peak, spawning of male reproductive material remained low (20-30%) until 

the end of August 2018 (Fig. 3.10). Developing stages of male products were predominant both 

from July to September 2017 (50-70%), before the onset of spawning, and from April to 

September 2018 (50-80%), after the main peak of spawning in March (Fig. 3.10). Ripe males 

were only present before spawning from July to September 2017 (30-50%), while some ripe 

males were beginning to appear once again during August 2018 (8%) (Fig. 3.10).  Reabsorption 

of male gonad tissue began in tandem with the onset of spawning in October and continued 

throughout the study period (ranging from 5-30%), peaking during January 2018 (42%) (Fig. 

3.10).  

Histological examination of oogenesis in female, hermaphrodite, and predominately female 

hermaphrodite oysters from Site 1 between July 2017 and September 2018 indicated that ripe 

females were present throughout the study period (Fig. 3.10). The onset of spawning for 

females occurred in October 2017 and continued through to the end of August 2018 (Fig. 3.10). 

Initially, proportions of spawned females remained low (18% in October, and 11% in 

November), then peaked over a shorter period than in males (45% in January, and 46% in 

March). Spawning of female material then became persistently low between April and August 

2018 (13-20%) (Fig. 3.10). The proportion of ripe females remained high from July to October 

2017 (ranging from 45-75%), even after the initial onset of spawning, and peaked in November 

2017 (88%) (Fig. 3.10). Ripe females reached a minimum during January (5%) and March 

(7%) 2018, coinciding with peaks in spawning (Fig. 3.10). After these spawning peaks the 

proportion of ripe females increased and remained relatively high from April to September 



28 

 

2018 (ranging from 30-80%) (Fig. 3.10). Reabsorption of female gonadal tissue was low from 

July to November 2017 (0-25%), as well as from April to September 2018 (0-30%) and peaked 

during January (50%) and March (40%) 2018 (Fig. 3.10). Developing females were most 

prominent in July 2017 (38%) and were at their lowest (0%) between November 2017 and 

January 2018 (Fig. 3.10).  

Histological examination of oyster gonad sections from five sites across Foveaux Strait among 

each season from spring 2017 to spring 2018, revealed that there was little variation in the 

gametogenic cycle and sex ratio among locations (Fig. 3.11 & 3.12).  
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Figure 3.8 Percentage distribution of all Ostrea chilensis samples pooled from five sites across 

Foveaux Strait between July 2017 and September 2018 into six sex categories (male, 

predominately male hermaphrodite, hermaphrodite, female, predominately female 

hermaphrodite  and indeterminate) organised by shell height (mm) in 10 mm size bins from 

30-100+ mm. (n=30) 

 

 

Figure 3.9: Monthly percentage distribution of Ostrea chilensis from Site 1 in Foveaux Strait 

into six sex categories (exclusively male, predominately male hermaphrodites, hermaphrodite, 

exclusively female, predominately female hermaphrodites, and indeterminate) between July 

2017 and September 2018. (n=30) 
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Figure 3.10: Monthly percentage distribution of male (A) and female (B) Ostrea chilensis from 

Site 1 in Foveaux Strait into four gametogenic stages (developing, ripe, spawned  and 

reabsorbing) between July 2017 and September 2018. (n=30) 
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Figure 3.11: Percentage distribution of Ostrea chilensis at five sites across Foveaux Strait into 

four gametogenic stages (developing, ripe, spawned and reabsorbing) during austral spring 

(October) 2017, summer (January) 2018, autumn (March) 2018, winter (June) 2018, and spring 

(September) 2018. (n=30) 
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Figure 3.12: Percentage distribution of Ostrea chilensis at five sites across Foveaux Strait into 

six sex categories (male, predominately male hermaphrodite, hermaphrodite, female, 

predominately female hermaphrodite and indeterminate) during austral spring (October) 2017, 

summer (January) 2018, autumn (March) 2018, winter (June) 2018, and spring (September) 

2018. (n=30) 
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Environmental Measurements 

Mean SSTs at Site 1 in Foveaux Strait for 2017 ranged from a summer maximum of 15°C in 

February to a minimum winter temperature at the end of July of 10.1°C (Fig. 3.13). In 2018, 

summer temperatures were higher than 2017, reaching up to 18°C at the end of January, while 

the winter minimum was also slightly higher, reaching 10.3°C during June (Fig. 3.13). During 

October 2017, when spawned male and female oysters began to appear in monthly samples 

(Fig. 3.10), the temperature was consistently around 12°C, after fluctuating between 10 and 

11°C during July to September (Fig. 3.13). Temperatures over peak spawning in both male and 

female oysters during January and March 2018 ranged between 16 and 18°C (Fig. 3.13).  

In situ CTD measurements were within ±0.4°C of the mean daily satellite SST, except during 

January, where the daily mean SST was 1.5°C warmer than the measured temperature. CTD 

measurements revealed there was little stratification of the water column throughout Foveaux 

Strait (Fig. 3.14). However, Site 5 exhibited some degree of stratification in January, with 

surface water (18°C) approximately 1°C warmer than bottom water (17°C) (Fig. 3.14). 

Therefore, temperatures among sites across Foveaux Strait were relatively similar, except in 

January when temperatures at Site 5 were around 1°C warmer than other sites (Sites 1 and 4 

16°C) at the bottom, approaching 2°C warmer at the surface (Fig. 3.14).  

Chlorophyll-a concentrations increased over the spring of 2017 from around 1.5 mg chl-a/m³ 

in September to approximately 2.5 chl-a/m³ in November and January (Fig. 3.14) at Site 1.  

Chlorophyll-a concentrations decreased over austral autumn (March) and winter (June) of 2018 

to 2.4 and 1.6 chl-a/m³ respectively (Fig. 3.14). In austral spring 2018, chlorophyll-a 

concentrations were higher than in the previous spring at Site 1 (2.9 chl-a/m3) (Fig. 3.14). 

Chlorophyll-a concentrations showed little fluctuation among sites across Foveaux Strait, 

except at Site 5 during austral spring (September) of 2018, where a maximum of 4.3 chl-a /m³ 

was reached (Fig. 3.14).  
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Figure 3.13: Time series of daily means of sea surface temperature (°C) at Site 1 in Foveaux 

Strait (46.7°S, 169.2°E) between 1 January 2017 to 1 December 2018. 
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Figure 3.14: Mean A) Temperature (°C) and B) Chlorophyll-a/m-3 (fluorescence: mg/m3) from 

the bottom 5 metres of the water column from CTD casts at five sites across Foveaux Strait 

during September and November 2017, as well as January, March, June and September during 

2018. Error bars indicate ±1 standard error.   
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3.4 Discussion 

The present study examined spatial and temporal variation in the gametogenic cycle of O. 

chilensis in Foveaux Strait after three major B. exitiosa epizootic events devastated the 

population during 1986-1992, 2000-2005 and 2012-2016. Recent estimates of infection 

prevalence by B. exitiosa have been reported at 7% (Lane et al., 2018), and low infection 

prevalence is thought to have presided over the population since bonamiasis epidemics 

(Michael et al., 2015b, 2017). A previous description of O. chilensis gametogenesis in Foveaux 

Strait carried out on samples from 1970s, before any recorded B. exitiosa epidemics had 

impacted the population, provides a basis for comparison with present observations of 

gametogenesis (Jeffs & Hickman, 2000). Literature suggests that the lifecycle of B. exitiosa is 

closely associated with the reproductive cycle of its O. chilensis host (Hine, 1991a, 1991b). 

Some authors have speculated that B. exitiosa may enter the gonad in oyster haemocytes and 

rapidly proliferate using energy stored in phagocytosis of unspawned gametes, during the 

reabsorption phase of the O. chilensis gametogenic cycle (Hine, 1991a, 1991b; Hine & Jones, 

1994; Hine & Wesney, 1994a, 1994b). Therefore, it was possible that there may be differences 

in the gametogenic cycle of O. chilensis after subsequent B. exitiosa epizootics. However, 

proliferation is thought to occur after spawning (Hine, 1996), and there is no evidence of direct 

parasitism of gametes (Lane, 2018). Thus, the hypothesis that gametogenesis may have 

changed since descriptions before B. exitiosa epidemics, was found to be largely unsupported, 

as the timing of many events within the gametogenic cycle were remarkably similar. However, 

there may be some evidence for a more female dominated sex ratio, an increased degree of 

gonadal inactivity, as well as the development of brooding and female reproductive material at 

smaller sizes.  

 

Sex Ratio 

The examination of gametogenesis after the major B. exitiosa epidemics, indicated a difference 

in the overall sex ratio, when compared with Jeffs and Hickman’s (2000) observations of 

gametogenesis before mass mortality from bonamiasis. Jeffs and Hickman (2000) reported that 

less than 5% of oysters sampled contained solely female reproductive material. However, in 

the present study, almost one quarter of oysters sampled contained exclusively female gametes. 

Furthermore, Jeffs and Hickman (2000) observed that nearly a quarter of all oysters contained 

solely male reproductive material in Foveaux Strait. Jeffs and Hickman (2000) also noted that 

spermatozoa dominated most of the gonad area in adult oysters, consisting of approximately 
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60% of follicle contents. This suggestion was in accordance with northern O. chilensis 

populations studied in the Manakau Harbour and Hauraki Gulf (Jeffs et al., 1996, 1997a; Jeffs, 

1998, 1999).  In contrast, the present study may indicate that female reproductive material was 

more common throughout the gonads of oysters. Only 15% of all oysters contained exclusively 

male gametes and 15% consisted of predominately male gametes. While 23% of oysters 

contained exclusively female gametes and 21% contained predominately female gametes. 

Therefore, it appears that in the present study, there may have been a higher level of female 

gonad activity in samples, than previously reported in Foveaux Strait O. chilensis (Jeffs & 

Hickman, 2000). Interestingly, a more recent study of gametogenesis in farmed and hatchery-

controlled O. chilensis in New Zealand’s Marlborough Sounds reported a sex ratio in 

accordance with the present study, suggesting that there was a greater amount of female 

material present than previously discovered in natural populations (Joyce et al., 2015). 

However, this was mainly attributed to differences between the benthic sampled natural 

populations (Jeffs, 1999; Jeffs & Hickman, 2000) and the long line farmed, or hatchery-

controlled oysters that were sampled in the Marlborough Sounds (Joyce et al., 2015).  

Higher temperatures may have contributed to the more female skewed sex ratio. Temperatures 

in Foveaux Strait were around 3°C warmer during the summer of 2018, at approximately 18°C, 

compared to 15°C in 2017. This phenomenon was reported for waters across the New Zealand 

region during the austral summer of 2017/2018, with temperature anomalies reaching +3.7°C 

(Salinger et al., 2019). Summer maximums in Foveaux Strait are not often higher than 16°C 

(Bradford et al., 1991), with measured temperatures between 1966-1967, reaching 15.6°C 

(Cranfield, 1968a). It has been suggested that temperature may play a role in sex determination 

in other species of protoandric hermaphrodite oysters (Santerre et al., 2013). In Crassostrea 

virginica, a female-biased sex ratio was reported at high temperatures (Coe, 1936), while a 

more male-biased ratio was discovered in C. gigas at low temperatures (Fabioux et al., 2005). 

Additionally, different temperatures have been shown to influence sex determination in C. 

gigas spat (Santerre et al., 2013). Additionally, experimental evidence in hatcheries suggests 

that warmer temperature may be an influencing factor for higher levels of female gonad activity 

in O. edulis (Joyce et al., 2013) and O. chilensis (Joyce et al., 2015). It is possible that 

temperature may also influence sex determination in Foveaux Strait O. chilensis. Therefore, 

the sex ratio observed in the present study may have been influenced by higher temperatures, 

that could have contributed to the higher proportion of female material observed. Furthermore, 

it has been widely speculated that the sex ratio in some species of hermaphrodite oysters 
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became more female-biased when environmental conditions were favourable (Lango-Reynoso 

et al., 1999; Steele & Mulcahy, 1999; Diaz-Almela, 2004; Rodríguez-Jaramillo et al., 2008; 

Chávez-Villalba et al., 2011; Gonzalez-Araya et al., 2013; Santerre et al., 2013; Acarli et al., 

2015; Castilho‐Westphal et al., 2015). It is also possible that more favourable conditions for 

O. chilensis, including temperature and food availability, may have been present during the 

current study (Joyce et al., 2015). This could have contributed to a more female skewed sex 

ratio, in comparison to the more male dominated population described by Jeffs and Hickman 

(2000).  

In the present study, the sex distribution among different sized oysters was largely in 

accordance with Jeffs and Hickman (2000), as female reproductive material tended to increase 

in oysters above 50 mm shell height. Additionally, male reproductive material was dominant 

in a high proportion of small oysters, similar to the findings of Jeffs and Hickman (2000). In 

the present study, however, oysters in the smaller size classes (30-39 mm and 40-49 mm) were 

made up of 5-7% of purely female oysters, and 1-7% of predominately female hermaphrodites. 

In contrast, the smallest sized oyster containing ova reported by Jeffs and Hickman (2000) was 

47 mm shell height (Table 3.3). While a solely female oyster as small as 35 mm was discovered 

in 2018. Additionally, previous studies of O. chilensis brooding in Foveaux Strait have reported 

that the minimum size oysters began brooding is around 60 mm shell height (Table 3.3). In the 

present study, one quarter of all brooders were smaller than 60 mm, the smallest being 53 mm. 

In studies of O. chilensis gametogenesis within populations of northern New Zealand, brooding 

and the development of female gametes was observed at smaller sizes than in Jeffs and 

Hickman (2000), similar to the present study (Jeffs et al., 1996, 1997a; Jeffs, 1998, 1999). 

Female reproductive tissue was discovered in oysters as small as 21 mm (Table 3.3) (Jeffs, 

1998). Additionally, the smallest oyster containing solely female reproductive tissue was 39 

mm (Jeffs, 1998), and the smallest brooding oyster was 49 mm (Jeffs et al., 1997a). The 

differences in many of the reproductive traits exhibited between more northern and more 

southern O. chilensis populations in New Zealand has been previously attributed to the 

latitudinal gradient in water temperatures (Cranfield & Michael, 1989; Jeffs et al., 1997c; Jeffs 

& Hickman, 2000; Brown et al., 2010). The development of female characteristics at smaller 

sizes in northern populations of O. chilensis is one of these traits that is thought to be related 

to higher water temperatures (Jeffs, 1998; Jeffs et al., 1997c, 2002). Therefore, it is possible 

that the development of female gametes and brooding at smaller sizes that was observed in the 

current study, may be due to the high temperatures that were present in Foveaux Strait over the 
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sampling period. Additionally, Southern New Zealand has been identified as an area of elevated 

warming over the past decades (Shears & Bowen, 2017), so it is possible that warmer 

temperatures have been present in Foveaux Strait since initial descriptions of oyster 

gametogenesis, leading to the development of female characteristics at smaller sizes.  

Table 3.3: Minimum size (shell length, mm) of brooding and the development of female gonad 

material in Foveaux Strait Ostrea chilensis in the present study compared with minimum sizes 

reported by Jeffs & Hickman (2000) for Foveaux Strait in 1970/1971 and by Jeffs (1997a); 

Jeffs (1998) for the Hauraki Gulf. 

 

It is not clear if a more female biased sex ratio and the development of female characteristics 

at smaller sizes may have been present consistently in O. chilensis since large-scale bonamiasis, 

or if this is a unique result, based on the higher than usual temperatures in Foveaux Strait. Due 

to the recent low prevalence of B. exitiosa infection in the population, many of the individuals 

sampled may be uninfected (Michael et al., 2015b; Lane et al., 2018). However, the possibility 

that the reproductive characteristics of the fishery as a whole may have been altered by the 

bonamiasis epidemics cannot be discounted. Da Silva et al. (2009) studied the impacts of B. 

ostreae on gametogenesis in a similar species of flat oyster, O. edulis. They concluded that 

heavy infections were more frequent in oysters that were predominately female, as well as in 

ripe and spawned oysters. While Hine (1991a) and Hine et al. (2002) also suggested that 

infection of O. chilensis by B. exitiosa was more frequent in spawned female oysters, so it is 

likely that gametogenesis is indirectly affected by the parasite. If the sex ratio of Foveaux Strait 

 
Jeffs & Hickman, 

2000 

Present study Jeffs, 1997a; Jeffs, 

1998 

Location 

Foveaux Strait 

1970/1971 

N =1816 

Foveaux Strait 

2017/2018 

N = 950 

Hauraki Gulf 

1994/1995 

N = 1550 

Minimum size of 

oyster with female 

gametes 

47 mm 35 mm 21 mm 

Minimum size of 

solely female oyster 
56 mm 35 mm 39 mm 

Minimum size of 

brooding oyster 
60 mm 53 mm 49 mm 
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O. chilensis has been impacted by subsequent B. exitiosa epidemics, it may be expected that a 

more male skewed sex ratio could be present, as the literature indicates a heavier impact on 

female stages (Hine, 1991a; Hine et al., 2002; da Silva et al., 2009). As this is not the case, and 

more female material may have been present than before B. exitiosa epidemics, it is possible 

that gametogenesis may not have been affected by large-scale bonamiasis. However, low 

infection rates of B. exitiosa have persisted in Foveaux Strait O. chilensis in recent years 

(Michael et al., 2015b), with prevalence estimated at 7% (Lane et al., 2018). Low infection 

rates may have allowed an increase in the proportion of female reproductive material present. 

It has been suggested that favourable conditions often stimulate an increase in female gonad 

activity in many species of protoandric hermaphrodite oysters (Lango-Reynoso et al., 1999; 

Steele & Mulcahy, 1999; Rodríguez-Jaramillo et al., 2008; Chávez-Villalba et al., 2011; 

Santerre et al., 2013; Castilho‐Westphal et al., 2015). Thus, a low B. exitiosa infection rate, in 

combination with favourable water temperatures and food availability, may have facilitated an 

increase in female gonad activity in the present study, compared to Jeffs and Hickman (2000). 

In addition, subsequent recruitment failures in Foveaux Strait from 2010 to 2016 may have 

reduced the population size of small, predominately male oysters (Michael & Shima, 2018), 

facilitating a proportional increase in females. It is possible that a reduction in males, coupled 

with favourable conditions, has led to the observed female skewed sex ratio.  

An increased female component could be beneficial to the rebuild of the fishery, as a higher 

proportion of females may have the capacity to increase yearly brooding rates, potentially 

providing more favourable recruitment (Jeffs et al., 1998; Beaumont et al., 2010; Joyce et al., 

2015). However, some authors have suggested that several reproductive features, such as the 

presence of spermatozuegmata (Hollis, 1962; Foighil, 1989; Sousa & Oliveira, 1994), 

hermaphroditism (Jeffs & Creese, 1996; Jeffs et al., 1997a; Jeffs & Hickman, 2000), and large 

proportional investments in spermatogenesis typically observed in oyster populations (Jeffs et 

al., 1997a; Jeffs, 1998; Jeffs & Hickman, 2000; Fabioux et al., 2005; Kamphausen et al., 2011), 

indicate that fertilisation success of egg broods may be difficult (Jeffs, 1998; Joyce et al., 2015; 

Hassan et al., 2017). Therefore, while an increased female component could provide more 

favourable recruitment, it is unclear if a reduced male component may provide challenges for 

fertilisation success, particularly with a reduced density (Pascual et al., 1989) of male oysters 

present after recruitment failures (Michael & Shima, 2018). 
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Temporal Variation  

While there may be differences in the overall sex ratio since B. exitiosa epidemics, the seasonal 

pattern of rhythmic alternation of sex dominance is thought to be remarkably similar. Jeffs and 

Hickman (2000) reported that male reproductive material peaked from July to November, 

consistent with trends observed in the present study. Low water temperatures dominated over 

this period, ranging from approximately 10-13°C (Fig. 3.13). This may support the conjecture 

of a more male dominated sex ratio at lower temperatures (Fabioux et al., 2005). Furthermore, 

Jeffs and Hickman (2000) observed a decline in male reproductive tissue from December to 

March. December was not sampled in the present study, however a similar decline from 

January to April was observed in males, as temperatures began to increase.  

While Jeffs and Hickman (2000) reported that only one very small oyster contained no 

reproductive material, 17% of oysters in the present study were found to be absent of any 

gametes (sex of individuals could not be identified as no reproductive material was present). 

These indeterminate oysters made up between 7-25% of each monthly sample, peaking in 

March at 33%. The peak in indeterminate oysters coincided with the decline in the presence of 

male reproductive material. It is possible that many indeterminate classed oysters were 

previously male and were potentially undergoing a resting phase in their reproductive cycle. 

This could help to explain the reduced male component exhibited in the present study, when 

most other studies of O. chilensis gametogenesis in New Zealand have detected a dominance 

of male reproductive products (Jeffs et al., 1996, 1997a; Jeffs, 1998, 1999; Jeffs & Hickman, 

2000).  

While a resting phase has not been observed before in New Zealand O. chilensis, it has been 

documented for other similar oyster species such as C. gigas (Steele & Mulcahy, 1999; Dridi 

et al., 2007), Crassostrea plicatula (Li et al., 2006), Ostrea nomades (Siddiqui & Ahmed, 

2002) and O. edulis (da Silva et al., 2009; Acarli et al., 2015). It is unclear why an increased 

component of gonad inactivity was observed in the present study, as studies have generally 

indicated that there tends to be a longer resting phase in oyster populations from more 

temperate climates, exposed to colder waters (Sidduqui & Ahmed, 2002; da Silva et al., 2009). 

In contrast, the resting phase of oyster populations in warmer waters has tended to be shorter 

and gonad activity more prolonged (Steele & Mulcahy, 1999; Rodríguez-Jaramillo et al., 2008; 

da Silva et al., 2009). Due to the warm summer water temperatures in Foveaux Strait over the 

sampling period of the present study (Bradford et al., 1991), a reduced component of gonad 

inactivity may be expected. However, da Silva et al. (2009) reported higher proportions of 
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resting oysters in O. edulis that were both heavily infected, or not infected at all by B. ostreae, 

as opposed to lightly or moderately infected oysters. It is therefore possible that large scale 

bonamiasis in Foveaux Strait may have contributed to an increase in periods of gonadal 

inactivity through either favouring a resting phase in uninfected oysters, or by heavy infection 

reducing energy available for gametogenesis (da Silva et al., 2009).   

Jeffs and Hickman (2000) observed lower levels of female reproductive material between July 

and October, similar to the present study. However, Jeffs and Hickman (2000) found that 

female reproductive material was most common from March to June, whereas the present study 

observed an earlier peak in January to April. A slightly earlier peak in the presence of female 

reproductive material may have been influenced by the warm temperatures in Foveaux Strait 

(Bradford et al., 1991), where a temperature threshold may have been reached earlier (Joyce et 

al., 2015). Jeffs et al. (2002) found that the female gonad cycle was rapidly advanced in O. 

chilensis held in warmer water temperatures. This may also be supported by the high proportion 

of spawning and phagocytosis exhibited by female oysters, which is consistent with O. 

chilensis held in high temperature experimental treatments (Jeffs et al., 2002; Joyce et al., 

2015).  

Timing of spawning events during the present study was also remarkably similar to descriptions 

of oyster gametogenesis in Foveaux Strait before large-scale bonamiasis (Jeffs & Hickman, 

2000). In the present study, the onset of a continuous spawning event began for both males and 

females in the spring, with spawning peaking in March. Significant decreases in condition 

indices between August and November 2017, along with the constant reduction in gonad 

maturity indices over this time, may also support the onset of spawning O. chilensis during 

austral spring 2017. The onset of spawning coincided with an increase in water temperature to 

12°C and the beginning of a spring phytoplankton bloom (Chiswell et al., 2013). The 

temperature threshold of 12°C has previously been identified as important for spawning 

synchrony in New Zealand O. chilensis (Jeffs et al., 1997a, 1997b; Jeffs, 1999; Jeffs et al., 

2002), and extensive literature suggests that many oyster populations spawn in concert with 

phytoplankton blooms (Westerkov, 1980; Navarro et al., 1989; Ruiz et al., 1992; Li et al., 

2006). During the peak in spawning from January to March, water temperatures were at their 

highest, ranging from approximately 16°C-18°C. Spawning began to decrease when water 

temperatures consistently fell below 16°C during April. Similarly, Jeffs and Hickman (2000) 

reported a peak in the release of gametes during March and a constant release of gametes at 

lower levels for much of the year. Gonad maturity indices remained low over this spawning 



43 

 

period, but the mean condition index became significantly high during peak spawning in 

January.  

Food availability has been identified as the most important driver of condition indices after the 

influences of the gametogenic cycle in similar studies of bivalves (Hickman & Illingworth, 

1980; Smaal & van Stralen, 1990; Okumus & Stirling, 1998). It is therefore possible that this 

significant increase in January condition indices may have been attributable to favourable high 

temperatures and food availability, despite a high degree of spawning. Additionally, some 

disconnect may be expected between the condition indices and gametogenic cycle as shell, 

gonad and body tissue changes may occur simultaneously, which all influence organism 

condition (Gadomski & Lamare, 2015). Furthermore, Joyce et al. (2015) reported that 

condition indices may not be an entirely accurate indicator of reproductive state in O. chilensis. 

This may be consistent with other studies of bivalve reproduction that have incorporated 

condition indices and struggled to accurately correlate them with the gametogenic cycle 

(Cranfield & Allen, 1977; Lucas & Beninger, 1985; Rainer & Mann, 1992; Filgueira et al., 

2013; Gadomski & Lamare, 2015).  

The timing of other reproductive events was also similar to previous descriptions of 

gametogenesis in Foveaux Strait O. chilensis (Jeffs & Hickman, 2000). Jeffs and Hickman 

(2000) observed a peak in the phagocytosis of male reproductive material during January, and 

female material in January and March. This was consistent with the present study for 

reabsorption of both male and female reproductive material. Developing stages for both males 

and females were most prominent between July and October of 2017, before the onset of 

spawning. This occurred after the temperature minimum in Foveaux Strait during the end of 

July at around 10°C, supporting the conjecture of some authors that a temperature minimum 

<12°C may be important for the onset of gametogenesis (Westerkov, 1980; Jeffs et al., 1996; 

Jeffs & Hickman, 2000; Jeffs et al., 2002). Ripe males were only present before spawning from 

July to September 2017 (30-50%), while some ripe males were beginning to appear once again 

during August 2018 (8%). Condition and gonad indices were both significantly high during 

this period, corresponding with the high proportion of ripe and developing individuals in 

monthly samples before the onset of spawning. Ripe females may have been a consistent 

feature of the population (ranging from 30-80%), supporting Jeffs and Hickmans (2000) 

suggestions that ripe female material was present for much of the year.  
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The low proportion of brooders detected in the present study of 1.7% of all samples (16 out of 

950) was higher than that reported by Jeffs and Hickman (2000), at 0.6% (12 out of 1898). The 

higher proportion of females observed in the present study may have contributed to the higher 

brooding rate compared to Jeffs and Hickmans (2000) descriptions. Brooding in the present 

study was concentrated between September 2017 and January 2018, beginning again in August 

2018. This supports previous literature which suggests that the Foveaux Strait O. chilensis 

population exhibits more seasonality in brooding, with low proportions of oysters brooding 

concentrated between 6-7 months of the year (Cranfield & Allen, 1977; Cranfield & Michael, 

1989; Jeffs et al., 1997c; Jeffs & Hickman, 2000).  

B. longicornutus prevalence among all samples in the present study was 4.3%, and no 

consistent seasonal or spatial trends were observed. This was consistent with Jeffs and 

Hickman (2000), where a low 3.9% B. longicornutus prevalence was detected. Prevalence 

ranged between sites and months from 0 to 5 infected out of the 30 oysters collected from each 

site, with many locations often having no detected infections. This contrasts with Howell 

(1967), where prevalence estimates ranged from 22% to 25% in central and western Foveaux 

Strait, with 41% reported in eastern Foveaux Strait. The low prevalence of B. longicornutus 

infecting O. chilensis in the present study compared to Howell (1967), may make the 

identification of spatial trends difficult. Additionally, Howell (1967) attributed the reduction in 

fishery catch rates to B. longicornutus infection, however, these claims have since been 

challenged, and it is now thought that B. exitiosa was the more likely contributor to mortality 

(Hine, 1996). While B. longicornutus has the potential to influence the O. chilensis fishery, the 

low prevalence during 2017 and 2018 may indicate that oysters have recently been less 

impacted by the parasite. 

 

Spatial variation 

Descriptions of the first major B. exitiosa epidemic indicate that the onset of bonamiasis began 

from a central western focal point, radiating through Foveaux Strait in a wave of infection 

(Dinamani et al., 1987a, 1987b; Doonan et al., 1994; Hine & Jones, 1994; Hine, 1996; 

Cranfield et al., 2005). However, studies of O. chilensis gametogenesis before B. exitiosa 

epizootics revealed that there was little spatial variation in the reproductive features of O. 

chilensis across Foveaux Strait (Jeffs & Hickman, 2000). The findings of the present study 

concur with previous research, with little variation being detected in the sex ratio or 
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gametogenic stage of oysters among different sites. This was previously attributed to similar 

environmental conditions between sites (Jeffs & Hickman, 2000). Temperature and 

chlorophyll-a measurements may support this, as little variation was observed among sites. It 

appears that despite the spatial variability in B. exitiosa infection during outbreaks of 

bonamiasis, the disease may not have influenced the observed similarities in gametogenesis 

between locations. This may support the hypotheses of previous authors, that spatial 

differences in the prevalence and intensity of bonamiasis could have been related to the 

aetiology of the disease (Hine & Jones, 1994; Cranfield et al., 1995; Hine, 1996; Jeffs & 

Hickman, 2000). 

Surprisingly, significant differences in the condition indices were observed among sites, 

despite similarities in gametogenesis, sex ratio and environmental conditions between these 

locations. The most consistent significant differences were observed between Site 2, the 

furthest western site, and Site 5, the furthest eastern site. It is therefore possible that these sites 

had significantly different condition indices as they were the furthest apart from one another. 

Some significant differences in the condition index may have been attributed to variations in 

sediment type, which is known to differ across Foveaux Strait (Cullen, 1962, 1966, 1967). 

Oyster beds can be covered by sediment due to strong currents and tidal flows in Foveaux 

Strait, which may restrict their ability to feed (K. Michael pers. comm.). It is possible that some 

variation between sites may be related to sediment type and the weather events that can cover 

or uncover oyster beds and influence condition indices. Furthermore, brooding was spatially 

variable in the present study, with majority of brooders concentrated in central Foveaux Strait, 

and none observed at Site 2, western Foveaux Strait. It has been speculated that oysters need 

to be in good condition in order to initiate brooding (Chaparro et al., 1993). Therefore, it is 

entirely possible that no brooding was observed at Site 2 due to the consistently low condition 

indices present throughout the study.   

 

3.5 Conclusions 

Overall, the gametogenic cycle of O. chilensis in Foveaux Strait may remain largely unchanged 

after subsequent B. exitiosa epidemics. The timing of major reproductive events and the 

rhythmic alternation of sexual phases appears to be relatively consistent with previous findings. 

There is some evidence for a switch to a more female skewed sex ratio, as well as the 

development of female reproductive material and brooding at smaller sizes. This may have 
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been influenced by a flow on effect from the 2010-2016 recruitment failures, that have led to a 

reduction in small, predominately male oysters. This could be beneficial to recruitment, which 

the higher proportion of brooding observed in the present study may attest to, but it is unclear 

if a reduced male component may compound issues with fertilisation success. Additionally, a 

higher proportion of oysters with no trace of reproductive material was detected than in 

previous studies. However, it is unclear if these differences have resulted directly from the 

impacts caused by large-scale bonamiasis, or if they are unique features that have not been 

consistently present in the population since B. exitiosa epidemics because of higher than 

average temperatures present in Foveaux Strait over the sampling period.  
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Chapter 4: Spatio-Temporal Variation of the Biochemical 

Composition of Ostrea chilensis in Foveaux Strait, New 

Zealand 

 

4.1 Introduction 

In New Zealand, the flat oyster, Ostrea chilensis, has been fished in Foveaux Strait since 1867 

(Cranfield et al., 1999). There has been significant commercial interest in developing the 

aquaculture for O. chilensis due to its high economic value and popularity in the domestic 

market (Jeffs & Creese, 1996). The emergence of O. chilensis aquaculture in New Zealand has 

been attributed to setbacks in the Foveaux Strait fishery (Jeffs & Creese, 1996), where mass 

mortality from Bonamia exitiosa forced a period of fishery closure (Doonan et al., 1994; 

Cranfield et al., 2005) and a subsequent reduction in the catch rate of the rebuilding population 

(Hall et al., 2009). However, O. chilensis cultivation in New Zealand has suffered from a lack 

of knowledge about aspects about reproduction of the species, especially the drivers of larval 

brooding in females (Jeffs & Creese, 1996; Jeffs & Hickman, 2000). While numerous studies 

exist, much of the literature on the reproductive biology of the species, especially in Foveaux 

Strait, focusses on research before 1985 (Cranfield, 1968a, 1968b; Cranfield & Allen, 1977; 

Cranfield & Michael 1989; Jeffs & Creese, 1996; Jeffs & Hickman, 2000), since the first B. 

exitiosa infection epidemic (Doonan et al., 1994; Cranfield et al., 2005).  

It has been suggested that the lack of a reliable spat supply, and the difficulty of spawning 

broodstock in an artificial setting due to their unusual reproduction, has been a major barrier to 

further expansion of the industry (Hickman et al., 1988; Jeffs, 1995; Jeffs & Creese, 1996; 

Toro et al., 1996; Jeffs et al., 1997a; Jeffs, 1999; Jeffs et al., 2002). O. chilensis exhibits several 

unique reproductive characteristics, including larviparity and protandrous hermaphroditism 

that have made spawning broodstock difficult (Cranfield & Michael, 1989; Jeffs & Creese, 

1996; Jeffs & Hickman, 2000; Brown et al., 2010; Joyce et al., 2015). In addition, recruitment 

issues have afflicted the Foveaux Strait fishery in recent years, with a series of recruitment 

failures occurring during 2010 to 2016 (Michael & Shima, 2018). Therefore, it is clear that 

additional research is needed into reproduction of this species, to improve aquaculture breeding 

systems and predict fishery recruitment patterns.  



48 

 

In order to expand bivalve aquaculture and manage fishery recruitment, the storage 

mechanisms that play a role in gametogenesis, that are specific to each species, need to be 

researched in regard to local environmental conditions (Ruiz et al., 1992). In this respect, 

extensive literature exists around the significant relationship between the gametogenic cycle 

and the biochemical composition of marine bivalves (Giese, 1969; Gabbot, 1975; Bayne, 1976; 

Barber & Blake, 1981; Ruiz et al., 1992; Pazos et al., 1997; Berthelin et al., 2000; Ojea et al., 

2004; Dridi et al., 2007; Yan et al., 2010; Celik et al., 2015). A better understanding of seasonal 

variation in biochemical composition may improve the knowledge of gametogenesis and 

aspects of O. chilensis reproduction, which could assist in fisheries recruitment management 

and the development of breeding programmes for aquaculture.  

Biochemical components are synthesised for storage as energy reserves (Acarli et al., 2015), 

and these are utilised during reproductive processes and growth (Li et al., 2006; Acarli et al., 

2015). Generally in bivalves, energy is stored as glycogen and used for gametogenesis 

(Mathieu & Lubet, 1993; Acarli et al., 2015). However, the use of lipids and proteins in 

gametogenesis when food is abundant has also been well documented (Acarli et al., 2015). It 

is thought that there is a complex interaction between local environmental conditions, such as 

food availability (Abad et al., 1995; Yıldız et al., 2013) and temperature (Chávez-Villalba et 

al., 2003; Wilson et al., 2005; Lok & Acarli, 2006), with seasonal cycles of growth and 

reproductive events that drive the utilisation and storage of biochemical components (Giese, 

1969; Mann, 1979; Gabbott, 1983; Ruiz et al., 1992; Navarro & Iglesias, 1995; Grant, 1996; 

Dirdi et al., 2007; Acarli et al., 2015). The availability of these biochemical components may 

also be influenced by environmental conditions, in turn driving growth and reproductive 

activity (Gabbott, 1983; Dirdi et al., 2007). Authors have attested to the variability in the 

importance of these different substrates, the specific location of storage, and the timing of their 

use among bivalve species, as well as between different populations of the same species (Giese, 

1969; Bayne, 1976; Sasrty, 1979; Barber & Blake, 1981; Dridi et al., 2007; Matias et al., 2013; 

Pogoda et al., 2013).  

There is currently no published literature that describes the seasonal cycle of the biochemical 

composition of Ostrea chilensis in New Zealand. Therefore, the purpose of the present study 

was to examine the temporal and spatial differences in the biochemical composition of the 

Foveaux Strait O. chilensis population. In an effort to improve the understanding of the 

relationship between biochemical changes and reproduction, seasonality and spatial variability 
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in the total of percentage protein, carbohydrate and lipid is described in the Foveaux Strait O. 

chilensis population. 

 

4.2 Methods 

Each oyster collected from July 2017 to August 2018, following methods described in Chapter 

2, was analysed for the percentage of total carbohydrate, soluble protein, and lipid content. Soft 

body tissue of each oyster was frozen in an aluminium foil envelope at -80°C. Frozen tissue 

was later lyophilised for 48 hours and homogenised by grinding in a mortar and pestle. 

Total carbohydrate, and soluble protein assays were performed in 96-well microplates using a 

modification of the Mann and Gallager (1985) procedure (Appendix 1). The lipid assay was 

performed using an adapted version of Cheng et al. (2011) 96-well microplate format of lipid 

analysis (Appendix 1). Results were expressed as a percentage of total oyster dry weight rather 

than absolute content in mg, as this enabled direct comparisons with the literature.  

 

Carbohydrate and Protein assay 

For the total carbohydrate and soluble protein assays, 2-3 mg of lyophilised ground tissue from 

each oyster was homogenised in 1 ml of distilled water. Proteins and carbohydrates were 

extracted from the homogenised tissue overnight in a solution of 15% w/v Trichloroacetic Acid 

(T. C. A.) at 4°C. Samples were centrifuged at 3000g for 10 minutes, and 200 µl of supernatant 

was taken for carbohydrate analysis, while 50 µl of precipitate was taken for the protein assay. 

Samples were analysed in triplicate. 

Total carbohydrates were analysed colourmetrically using a modified Dubois et al. (1956) 

procedure. This procedure was adapted to perform the reaction in 1.7 ml Eppendorf tubes. The 

volumes of the supernatant from T.C.A. extraction, distilled water, and 5% w/v phenol were 

reduced to 200 µl each. These were added to each tube and vortexed, before adding a reduced 

volume of 1000 µl of sulphuric acid. Samples were then vortexed again and stood for 30 

minutes at room temperature, before 320 µl was pipetted from each sample into a 96-well 

microplate. Plates were read at 490 nm with glucose dissolved in 15% w/v T.C.A as a standard. 

Six standards were used, ranging from 10-80% glucose content. Standard curves provided an 

R2 value of 0.99 (Appendix 2).  
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Total percentage soluble protein was determined colourmetrically for each oyster using a 

modified Lowry et al. (1951) folin-phenol reaction. The procedure was adapted to be 

performed in a 96-well microplate. A reduced volume of 50 µl of precipitate was taken from 

the T.C.A. extraction, and a reduced volume of 250 µl of reagent (see appendix 1) was added 

to each well of a 96-well microplate. Microplates were mixed on a plate shaker for 10 minutes, 

before adding a reduced volume of 25 µl of 1N folin reagent. Microplates were stood for 30 

minutes before being read at 750 nm. Bovine Serum Albumin (BSA) dissolved in 15% w/v 

T.C.A was used as a standard. Nine standards were used from 10-90% BSA content. Standard 

curves provided an R2 value of 0.98 (Appendix 2) 

 

Lipid assay 

Total percentage lipids were determined colourmetrically for each oyster sample using an 

adapted version of Cheng et al. (2011) 96 well microplate lipid analysis. Lipids were extracted 

using a slightly modified Van Handel (1985) extraction procedure. For this, 2-3 mg of dried 

tissue was homogenised in 1 ml of 1:1 chloroform: methanol and centrifuged at 3000g for 5 

min. Next, 50 µl of the supernatant was transferred into a 96-well microplate where the Cheng 

et al., (2011) vanillin-phosphoric acid reagent reaction was used to colourmetrically determine 

lipid content. The 10 minutes of colour development suggested in Cheng et al. (2011) after 

adding the reagent was extended to 1 hour. Plates were read at 540 nm using cholesterol 

dissolved in 1:1 chloroform: methanol as a standard. Eight standards were used from 5-70% 

cholesterol content. Standard curves provided an R2 value of 0.98 (Appendix 2).  

 

Statistical analyses 

Statistical differences (∂ = 0.05) in total percentage of soluble proteins (log-transformed), lipids 

(square root transformed) and carbohydrates (square root transformed) among months at site 1 

were tested using a one-way ANOVA. Statistical differences in total percentage proteins (log-

transformed), lipids (square root transformed) and carbohydrates (square root transformed) 

between seasons and among months were tested using a two-way ANOVA. Where a significant 

interaction between the factors occurred, a one-way ANOVA was performed (Stevens, 1999) 

to test significant differences in total percentage proteins, lipids and carbohydrates between 

sites during each season. Significant differences were identified using a Tukey’s post-hoc test. 
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All data was assessed for normality using Shapiro-Wilks test and equality of variances was 

confirmed by a Levene’s test. All tests were performed on the statistical software, SPSS. 

 

4.3 Results 

Protein 

The soluble protein content of 797 oyster samples was determined at each site sampled between 

July 2017 and August 2018. At Site 1, the mean monthly protein content of oysters ranged 

from 24.5% to 51.8% from July 2017 to August 2018 (Fig. 4.1 & 4.2). In general, there was a 

trend for protein to increase over late-winter and spring, peaking in late-spring and declining 

over the summer months, then remaining low over autumn and winter. A one-way ANOVA 

indicated that there were significant differences in the mean protein content among months 

over this period (F (11,305) = 21.243, p < 0.001). A Tukey’s post-hoc test indicated that the mean 

protein content during the months of May 2018 (24.5%) and July 2018 (27.9%) were 

significantly lower than all other months except January (Fig. 4.1). While January 2018 

(30.5%) was significantly lower than all other months except August 2017 (34.7%) (Fig. 4.1). 

Additionally, mean protein content during November 2017 (51.8%) was significantly higher 

than most other months, except for September 2017 (42.96%) and June 2018 (42.77%) (Fig. 

4.1).  

A two-way ANOVA indicated that the mean monthly protein content varied significantly 

among sites (F (4,579) = 7.957, P < 0.001), however the effect of site depended on the season 

(F12,579) = 15.499, P < 0.001). During the austral spring of 2017, a one-way ANOVA indicated 

that the mean protein content at Site 1 (40.96%) was significantly lower than Sites 3 (46.82%), 

4 (47.96%), and 5 (49%) (F (4,144) = 5.681, p < 0.001) Fig. 4.2). During austral summer 2018, a 

one-way ANOVA indicated that the mean protein content of oysters at Sites 1 (30.46%) and 2 

(34.08%) was significantly lower than Sites 3 (42.6%), 4 (49.09%), and 5 (44.5%) (F(4,145) = 

18.98, p < 0.001) (Fig. 4.2). While in austral autumn 2018, a one-way ANOVA indicated that 

protein content at Sites 1 (37.28%) and 5 (38.33%) were significantly lower than at Sites 3 

(49.15%) and 4 (45.7%) (F (4 ,145) = 7.167, p < 0.001) (Fig. 4.2). In austral winter 2018, a one-

way AVONA indicated that the mean protein content of oysters at Site 1 (42.77%) was 

significantly higher than Sites 3 (35.22%), 4 (28.5%), and 5 (31.7%) (Fig. 4.2). Additionally, 

mean protein content during winter at Site 2 (37.9%), was significantly higher than Sites 4 and 
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5 (Fig. 4.2). While at Site 3, mean protein content of oysters was significantly higher than Site 

4 (F (4,145) = 19.446, p < 0.001).  

 

Lipid 

Lipid content of 779 oyster samples was determined at each site sampled. The mean lipid 

content of oysters ranged from 2.8% to 15.9% (Fig. 4.1 & 4.2). Lipid followed a general 

seasonal pattern, peaking in concentration in early winter, and declining over spring to early 

summer, followed by general increase over late-summer and autumn. A one-way ANOVA 

indicated that there were significant differences in the mean lipid content among months, from 

July 2017 to August 2018 at Site 1 (F (11, 293) = 26.821, p < 0.001). A Tukey’s post-hoc test 

indicated that the mean lipid content during August 2017 (15.9%) was significantly higher than 

all other months, except July 2017 (11.9%) (Fig. 4.1). While lipid content in August 2018 

(2.8%) was significantly lower than all other months, except for November 2017 (Fig. 4.1). 

Lipid content during November (4.7%) was significantly lower than all other months, apart 

from March and July 2018 (Fig. 4.1). Additionally, lipid content during March (5.25%) and 

July (5.42%) 2018 was significantly lower than all other months except January (7.8%) (Fig. 

4.1). Lipid content during July 2017 (11.91%) was also significantly higher than in January 

and April (8%) (Fig. 4.1).  

A two-way ANOVA indicated that the mean monthly lipid content varied significantly among 

sites (F (4,569) = 6.701, P < 0.001), however the effect of site depended on the season (F12,569) = 

11.557, P < 0.001). During austral spring of 2017, a one-way ANOVA indicated that the mean 

lipid content at Site 4 (4.8%) was significantly lower than at Sites 1 (10%), 2 (8.5%), and 3 

(7.8%). Additionally, during spring 2017 lipid content at Site 5 (5.9%) was significantly lower 

than Sites 1 and 2 (F (4,137) = 10.932, p < 0.001) (Fig. 4.2). During austral summer 2018, a one-

way ANOVA indicated that the mean lipid content of oysters at Site 4 (12.15%) was 

significantly higher than at Sites 1 (7.8%), 2 (7.7%), and 3 (6.2%) (Fig. 4.2). Furthermore, lipid 

content at Site 3 was significantly lower than at Site 5 (10.6%) (F (4,143) = 10.982, p < 0.001). 

In austral autumn 2018, a one-way ANOVA indicated that the mean lipid content of oysters 

was significantly lower at Sites 1 (5.25%) and 5 (5.3%), compared to Sites 2 (10.2%), 3 (9.9%), 

and 4 (11.1%) (F(4,144) = 12.821, p < 0.001) (Fig. 4.2). In austral winter 2018, a one-way 

ANOVA indicated that the mean lipid content of oysters was significantly lower at Site 5 

(8.9%), than Sites 2 (12.95%), 3 (13%), and 4 (12.8%) (F (4,145) = 6.782, p < 0.001) (Fig. 4.2).  



53 

 

Carbohydrates 

Total carbohydrate content of 797 oyster samples was determined at each site. The mean 

carbohydrate content of oysters ranged from 16.34% to 92.57% (Fig. 4.1 & 4.2). Carbohydrate 

concentration had a clear seasonal trend, with accumulation during spring, consistently high 

concentrations over the summer and early autumn months, with concentrations decreasing to 

minimum levels in the winter months. A one-way ANOVA indicated that there were significant 

differences in the mean carbohydrate content among months, from July 2017 to August 2018 

at Site 1 (F (11, 305) = 23.852, p < 0.001). A Tukey’s post-hoc test indicated that the mean 

carbohydrate content during January (87.75%), March (92.57%) and April (84.73%) 2018 was 

significantly higher than all other months apart from November 2017 (Fig. 4.1). Mean 

carbohydrate content of oysters in November (77.18%) was significantly higher than other 

months except during July (48.4%) and September (46%) 2017, and May (55%) 2018 (Fig. 

4.1). The mean carbohydrate content of oysters during July 2018 (18.8%) was significantly 

lower than all other months, except August 2017 (33.22%) and 2018 (23.83%) (Fig. 4.1). While 

August 2018 (23.8%) was significantly lower than all other months except August 2017, and 

September 2017 (Fig. 4.1).   

A two-way ANOVA indicated that the mean monthly carbohydrate content varied significantly 

among sites (F (4,579) = 42.337, P < 0.001), however the effect of site depended on the season 

(F (12,579) = 7.078, P < 0.001). During the austral spring of 2017, a one-way ANOVA indicated 

that the mean carbohydrate content at Site 4 (16.34%) was significantly lower than at Sites 1 

(40.85%), 2 (37.9%), 3 (42%), and 5 (48.9%) (F (4,144) = 11.974, p < 0.001) (Fig. 4.2). During 

austral summer 2018, a one-way ANOVA indicated that the mean carbohydrate content of 

oysters at Site 4 (26.5%) was significantly lower than at all other sites (Fig. 4.2). Additionally 

in the summer, carbohydrate content at Site 2 (51.2%) was significantly lower than Site 1 

(87.75%) and 5 (90.8%) (F (4,145) = 21.257, p < 0.001) (figure 4.2). In austral autumn 2018, a 

one-way ANOVA indicated that the mean carbohydrate content of oysters was significantly 

higher at Site 1 (92.57%) than all other sites (Fig. 4.2). Furthermore during autumn, 

carbohydrate content of oysters was significantly higher at Site 2 (67.66%) than Site 4 (32.9%) 

(F (4,145) = 15.806, p < 0.001). In austral winter 2018, a one-way ANOVA indicated that the 

mean carbohydrate content of oysters was significantly higher at Sites 1 (46.39%) and 2 

(48.44%) than Site 4 (19%) (Fig. 4.2). Carbohydrate content was also significantly higher at 

Site 2 compared to Site 5 (31.3%) (F (4 ,145) = 8.416, p < 0.001) (Fig. 4.2). 
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Figure 4.1: Mean monthly (A) total soluble protein (n=30), (B) total lipid (n=30) and (C) total 

carbohydrate (n=30) content of Ostrea chilensis (expressed as a percentage of total dry weight) 

at site 1 in Foveaux Strait from July 2017 to August 2018. Error bars indicate ±1 standard error. 

Different letters indicate significantly different means.  
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Figure 4.2: Mean (A) total soluble protein (n=30), (B) total lipid (n=30) and (C) total 

carbohydrate (n=30) content of Ostrea chilensis (expressed as a percentage of total dry weight) 

across five sites in Foveaux Strait austral spring (October) 2017, summer (January) 2018, 

autumn (March) 2018 and winter (June) 2018. Error bars indicate ±1 standard error. 

Statistically different means among sites during each season are indicated by different letters.   
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4.4 Discussion 

The present research provides the first known description of the seasonal cycle of biochemical 

composition of O. chilensis in Foveaux Strait across small spatial scales. The seasonal variation 

in biochemical composition has been investigated in many studies on the reproductive biology 

of marine bivalves (Beninger & Lucas, 1984; Navarro et al., 1989; Barkahti & Ahmed, 1990; 

Ruiz et al., 1992; Cruz & Villalobos, 1993; Mathieu & Lubet, 1993; Orban et al., 2002; Ojea 

et al., 2004; Dridi et al., 2007; Yan et al., 2010; Celik et al., 2015). Additionally, extensive 

literature has recognised the close relationship between the utilisation of biochemical reserves 

and gametogenesis (Bayne, 1979; Ruiz et al., 1992; Ojea et al., 2004; Dridi et al., 2007; Liu et 

al., 2008; Serdar & Lök, 2009; Hamdani & Soltani-Mazouni, 2011). Furthermore, many 

authors have linked these cycles of gametogenesis and biochemical composition changes with 

environmental variables, such as food availability and water temperature (Pieters et al., 1979; 

Ruiz et al., 1992; Pazos et al., 1997; Okumuş & Stirling, 1998; Ojea et al., 2004; Li et al., 

2006; Dridi et al., 2007; Acarli et al., 2015). Due to the strong impact of environmental 

influences, it has been suggested that different species, as well as different populations within 

the same species, may have various strategies in the utilisation of biochemical reserves for 

gametogenesis and growth (Almeida et al., 1999; Racotta et al., 2003; Arellano-Martinez et 

al., 2004; Costil et al., 2005; Li et al., 2006; Joaquim et al., 2008; Acarli et al., 2015; Hassan 

et al., 2017) 

 

Temporal variation 

Monthly analysis of the biochemical composition of O. chilensis from Site 1 indicated that 

there was seasonal variation in the proximate levels of protein, carbohydrate and lipid content. 

In general, protein and lipid reserves tended to be accumulated over winter months, peaking in 

spring, before declining over summer and late autumn, with reductions in lipids occurring 

earlier than proteins. In contrast, carbohydrate reserves tended to be accumulated during spring, 

before remaining consistently high over summer and early autumn, with concentrations 

decreasing to minimum levels over winter.  

A significant decrease in the lipid content between August and September 2017 may be 

consistent with the onset of spawning in the present study. Previous studies of oyster 

reproduction have also associated low lipid content with periods of spawning (Gabbot, 1983; 

Ruiz et al., 1992; Berthenlin et al., 2000; Ren et al., 2003; Costil et al., 2005; Dridi et al., 2007; 
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Rodríguez-Jaramillo et al., 2008; Yildiz et al., 2011; Acarli et al., 2015; Celik et al., 2015). 

Additionally, a further significant decrease in lipid content was observed between September 

and November, coinciding with increased spawning activity. As gametes are rich in proteins 

and lipids, authors have attributed decreases in protein and lipid content with the onset of 

spawning (Gabbot, 1983; Ruiz et al., 1992; Berthenlin et al., 2000; Ren et al., 2003; Costil et 

al., 2005; Dridi et al., 2007; Rodríguez-Jaramillo et al., 2008; Yildiz et al., 2011; Acarli et al., 

2015; Celik et al., 2015). However, in the present study, protein content of oysters at Site 1 

increased significantly between October and November, as spawning began. This coincided 

with spring phytoplankton blooms, which may have allowed the accumulation of proteins, 

despite a high degree of spawning (Ruiz et al., 1992). Additionally, some authors have reported 

that certain species of oysters utilise lipid reserves earlier during reproductive events and 

mobilise protein as a secondary reserve later (Ruiz et al., 1992; Dridi et al., 2007). This may 

be consistent with a significant decrease in protein content of oysters at Site 1 between 

November and January. The decrease in protein content was observed later in the spawning 

period than lipids, and it appears that lipids may be lost at the onset of spawning, while proteins 

may be utilised during later stages of spawning.  

The carbohydrate content of oysters at Site 1 increased significantly in November, making up 

the majority of biochemical components from November to April, over the spawning period, 

and coinciding with low protein and lipid content (Dridi et al., 2007). This trend has been 

exhibited by other oyster species in similar reproductive studies including O. edulis (Yildiz et 

al., 2011) and Crassostrea corteziensis (Rodríguez-Jaramillo et al., 2008). Authors have 

suggested that oysters may accumulate carbohydrates over this time as these are the easiest 

biochemical constituents to obtain, especially when high levels of available food are present 

(Ruiz et al., 1992; Celik et al., 2015). Conversely, carbohydrate content was significantly low 

before spawning, from July to October 2017. Studies have demonstrated that carbohydrates 

may be converted to lipids and used to fuel gametogenesis (Gabbott, 1975; Barber & Blake, 

1991) in C. corteziensis (Rodríguez-Jaramillo et al., 2008), O. edulis (Pogoda et al., 2013) and 

C. gigas (Whyte et al., 1990; Robinson, 1992; De la Parra et al., 2005; Pogoda et al., 2013). 

This may be consistent with the significantly low carbohydrate content that was observed from 

July to October 2017, coinciding with a large proportion of developing individuals, and peaks 

in gametogenesis.  

The accumulation of lipid and protein reserves at Site 1 was observed from March to June 

2018, after periods of peak spawning. Similar accumulations of reserves after spawning have 
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been described in C. gigas (Berthelin, et al., 2000; Dridi et al., 2007) and O. edulis (Celik et 

al., 2015). Additionally, it is possible that peaks in reabsorption of unshed gametes in autumn 

may facilitate an increase in lipid and protein constituents, that could contribute to the build-

up of reserves over autumn and winter (Hassan et al., 2017). It appears that these protein 

reserves may be important for sustaining oysters over the winter. Significant decreases in 

protein content were observed in May and July 2018. This may indicate that proteins are used 

to support O. chilensis over lean winter periods, when there is low food availability. This may 

support the conjecture of studies that have also noted decreases in specific reserves to sustain 

oysters through periods of low food availability (Bayne, 1976; Barber & Blake, 1981; Pa´ez-

Osuna et al., 1993; Berthelin, et al., 2000; Ren et al., 2003; Acarli et al., 2015; Celik et al., 

2015; Hassan et al., 2017).  

While proteins may have been utilised to sustain O. chilensis at Site 1 through late autumn and 

early winter, lipids were continuously accumulated, suggesting that lipids are used in early 

gametogenesis. Gametogenesis is thought to begin after a temperature minimum of <12°C in 

Foveaux Strait (Jeffs et al., 2002), occurring during June 2018 in the present study, followed 

by a significant decrease of both lipids and carbohydrates in July and August 2018. This 

coincided with an increase in developing stages present in monthly samples, supporting the 

conjecture that lipid reserves were being highly utilised for early gametogenesis. Other authors 

have also observed a similar mobilisation of reserves for early gametogenesis in oysters 

(Berthelin, 2000; Rodríguez-Jaramillo et al., 2008; Celik et al., 2015; Hassan et al., 2017). 

Carbohydrate reserves may have also been mobilised for lipogenesis during this time (Gabbott, 

1975; Whyte et al., 1990; Barber & Blake, 1991; Robinson, 1992; De la Parra et al., 2005; 

Rodríguez-Jaramillo et al., 2008; Pogoda et al., 2013), indicating the intense demand for lipids 

during early gametogenesis (Gabbot, 1983; Ruiz et al., 1992; Berthenlin et al., 2000; Dridi et 

al., 2007; Rodríguez-Jaramillo et al., 2008; Acarli et al., 2015; Celik et al., 2015). Similar 

studies have also reported the utilisation of carbohydrates for periods of gametogenesis 

(Rodríguez-Jaramillo et al., 2008; Celik et al., 2015), and this could have contributed to the 

significant decrease in carbohydrate content in July 2018.  

The utilisation of lipid and protein reserves over the spawning period for O. chilensis at Site 1 

indicates that this organism may exhibit traits of a conservative spawning species. It appears 

that lipid and protein reserves stored in various organs may have been important for spawning, 

despite the fact that spawning coincided with spring phytoplankton blooms. Conservative 

spawning bivalves are thought to rely mostly on stored biochemical constituents, rather than 
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energy from recently ingested food to support the gametogenic cycle (Bayne, 1976; Ruiz et al., 

1992; Li et al., 2006; Acarli et al., 2015). In this respect, characteristics of conservative 

spawning are seen in the pattern of reserve accumulation in lean winter months and utilisation 

of biochemical constituents during the spring phytoplankton bloom that coincided with 

spawning, that was observed in O. chilensis at Site 1. 

 

Spatial variation 

It appears that there may have been differences in the utilisation of reserves on small spatial 

scales across Foveaux Strait. The majority of differences may have been exhibited between the 

two furthest western sites (1 and 2), and the furthest eastern sites (4 and 5). During austral 

spring, at the onset of spawning, the eastern sites had a significantly higher protein content than 

the western sites. Additionally, when spawning began to peak in austral summer, oysters from 

eastern sites had significantly higher lipid and protein content than oysters from western sites. 

This indicates that oysters from eastern sites may have built up reserves, despite a high degree 

of spawning, while oysters from western sites may have adopted a more conservative strategy 

and utilised proteins and lipids to support spawning (Bayne, 1976; Ruiz et al., 1992; Li et al., 

2006; Acarli et al., 2015). The similarities between the sex ratio and distribution of 

gametogenic stages among sites (Jeffs & Hickman, 2000), as well as minor variations in 

environmental conditions (Butler et al., 1992; Jeffs & Hickman, 2000; Chiswell et al., 2013), 

may suggest that the differences in biochemical composition are associated with alternative 

strategies of reserve utilisation (Bayne, 1976; Ruiz et al., 1992; Acarli et al., 2015). Oysters 

from eastern sites may have adopted a more opportunistic strategy, taking advantage of spring 

phytoplankton blooms and utilising energy from recently ingested food to fuel spawning 

efforts, while maintaining high levels of reserves (Ruiz et al., 1992).  

Observations of the biochemical composition during austral winter may support the conjecture 

of differences in biochemical reserve utilisation strategies. The eastern sites exhibited a 

significantly lower protein content than western sites. This may indicate that the more 

opportunistic eastern oysters relied on protein reserves to sustain them through the low food 

concentrations of winter (Bayne, 1976; Barber & Blake, 1981; Pa´ez-Osuna et al., 1993; 

Berthelin, et al., 2000; Ren et al., 2003; Acarli et al., 2015; Celik et al., 2015; Hassan et al., 

2017), to a greater degree than the more conservative western sites. However, the eastern sites 

had a significantly lower lipid content than western sites during spring. This may indicate that 
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utilisation of lipid reserves at the initiation of spawning was still important (Gabbot, 1983; Ruiz 

et al., 1992; Berthenlin et al., 2000; Ren et al., 2003; Dridi et al., 2007; Rodríguez-Jaramillo 

et al., 2008; Yildiz et al., 2011; Acarli et al., 2015; Celik et al., 2015), even for the more 

opportunistic eastern oysters.  

In addition, there may be differences exhibited in the utilisation of reserves between the eastern 

sites, Sites 4 and 5, which were both thought to be more opportunistic. Site 4 had consistently 

high lipid concentrations, coinciding with persistently low carbohydrates. These high lipid 

reserves may be driven by lipogenesis in Site 4 oysters, fuelled by the utilisation of 

carbohydrates, which have been noted as the easiest constituents to obtain from feeding 

(Gabbott, 1975; Whyte et al., 1990; Barber & Blake, 1991; Robinson, 1992; De la Parra et al., 

2005; Rodríguez-Jaramillo et al., 2008; Pogoda et al., 2013). In contrast, Site 5 oysters had 

consistently low lipid concentrations. This may indicate that these reserves were not as 

important to Site 5 oysters and that opportunistic feeding may have been more influential (Ruiz 

et al., 1992; Acarli et al., 2015). Both of these sites are thought to have been more opportunistic 

spawning organisms with the utilisation of biochemical reserves compared to more 

conservative western sites, but they may implement these characteristics in slightly different 

ways.  

Previous authors have noted that the same species of bivalves can use both conservative and 

opportunistic strategies of biochemical reserve utilisation (Joaquim et al., 2008; Acarli et al., 

2015). It has even been reported that oysters within a population can exhibit characteristics 

from both strategies at the same time (Hassan et al., 2017). Additionally, differences in the 

strategy of the utilisation of biochemical reserves have been well documented between 

geographically separated populations of the same species (Almeida et al., 1999; Luna-

Gonzalez et al., 2000; Racotta et al., 2003; Arellano-Martinez et al., 2004; Li et al., 2006). 

These differences are often attributed to geographical variation in environmental variables such 

as temperature and food levels (Ruiz et al., 1992; Li et al., 2006). Costil et al. (2005) 

demonstrated differences in the utilisation of biochemical reserves in C. gigas across small 

spatial scales. However, these variations in biochemical composition between sites were 

attributed to differences in environmental conditions across the estuary that was sampled, 

which may have led to differences in spawning (Costil et al., 2005). There are often fine-scale 

variations in environmental conditions across the nearshore locations that are sampled, such as 

estuaries, relating to tidal cycles and freshwater inputs (Brown & Hartwick, 1988; Soniat et al., 

1989; Almeida et al., 1998; Costil et al., 2005; Gasmi et al., 2017).  
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The oceanographic properties of Foveaux Strait may indicate that there are similar 

environmental conditions among locations (Butler et al., 1992). However, the possibility that 

there are small scale differences in temperature and chlorophyll-a levels that could influence 

observed differences in the utilisation strategies of biochemical reserves, cannot be discounted 

as the present study only captures one year of data (Bradford et al., 1991). Indeed, year to year 

variation of salinity, temperature, chlorophyll-a and nutrient concentrations has been 

previously reported in a more intensive study of Foveaux Strait oceanography over multiple 

summers (Bradford et al., 1991; Harris et al., 1991). Additionally, small scale variation across 

Foveaux Strait has been detected to a greater degree during some summers (Bradford et al., 

1991). While differences in environmental conditions among locations were minor in the 

present study, it is possible that more pronounced variation may be present in other years, that 

could influence the observed alternative strategies in biochemical reserve utilisation among 

oyster populations. Furthermore, the eastern sites may be influenced by their proximity to 

Ruapuke Island (Fig. 2.1). Extensive literature has reported eddy effects around islands that 

have the potential to retain phytoplankton (Heywood & Priddle, 1987; Dietrich et al., 1996; 

Arístegui et al., 1997; Ouro et al., 2017). It is therefore possible that the difference in reserve 

utilisation at these sites may be driven by food availability, however, this has yet to be explored. 

The role that the composition of phytoplankton communities may play on the biochemical 

reserve utilisation strategy is unclear (Hedges et al., 2002), and it is not currently known if 

there is any variation in the make-up of Foveaux Strait communities. Additionally, sediment 

type may play a role in the accessibility of food to benthic dwelling oysters, with differences 

in substrate type known to vary in Foveaux Strait (Cullen, 1962, 1966, 1967). While there may 

be evidence for small scale variation in the abiotic conditions among sites, it is unclear if this 

is sufficient to explain the significant differences in biochemical composition of oysters.  

Evidence for the spatial variation in biochemical reserve utilisation in the present study may 

be limited by the fact that only one year of oyster biochemical composition and environmental 

measurement data has been gathered. Despite the possibility that differences in the 

environmental conditions, or sediment type between western and eastern sites may influence 

variation in biochemical reserve utilisation strategies, the literature may also provide evidence 

that it is possible for there to be variation in reserve strategies in the absence of differences in 

abiotic conditions. Almeida et al. (1999) reported that there were differences in seasonal 

changes of the biochemical composition between two geographically isolated populations of 

C. gigas. Interestingly, environmental conditions were identical between locations (Almeida et 
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al., 1999). While Almeida et al. (1999) compared two geographically isolated populations, it 

may provide evidence to support the conjecture of the present study, that differences in seasonal 

cycles of biochemical cycles between oyster species could be related to variation in the strategy 

of reserve utilisation, rather than being influenced by environmental conditions. There are few 

known studies at the present time, that have demonstrated small scale spatial differences in the 

utilisation of biochemical reserves in the same species in the same location, where 

environmental conditions are similar. However, the well mixed water column present 

throughout Foveaux Strait that drives these environmental similarities (Butler et al., 1992), 

may provide an opportunity to observe evidence for fine-scale spatial differences in the 

utilisation of biochemical reserves in the absence of significant variation in environmental 

differences.  
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Chapter 5: Examining Bonamia exitiosa Infection 

Intensity in Foveaux Strait Ostrea chilensis using qPCR 

 

5.1 Introduction 

The severe impact of infection by the haplosporidian parasite, Bonamia sp., has become 

recognised as one of the key drivers of the population dynamics in many commercial flat oyster 

stocks globally (Ramilo et al., 2013; Engelsma et al., 2014; Ramilo et al., 2014). Mass 

mortality from bonamiasis, the disease thought to occur from Bonamia sp. infection, has been 

identified as a major contributor to flat oyster stock declines that have led to fisheries closures, 

population collapse, and severe economic losses (Grizel & Tige, 1982; Grizel et al., 1988; 

Montes, 1990; Hudson & Hill, 1991; McArdle et al., 1991; Van Banning, 1991; Doonan et al., 

1994; Hine & Jones, 1994; Jeffs & Creese, 1996; Carnegie & Barber, 2001; Carnegie & 

Cochennec-Laureau, 2004; Cranfield et al., 2005; Engelsema et al., 2014; Robledo et al., 2014; 

Lafferty et al., 2015). Economic losses further stretch to the flat oyster aquaculture industry for 

some species, and there are currently limited options for disease control (Jeffs & Creese, 1996; 

Burreson et al., 2004; Engelsema et al., 2014). These severe impacts have warranted the 

elevation of two species, Bonamia ostreae and Bonamia exitiosa, to pathogens that are 

notifiable to the World Organisation for Animal Health and the European Union (Hine, 1996; 

Ramilo et al., 2013; Engelsma et al., 2014; Ramilo et al., 2014; Lane et al., 2016, 2018).  

B. exitiosa is thought to be endemic to New Zealand (Hine & Jones, 1994; Hine, 1996; Corbeil 

et al., 2006; Lane et al., 2018) and has been identified as the source of mass mortalities from 

subsequent epizootic events that occurred in the commercially important Foveaux Strait O. 

chilensis fishery (Doonan et al., 1994; Hine & Jones, 1994; Hine, 1996; Cranfield et al., 2005). 

The bonamiasis epidemics originated in the central western region of Foveaux Strait and swept 

through the fishery in a wave of infection (Doonan et al., 1994; Cranfield et al., 2005). These 

bonamiasis epizootics devastated the population between 1986-1992, reduced stocks to 9% of 

their pre-disease level and forced a period of fishery closure (Doonan et al., 1994; Jeffs & 

Creese, 1996; Hine et al., 2002; Cranfield et al., 2005; Michael et al., 2015b), with subsequent 

events from 2000-2005 and 2012-2016 (Michael et al., 2017). Mortality from B. exitiosa has 

been retrospectively determined to have a long-standing association with New Zealand O. 

chilensis, with observations of samples from 1964 indicating the presence of the parasite (Hine 

& Jones, 1994; Hine, 1996; Hine et al., 2001). Multi-decade cycles of large-scale mortalities 
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are suggested to have been a persistent feature of the population and may be related to B. 

exitiosa (Hine, 1996). Furthermore, mortality from B. exitiosa is considered one of the major 

factors that controls the population dynamics of the Foveaux Strait oyster fishery (Michael et 

al., 2015b). After the bonamiasis epidemics, fishing activity has resumed, and the prevalence 

of B. exitiosa infection is thought to be low (Michael et al., 2015b), with the latest estimates at 

7% (Lane et al., 2018). However, recent infection of oyster farms by a new incursion of B. 

ostreae has further impacted the New Zealand flat oyster industry, forcing the removal of 

affected aquaculture facilities in an attempt to prevent further spread (Lane et al., 2016).  

Despite the significant impacts of B. exitiosa to important commercial operations, a sexual 

lifecycle for the parasite has not yet been fully described (Montes et al., 1994; Lane et al., 

2018), however, pathogen transmission is thought to occur directly between host oysters 

(Engelsma et al., 2014). The parasite infects phagocytic haemocytes of oysters, and 

proliferation is thought to be most evident when these enter the gonad to reabsorb unspawned 

ova, utilising host lipid reserves (Hine, 1991a, 1991b; Hine & Wesney, 1994b; Hine, 1996). 

An annual seasonal cycle of infection has been documented for B. exitiosa in Foveaux Strait, 

with rapid proliferation from November to May followed by a reduction to residual remnants 

of infection by August (Hine, 1991a, 1991b). It appears that this seasonal infection cycle may 

be controlled by the gametogenic cycle of the O. chilensis host, with proliferation coinciding 

with spawning and reabsorption (Hine, 1991a, 1991b).  

Despite the close association between B. exitiosa and the gametogenic cycle of O. chilensis, 

there is little published literature describing the impacts of infection on host reproduction 

(Hine, 1991a, 1996). While a study conducted by da Silva et al. (2009) has investigated the 

impacts of B. ostreae on the gonad condition of the European Flat Oyster, Ostrea edulis, no 

descriptions of this nature have been carried out for B. exitiosa and O. chilensis. The present 

research aims to assess the impacts of infection on host reproduction, with emphasis on 

condition, biochemical composition, gender, and gametogenic stage of the gonad. To address 

these aims, the seasonal and spatial variation in the intensity and prevalence of B. exitiosa 

infection was examined for O. chilensis populations in Foveaux Strait during 2017 and 2018, 

using quantitative Polymerase Chain Reaction (qPCR) analysis. As B. exitiosa is thought to 

utilise host reserves from the reabsorption of unshed gametes to rapidly proliferate in spawned 

O. chilensis (Hine, 1989, 1991a; Hine & Wesney, 1994b; Hine, 1996), it is hypothesised that 

there may be differences in the biochemical composition, sex ratio and gametogenic stage 

distribution between infected and uninfected oysters. While there is no evidence for the direct 
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parasitism of gametes in the O. chilensis gonad (Lane, 2018), it is likely that reproduction is 

indirectly impacted by B. exitiosa infection, through the utilisation of host reserves such as 

lipids (Hine, 1991b). Additionally, as a seasonal cycle in infection has been described for B. 

exitiosa and the outbreak and spread of bonamiasis in Foveaux Strait was spatially variable 

(Doonan et al., 1994; Cranfield et al., 2005), it is speculated that there may be spatial and 

temporal differences in infection prevalence and intensity among seasons and locations.  

 

5.2 Methods 

O. chilensis were collected across five sites in Foveaux Strait following methods described in 

Chapter 2, with a subset of three sites among four seasons being used in qPCR analysis due to 

logistical financial constraints. Extracted heart tissue was used for molecular analysis to 

estimate prevalence and intensity of B. exitiosa infection of O. chilensis in Foveaux Strait. 

Thirty samples each from three sites (Fig. 2.1), one western site (Site 2), one central site (Site 

3) and one eastern site (Site 5), across four seasons, austral spring (October 2017), summer 

(January 2018), autumn, (March 2018) and winter (June 2018) were used for molecular 

analyses to encompass spatial and temporal variability in B. exitiosa infection. However, small 

oysters (<40 mm shell height) were excluded from analysis due to the lack of a sufficient 

quantity of heart tissue, giving a total of 323 samples.  

 

DNA Extraction 

A small piece of heart tissue approximately 1-3 mg was excised from each sample and used for 

DNA extractions, following the methods described by Michael et al. (2015b). However, the 

volume of proteinase K was reduced from the Michael et al. (2015b) extraction method to 30 

µl of proteinase K (20 mg/ml) per 1 ml of extraction buffer used for tissue digestion. Excised 

heart tissue was placed into a 96-well microplate with 110 µl of extraction buffer and proteinase 

K, mixed, and centrifuged at 3000g for 2 minutes at 5°C. Plates were incubated at 56°C for 45 

minutes and at 95°C for 5 minutes, before being centrifuged again. Supernatant was drawn off 

into another 96-well microplate and stored at 4°C until molecular analysis. 

A Qubit® fluorometer was used to estimate the concentration of dsDNA present in heart tissue 

extractions. Concentrations of dsDNA were measured in the range of 1-42 ng/µl. All 

extractions were diluted to 5 ng/µl for use in qPCR analysis. Four samples that contained a 
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concentration of dsDNA that was lower than the range of detection were excluded from qPCR 

analysis.  

 

Positive and Negative Controls 

Positive and negative controls that were used in Michael et al. (2015b) were supplied by Jaret 

Bilewitch from the National Institute of Water & Atmospheric Research Ltd (NIWA) to be 

included in molecular analysis. The B. exitiosa positive control (POSPOOL) consisted of a 

pooled digest of oyster tissues with detected B. exitiosa infections (c. f.; Michael et al., 2015b), 

and was used in both conventional endpoint PCR, as well as qPCR. The B. exitiosa negative 

control (NEGPOOL) consisted of a pooled digest of oyster tissues with no detected B. exitiosa 

infections (c.f.; Michael et al., 2015b), and was used in qPCR. 

 

Conventional Endpoint PCR 

A set of primers was designed to confirm the presence of O. chilensis DNA in oyster extractions 

(Table 5.1). This primer pair was designed to amplify a 100 bp fragment of the O. chilensis 

actin type 1 (act1; New Zealand isolate; accession number: AM410917.1). Conventional 

endpoint PCR was performed with this primer pair and the resulting band was gel extracted. 

This band was sequenced by Sanger sequencing, Genetic Analysis Services, University of 

Otago, to confirm that the resulting amplicon was from O. chilensis.  

The O. chilensis actin primer pair was used in conventional endpoint PCR on a subset of 82 

samples to confirm that oyster DNA was successfully extracted. This subset was run with a 

POSPOOL, described previously. Thermal cycling was performed on a Mastercycler 

(Eppendorf ®) at 95°C for 3 mins, followed by 40 cycles of 95°C for 30 s, 55°C for 30 s, and 

72°C for 2 min 30 s, then 72°C for 5 mins. The resulting amplicons were electrophoresed on a 

1% agarose gel stained with SYBR Safe DNA gel stain red (Invitrogen) and visualised under 

UV on a blue light transilluminator (UVITEC, Total Lab Systems). A Generuler 1000 bp ladder 

(Thermofisher Scientific) was included as a molecular weight marker. All samples produced 

strong bands in line with the positive control (Appendix 3). 
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Quantitative PCR 

In this study, two primer pairs were designed specific to B. exitiosa. Firstly, the B. exitiosa 

primer pair (Table 5.1) was designed to amplify a larger 1217 bp fragment from the B. exitiosa 

sequence (accession number: JF495410.1). Conventional endpoint PCR was performed with 

this primer pair and the resulting band was gel extracted. This band was sequenced by Sanger 

sequencing, Genetic Analysis Services, University of Otago, to confirm a match with B. 

exitiosa. The gel extracted product from this larger primer pair was serially diluted for use in 

qPCR as a standard curve for B. exitiosa. A further primer pair was designed nested within this 

larger B. exitiosa sequence (Table 5.1). The nested B. exitiosa primer pair was designed to 

amplify a 152 bp fragment and used to amplify B. exitiosa DNA in qPCR analysis.  

All samples were tested for B. exitiosa using the nested primer pair in qPCR assays, carried out 

on a QuantStudio 5 (Applied Biosystems) in 96-well microplates. Thermal cycling conditions 

were 95°C for 3 min, followed by 40 cycles of 95°C for 5 s, 60°C for 10 s, and 72°C for 30 s. 

Thereafter, dissociation curve analysis was performed in keeping with machine settings to 

ensure only one amplicon was generated by PCR (Appendix 4). Reactions were performed 

using SYBR green DNA binding dye in a total volume of 10 µl, comprising of 5 µl of SYBR 

(Takara master mix), 0.5 µl each of the nested B. exitiosa forward and reverse primers (10 µM), 

3 µl of Milli-Q water, and 1 µl of cDNA (5 ng/µl).  

A no-template control, as well as both a POSPOOL and a NEGPOOL, as previously described, 

were included in duplicates with each plate. Additionally, a standard curve was run in duplicate 

with each plate, consisting of six 10-fold serial dilutions of standards ranging from 10 pg to 

0.00001 pg. Standard curves achieved an efficiency ranging from 94.8% to 103.4% and an R2 

ranging from 0.98 to 0.99 (Appendix 5).  
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Table 5.1: Sequences of the primers designed in the present study. F: Forward, R: Reverse 

Primer Sequence (5’ to 3’) 

F Oyster ACTGGATTCCGGAGACGGAGTAT 

R Oyster GTCAGATCACGTCCAGCGAG 

F B. exitiosa CTTTGACGGGTAACGGGGAA 

R B. exitiosa CGTTGAAGATTACCCGGCCT 

F nested B. exitiosa CACCACAAGATGTGGAGCCT 

R nested B. exitiosa CAGAGGGGTCACCCTAGGAA 

 

Data treatment 

Data were analysed using QuantStudio Design & Analysis Software v1.2 (Applied 

Biosystems). Late amplification after 32 cycles was observed in no-template and negative 

controls across all 96-well microplates. Some samples also exhibited amplification around the 

same cycle as negative controls. However, these late-amplifying samples were not considered 

positive for B. exitiosa as they amplified after 32 cycles, at the same time as negative and no-

template controls. Samples that were amplified before 32 cycles were considered positive for 

B. exitiosa, and amplification occurred around the same cycle as positive controls. B. exitiosa 

infection intensities were classified as heavy (Cq <24), moderate (Cq 24-26), light (Cq 26-32), 

or no infection (Cq >32). 

 

Statistical analysis  

The sex ratio, gametogenic stage distribution, as well as the distribution of oysters from each 

site and each season among infected and uninfected oysters were tested using X2 tests, with 

these tests being robust for the largely different group sizes (Greenwood & Nikulin, 1996). Sex 

categories and gametogenic stages were assigned to oysters following methods described in 

Chapter 3. Statistical differences (∂ = 0.05) in the percentage of soluble protein, lipids and total 

carbohydrates, as well as mean condition indices among oysters infected by B. exitiosa and 

uninfected oysters, were assessed using a Kruskal-Wallis test. The percentage of soluble 

protein, lipid and total carbohydrate was estimated using methods described in Chapter 4, while 

condition indices were calculated following methods described in Chapter 3. All tests were 

performed on the statistical software, SPSS. 
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5.3 Results: 

Molecular analysis was performed to estimate the prevalence and relative intensity of B. 

exitiosa infection among 319 O. chilensis samples from three sites across Foveaux Strait, once 

during each season. Out of all samples, seven oysters were found to be positive for the presence 

of B. exitiosa DNA. Therefore, it was estimated that 2.2% of the O. chilensis samples may have 

been infected with B. exitiosa. Sampled oysters ranged in shell height from 39-102 mm. Oysters 

infected with B. exitiosa ranged in shell height from 70-88 mm (Table 5.2). 

 

Sex Ratio 

Out of the seven oysters infected with B. exitiosa, four were female (57%), and one a 

predominately male hermaphrodite (14%) (Table 5.2). The sex of the other two (29%) B. 

exitiosa infected oysters was could not be determined due to a concurrent infection with the 

trematode parasite, Bucephalus longicornutus (Fig. 5.1), which replaces the gonadal contents 

of its oyster host (Table 5.2). A X2 test of independence indicated a statistically significant 

association between the sex category and infection by B. exitiosa (Χ2 (7) = 22.645, p < 0.05) 

(Table 5.3). The largest adjusted residual value (3.9) indicated that a concurrent infection by 

B. longicornutus explained the largest proportion of the statistically significant association 

(table 5.3). The next largest adjusted residual (2) was exhibited by purely female oysters, 

indicating that the higher observed count of female infected oysters than expected may also be 

contributing to this statistically significant association (Table 5.3).  

 

Gametogenic Stage 

Out of the four B. exitiosa infected female oysters, three were in the spawned stage of the 

gametogenic cycle, while one was in the reabsorbing stage (Table 5.2). In contrast, the 

predominately male hermaphrodite oyster that was infected was in the developing stage (Table 

5.2). A X2 test of independence indicated a statistically significant association between the 

gametogenic stage and infection by B. exitiosa (Χ2 (5) = 17.851, p < 0.05) (Table 5.4). Once 

again, the largest adjusted residual (3.9) was exhibited by concurrent infection by B. 

longicornutus (Table 5.4).  
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Temporal & Spatial Variation 

Infection was spread evenly among seasons, with two infections in every season, except during 

spring, where only one B. exitiosa positive was detected (Table 5.2).A X2 test of independence 

revealed that the association between season and B. exitiosa infection was not statistically 

significant (X2 (3) = 0.467, p = 0.926). In terms of infection prevalence between locations, five 

of the infected oysters were from Site 2 (71%), while two were from Site 5 (29%) (Table 5.2). 

A X2 test of independence indicated that the association between the location and infection by 

B. exitiosa was approaching statistical significance (Χ2 (2) = 5.894, p = 0.052) (Table 5.5). The 

largest adjusted residual value (2.2) occurred at Site 2, indicating that the higher than expected 

count of infection at this location was the largest contributor to the near significant association 

(Table 5.5). 

Oysters that were determined to be infected by both B. exitiosa and B. longicornutus were 

typified by low B. exitiosa infection intensities (Table 5.2). All spawned females that were 

infected with B. exitiosa had a moderate or heavy infection intensity, while the infected 

reabsorbing female had a low intensity (Table 5.2). The infected predominately male 

hermaphrodite also had a heavy intensity of B. exitiosa (Table 5.2). 
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Table 5.2: Cycle threshold (Cq) and intensity of Bonamia exitiosa infection measured by 

qPCR in all infected Ostrea chilensis detected, along with the shell height, gametogenic 

stage, site and season for each oyster. 

Shell 

Height 

(mm) 

Cq Intensity Sex Category 
Gametogenic 

Stage 
Site Season 

78 31.21 Light 

B. 

longicornutus 

infection1 

B. 

longicornutus 

infection1 

2 Winter 

87 29.09 Light 

B. 

longicornutus 

infection1 

B. 

longicornutus 

infection1 

2 Autumn 

87 27.22 Light Purely female Reabsorbing 2 Summer 

74 24.29 Moderate Purely female Spawned 5 Summer 

70 24.49 Moderate Purely female Spawned 2 Winter 

88 20.65 Heavy 

Predominately 

male 

hermaphrodite 

Developing 2 Spring 

81 22.25 Heavy Purely female Spawned 5 Autumn 

1Note: As the sex and gametogenic stage of oysters infected by Bucephalus longicornutus was 

unable to be determined due to replacement of gonadal material by the parasite sporocysts, they 

were classified as infected by B. longicornutus. 
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Figure 5.1: Photomicrograph of a histological section through Ostrea chilensis gonad from 

Foveaux Strait indicating infection by sporocysts of the trematode Bucephalus longicornutus.  

 

Table 5.3: X2 test cross tabulation of Ostrea chilensis sex category (B: Bucephalus 

longicornutus infection, I: indeterminate sex, F: exclusively female, FH: predominately 

female hermaphrodite, H: hermaphrodite, M: exclusively male, MH: predominately male 

hermaphrodite) and infection by Bonamia exitiosa. 

B. exitiosa 

infection 
B I F FH H M MH 

Un-

infected 

8 55 74 86 19 36 28 

(3.9) (1.2) (2) (1.6) (0.7) (1) (0.5) 

Infected 

2 0 4 0 0 0 1 

(3.9) (1.2) (2) (1.6) (0.7) (1) (0.5) 

Note: Adjusted residuals appear in parentheses below observed frequencies 
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Table 5.4: X2 test cross tabulation of Ostrea chilensis gametogenic stage and infection by 

Bonamia exitiosa. 

B. exitiosa 

infection 
Resting Developing Ripe Spawned Reabsorbing 

B.longicornutus 

infection 

Un-

infected 

44 42 67 80 65 8 

(1.1) (0) (1.4) (1) (0.4) (3.9) 

Infected 

0 1 0 3 1 2 

(1.1) (0) (1.4) (1) (0.4) (3.9) 

Note: Adjusted residuals appear in parentheses below observed frequencies 

 

 

Table 5.5: X2 test cross tabulation of Ostrea chilensis collection and infection by Bonamia 

exitiosa. 

B. exitiosa infection Site 2 Site 3 Site 5 

Un-infected 

98 109 105 

(2.2) (1.9) (0.3) 

Infected 

5 0 2 

(2.2) (1.9) (0.3) 

Note: Adjusted residuals appear in parentheses below observed frequencies 



74 

 

Condition Indices & Biochemical Composition 

Kruskal-Wallis tests revealed that there were no significant differences in the mean soluble 

protein (X2 (1) = 0.128, p = 0.72), mean total carbohydrate (X2 (1) = 0.144. p = 0.71), and mean 

lipid content (X2 (1) = 0.8, p = 0.37) between O. chilensis infected with B. exitiosa, and 

uninfected oysters (Fig.5.2). In contrast, a Kruskal-Wallis test indicated that the mean condition 

index of B. exitiosa infected (10.93%) oysters was significantly lower than uninfected (12.84%) 

oysters (X2 (1) = 4.55, p < 0.05) (Fig. 5.2). 

Figure 5.2: Mean total soluble protein,  lipid and total carbohydrate content (expressed as a 

percentage of total dry weight) as well as the mean condition index (%) of Ostrea chilensis 

both infected with Bonamia exitiosa (n = 7) and uninfected (n = 312) across three sites (Site 

2, 3 & 5) in Foveaux Strait austral spring (October) 2017, summer (January) 2018, autumn 

(March) 2018 and winter (June) 2018. Error bars indicate ±1 standard error. Different letters 

indicate statistically significant differences between means.  
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5.4 Discussion: 

Despite the close association between the gametogenic cycle of O. chilensis and the annual 

proliferation of B. exitiosa, there is little published literature that indicates whether the parasite 

has any impact on host reproduction (Hine, 1991a, 1996; da Silva et al., 2009). Therefore, the 

present study aimed to address this gap in the literature by relating B. exitiosa infection with 

gonad condition and biochemical composition of the O. chilensis host. The present research 

revealed a low infection prevalence of 2.2%, between 2017 and 2018. More recent estimates 

have also suggested that there has been a low B. exitiosa prevalence since the end of the last 

bonamiasis epidemic (Michael et al., 2015b, 2017), with the latest reported at 7% (Lane et al., 

2018). While prevalence from the present study was lower than this recent estimate (Lane et 

al., 2018), it is likely that infection rates may have been underestimated, as only 1-3 mg of 

sample was used, B. exitiosa may have been present undetected in other tissue. Indeed, it has 

been reported that residual infection occurs in low levels only in the basement membrane of 

the gut (Hine, 1991a). Additionally, the low observed prevalence may also be consistent with 

suggestions that multi-decade cycles of large-scale mortalities have been a consistent feature 

of the Foveaux Strait O. chilensis population since at least the 1960s and possibly earlier (Hine 

& Jones, 1994; Hine, 1996). Furthermore, periods in between are thought to be typified by low 

infection rates (Hine & Jones, 1994; Hine, 1996).  

There is evidence of varying levels of resistance among individuals to Bonamia sp. infection 

in species of flat oysters, with some success in selective breeding programmes to produce more 

resilient progeny (Haskin & Ford, 1979, 1987; Ford & Haskin, 1987; Matthiessen et al., 1990; 

Barber et al., 1991; Hawkins et al., 1993; Hine, 1996; Naciri-Graven et al., 1998; Culloty et 

al., 2004; da Silva et al., 2005, 2009; Morga et al., 2012; Arzul & Carnegie, 2015). It is possible 

that the survivors of bonamiasis epidemics have some level of resilience to infection, driving 

low infection rates for many years after these events (Hine, 1996; Launey et al., 2001). While 

the low infection prevalence may be consistent with recent literature (Michael et al., 2015b; 

Lane et al., 2018), it creates difficulties when attempting to ascertain the impacts of B. exitiosa 

infection on gonad condition.  

While a low number of O. chilensis were infected B. exitiosa in the present study, there were 

some patterns evident in the gonad condition of these oysters. The gonad of two out of seven 

(28%) B. exitiosa infected oysters consisted entirely of a concurrent infection with B. 

longicornutus sporocysts, which are known to castrate the host and replace gonadal contents 

(Howell, 1966). This was inconsistent with the broader sample range, with the overall infection 
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prevalence of B. longicornutus being much lower, at 4.3%. B. exitiosa infection in these oysters 

was observed to have the lowest relative intensity. As the sex and gametogenic stage of these 

oysters could not be determined due to replacement of gonadal material by the parasite 

sporocysts, they were classified as infected by B. longicornutus. Oysters with a concurrent B. 

longicornutus infection were the largest contributors to the statistically significant association 

for B. exitiosa infection with both sex category and gametogenic stage, as a higher than 

expected number of B. exitiosa infections was observed in B. longicornutus infected oysters. 

Therefore, it is possible that infection by B. longicornutus may predispose oysters to a 

concurrent infection with B. exitiosa. In turn, the opposite is possible, as impairment of host 

haemocytes by B. exitiosa may reduce oyster resistance to infection from B. longicornutus 

(Hine, 2002). Hine (2002) proposed that O. chilensis infected by apicomplexan zoites were 

predisposed to a concurrent infection by B. exitiosa. While apicomplexan zoites also affect 

oyster haemocytes, one of the proposed mechanisms for concurrent infection was the 

weakening of the host through utilisation of glycogen reserves (Hine, 2002). B. longicornutus 

is also known to weaken its host, reducing the effectiveness of the adductor muscle, however 

the mechanisms for impairment are unclear (Howell, 1967; Heasman et al., 1996; Laussudrie 

et al., 2015). It is therefore possible that B. longicornutus infection may weaken O. chilensis, 

making oysters more susceptible to concurrent infection by B. exitiosa. It has also been 

suggested that various mechanisms such as intensive dredging (Cranfield et al., 2005) and 

starvation (Hine et al., 2002; Diggles et al., 2003) may provide a source of heightened stress 

to oysters, which could make them more susceptible to Bonamia sp. infection (Hine, 1996). 

Therefore, the possibility that oysters may be predisposed to infection due to stressors such as 

a concurrent infection by B. longicornutus cannot be discounted (Diggles et al., 2003).  

The gonad condition of four out of seven B. exitiosa infected oysters was typified by a purely 

female sex category and a post-spawned gametogenic stage, either spawned or reabsorbing 

gonadal material. Parasite preference for purely female oysters was a large contributing factor 

to the significant association between B. exitiosa infection and sex category, with the 

association between infection and gametogenic stage also being significant. These results may 

be consistent with observations in previous literature that B. exitiosa infection is more common 

in female O. chilensis (Hine 1991a). Additionally, the preference of the parasite for post-

spawned gametogenic stages may support the prevalent hypotheses in the literature, that B. 

exitiosa uses host oocyte lipids to rapidly proliferate during the reabsorption of unspawned 

gonadal material (Hine, 1991a, 1991b; Hine & Jones, 1994; Hine & Wesney 1994b, 1994b; 
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Hine, 1996). Furthermore, B. ostreae has been correlated with female sex categories and 

spawned gametogenic stages in O. edulis, potentially providing further evidence of results 

consistent with the present study (da Silva et al., 2009). The preference of the parasite for 

female gonad tissue has previously been attributed to the considerable investment in producing 

female gametes, which may increase susceptibility to infection by reducing host energy to resist 

infection (da Silva et al., 2009). As B. exitiosa may have a preference for female gonadal 

material, the parasite could impact oyster recruitment by causing higher mortality within the 

potential brooding population. However, this may provide opportunities in controlled breeding 

systems to elude female phases and reduce the impact of bonamiasis mortality (da Silva et al., 

2009).  

Studies of the ultrastructure and morphology of B. exitiosa have revealed several features 

related to lipid metabolism that may indicate the importance of utilisation and storage of the 

host oysters’ lipid reserves (Hine, 1991b; Hine & Wesney, 1994b; Hine et al., 2001; Lorhman 

et al., 2009; Hine et al., 2014). In addition, increased prevalence of lipoid bodies in B. exitiosa 

and their expansion has been correlated with peaks in the reabsorption of unspawned gonadal 

material during the gametogenic cycle of host oysters (Hine, 1991a, 1991b; Hine & Wesney, 

1994b; Hine et al., 2001; Lorhman et al., 2009; Hine et al., 2014). This has been associated 

with proliferation of the parasite in oyster haemocytes (Hine, 1991a, 1991b). While not 

statistically significant, and limited by a small sample size of B. exitiosa infected oysters, 

observations of lower lipid content in infected oysters in the present study may therefore be 

consistent with previous literature (Hine, 1991a, 1991b; Hine & Wesney, 1994b; Hine et al., 

2001; Lorhman et al., 2009; Hine et al., 2014). Similarly to lipid reserves, lower soluble protein 

and total carbohydrates were also observed in B. exitiosa infected oysters, however, the 

difference was not statistically significant. Studies on a similar haplosporidian parasite, 

Haplosporidium nelson in Crassostrea viginica, also reported reductions in lipid, glycogen and 

protein content in infected oysters (Barber et al., 1988a, 1988b; Hine, 1991b). Therefore, it is 

possible that B. exitiosa could cause reductions in host reserves, either directly (Ford & 

Figueras Huerta, 1988), or indirectly by impairing feeding and condition (Newel, 1985; Hine, 

1991b). Indeed, the mean condition index was significantly lower in oysters infected by B. 

exitiosa, compared to uninfected O. chilensis. This indicates that the parasite may have a 

significant impact in reducing energy available that oysters can utilise to build up somatic and 

gonadic tissue.  
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Reduced condition and biochemical reserves of oyster hosts could impair reproduction, as these 

constituents are mobilised for gametogenesis (Gabbot, 1983; Ruiz et al., 1992; Berthenlin et 

al., 2000; Ren et al., 2003; Costil et al., 2005; Dridi et al., 2007; Rodríguez-Jaramillo et al., 

2008; Yildiz et al., 2011; Acarli et al., 2015; Celik et al., 2015). However, reproduction in 

individual oysters may not be severely impaired, as parasite proliferation, and therefore 

utilisation of host reserves, appears to predominately occur after spawning (Hine, 1991a, 1996), 

reducing the impact on fecundity. Despite this, the ability of the parasite to cause large-scale 

mortalities in the oyster population is well recognised (Doonan et al., 1994; Cranfield et al., 

2005), and parasite proliferation and use of biochemical reserves in oysters already weakened 

from spawning has the potential to remove a significant proportion of mature adults from the 

population. It is therefore possible that the interannual variability in the success of oyster 

recruitment (Michael et al., 2015a; Michael & Shima, 2018) can be somewhat attributed to B. 

exitiosa infection prevalence. In the present study, the low prevalence of B. exitiosa in 2017-

2018, as well as the declining infection rate in recent years, may have contributed to a 

successful spawning event and strong recruitment.  

Despite the description of an annual cycle of parasite proliferation in Foveaux Strait O. 

chilensis (Hine, 1991a), there appeared to be no significant association between season and B. 

exitiosa infection in the present study. While the number of infected oysters was fairly similar 

in every season, it may be difficult to discern a seasonal pattern with the low prevalence of B. 

exitiosa observed in the present study. In contrast, the association between the location and B. 

exitiosa infection was approaching statistical significance, with the largest contributor being a 

higher than expected parasite prevalence at the western site, and no infections at the central 

site. The wave like spread in the initial outbreak of the 1986 bonamiasis epidemic event that 

was reported across Foveaux Strait created spatial variation in infection (Doonan et al., 1994; 

Cranfield et al., 2005). In the absence of other explanations, the variation in the radiation of 

bonamiasis throughout Foveaux Strait has been related to the aetiology of the disease (Hine & 

Jones, 1994; Cranfield et al., 1995; Hine, 1996; Jeffs & Hickman, 2000). Therefore, it is 

entirely possible that there is small-scale variation in B. exitiosa prevalence in the oyster 

fishery. Furthermore, the initial outbreak of mass mortality in 1986 were observed to occur in 

central western Foveaux Strait (Doonan et al., 1994; Hine, 1996; Cranfield et al., 2005). This 

may explain why a higher than expected number of infected oysters were observed at the 

western site in the present study. If there are indeed differences in B. exitiosa infection among 

locations, the presence of the parasite may contribute to spatial differences in oyster condition 
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and biochemical reserves, in the absence of variation in the sex ratio, gametogenic cycle, and 

environmental conditions. Additionally, the concertation of the majority of brooders in central 

Foveaux Strait (Chapter 3) and the lack of B. exitiosa infection in this location may not be 

coincidental, and the impacts of the parasite on brooding may need to be further explored. 

Furthermore, at the western site that had the highest B. exitiosa prevalence no brooders were 

detected, while only one brooder was observed at eastern site, that had a low infection rate. It 

has been suggested that oysters may need to be in good condition to initiate brooding, and 

reduction of reserves by the parasite may impair their ability to brood larvae (Chaparro et al., 

1993). Therefore, it may be important to identify areas that are impacted by higher B. exitiosa 

prevalence in order to focus management incentives to reduce stressors that may increase 

infection susceptibility. Furthermore, it may also become important to identify spatial refuges 

from B. exitiosa that can be preserved for future translocations or farming systems.  

While B. exitiosa was characterised by low prevalence during 2017 and 2018, female oysters 

weakened by spawning or concurrent infection from B. longicornutus, appear to be more 

susceptible to infection. Reductions in biochemical reserve constituents and oyster condition 

indicate that the parasite may indirectly impact gametogenesis, and fishery recruitment may be 

hampered by high mortality in the potential brooding population.  
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Chapter 6: General Discussion 

 

Gametogenesis Post-Bonamiasis 

Despite the close association between seasonal Bonamia exitiosa proliferation, and the 

gametogenic cycle of their Ostrea chilensis host, it appears that there has been little change in 

gametogenesis after the recovery of the Foveaux Strait fishery, following significant mass-

mortality events related to bonamiasis. However, it may be difficult to ascertain the impacts of 

B. exitiosa infection on oyster reproduction due to the low 2.2% B. exitiosa infection prevalence 

observed during the present spawning season. Additionally, it is likely that infection prevalence 

in initial descriptions of the Foveaux Strait O. chilensis gametogenic cycle (Jeffs & Hickman, 

2000) was at similarly low levels to observations in the present study. In initial descriptions, 

examination of a random subset of 100 samples did not yield any cases of B. exitiosa infection 

(Jeffs & Hickman, 2000). Furthermore, multi-decade infection cycles suggest that periods in-

between large-scale bonamiasis mortality are typified by low prevalence of B. exitiosa (Hine, 

1996). However, B. exitiosa infection was detected in samples from the early 1960’s (Hine & 

Jones, 1994; Hine, 1996; Hine et al., 2001), and the parasite may have been present at low 

levels in initial descriptions of gametogenesis (Jeffs & Hickman, 2000). Therefore, the 

similarity of the gametogenic cycle described in the present study compared to before the 

bonamiasis epidemic events may not be surprising, due to the low level of B. exitiosa infection 

prevalence characterising both studies.  

It has been suggested that as the population was reduced to less than 10% of its pre-disease 

level during epizootic events (Doonan et al., 1994; Cranfield et al., 2005) the survivors may 

have passed on unique B. exitiosa infection resistant traits during the regeneration of the fishery 

(Hine, 1996). It is thought that there may be features of the gametogenic cycle that facilitate 

resistance to B. exitiosa infection, because seasonal proliferation appears to be controlled by 

oyster gametogenesis (Hine 1991a, 1996). However, despite an observed increase in gonadal 

inactivity, the timing of other reproductive events appears to be relatively similar to initial 

descriptions (Jeffs & Hickman, 2000). Therefore, it is entirely possible that there has been little 

impact by large-scale B. exitiosa infection. Limited observations from the present study 

indicate that B. exitiosa infection is more common in post spawned oysters, with evidence in 

the literature supporting this conjecture (Hine, 1991a; da Silva et al., 2009). Consequently, it 
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is probable that B. exitiosa infection may not directly impact reproductive success, as parasite 

proliferation may occur after spawning.  

 

Impacts of Bonamia exitiosa Infection on Gonad Condition 

While reproductive success and gametogenesis may not be directly impacted by B. exitiosa 

infection, there is some evidence for impairment due to reduction in oyster condition and 

biochemical reserves (Newel, 1985; Barber et al., 1988; Hine, 1991b). While not statistically 

significant, there was a trend that oysters in the present study infected with B. exitiosa had 

lower biochemical constituent levels than uninfected oysters. Evidence from the literature may 

also support these findings, as reductions in biochemical constituent levels in infected oysters 

have been attributed to similar species of haplosporidian parasites (Newel, 1985; Barber et al., 

1988; Hine, 1991b). Additionally, there is extensive evidence for utilisation of host lipid 

reserves after oyster spawning by B. exitiosa (Hine, 1991a, 1991b; Hine & Wesney, 1994b; 

Hine et al., 2001; Lorhman et al., 2009; Hine et al., 2014). Gametogenesis is driven by the 

utilisation and accumulation of protein, carbohydrate and lipid reserves (Giese, 1969; Mann, 

1973; Gabbott, 1983; Ruiz et al., 1992; Navarro & Iglesias, 1995; Grant, 1996; Dirdi et al., 

2007; Acarli et al., 2015). Therefore, reductions in these biochemical constituents have the 

potential to impact gamete development. It would be interesting to observe the seasonal cycle 

of biochemical composition in a spawning season with a high prevalence of B. exitiosa 

infection, to ascertain whether the parasite has any impact on gamete production. It is possible 

that as proliferation may primarily occur in post-spawned oysters (Hine, 1991a; da Silva et al., 

2009), gametogenesis may be unaffected by B. exitiosa infection because host reserves are 

appropriated after gamete development. This may further support the conjecture that no 

difference in gametogenesis has been observed after B. exitiosa epidemics, due to the similarly 

low infection prevalence in both studies. While it may be necessary to observe the gametogenic 

cycle in a season with high infection prevalence to estimate impacts on the reproduction of 

individual oysters, it is likely that the severe population reduction resulting from bonamiasis 

epidemics has not directly affected gametogenesis.  
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Sex Ratio Post-Bonamiasis 

Despite similarities in the gametogenic cycle both before and after bonamiasis mass-mortality 

(Jeffs & Hickman, 2000), it appears that there may be differences in the sex ratio and the 

development of female reproductive features. Descriptions of oyster gametogenesis before 

bonamiasis epidemics reported a dominance of male reproductive material, which was 

consistent with many other O. chilensis populations observed in New Zealand (Jeffs et al., 

1996, 1997a; Jeffs, 1998, 1999; Jeffs & Hickman, 2000). In contrast, a more female skewed 

sex ratio was observed in the present study, which was also consistent with descriptions of 

gametogenesis in a farmed and hatchery-controlled O. chilensis population in the Marlborough 

Sounds (Joyce et al., 2015). This may indicate a high level of variability in the sex ratio among 

oyster populations, but there is strong evidence that warmer sea temperatures may play a role 

in female skewness (Coe, 1936; Fabioux et al., 2005; Santerre et al., 2013). Observations in 

wild oyster populations, as well as experimental studies, have consistently reported that warmer 

temperatures tend to contribute to a more female skewed sex ratio, while a more male skewed 

ratio is thought to occur in colder water (Coe, 1936; Fabioux et al., 2005; Santerre et al., 2013). 

Furthermore, warmer sea temperatures may also have played a role in the development of 

female gametes and brooding at smaller sizes than previously recorded. The smaller sizes of 

female development that were observed in the present study are similar to that reported from 

O. chilensis populations that reside in warmer waters in northern New Zealand (Jeffs et al., 

1996, 1997a; Jeffs, 1998, 1999).It is likely that the warmer than usual temperatures in Foveaux 

Strait during the present study may have contributed to a more female skewed sex ratio than 

previously described, however it has also been suggested that a female skewed sex ratio is 

exhibited in many species of protoandric hermaphrodite oysters when conditions are favourable 

(Lango-Reynoso et al., 1999; Steele & Mulcahy, 1999; Diaz-Almela, 2004; Rodríguez-

Jaramillo et al., 2008; Chávez-Villalba et al., 2011; Gonzalez-Araya et al., 2013; Santerre et 

al., 2013; Acarli et al., 2015; Castilho‐Westphal et al., 2015). It is possible that a more female 

skewed sex ratio was evident in Foveaux Strait in the present study due to warmer temperatures, 

coupled with low B. exitiosa prevalence. Observations of the small number of B. exitiosa 

infected oysters in the present study may indicate that the parasite exhibits a preference for 

solely female oysters. If the parasite has a proportionately larger impact on female stages, it 

may be expected that the male skewness observed before bonamiasis epidemics could have 

persisted. However, favourable conditions, in terms of the low B. exitiosa prevalence that has 

persisted since epizootics (Michael et al., 2015b), may have facilitated an increase in the female 
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population. It is also highly likely that successive recruitment failures between 2010 and 2016 

have led to a reduction in small oysters, and therefore a diminishing male population in 

Foveaux Strait (Michael & Shima, 2018). Despite the unknown impact that a reduction in male 

oysters may have on fertilisation success, an increase in females may benefit the fishery, as an 

increase in the brooding population has the potential to enhance future recruitment. 

Additionally, this may provide an opportunity in controlled breeding to elude female and post-

spawned stages, to reduce the impact of B. exitiosa infection.  

The previously undescribed resting phase in the gametogenic cycle that was observed in the 

present study may be unrelated to temperature. Observational evidence from wild populations 

generally indicates a more pronounced resting phase in oysters from temperate regions, with 

oysters closer to the equator thought to have more continuous gonad activity (Steele & 

Mulcahy, 1999; Sidduqui & Ahmed, 2002; Rodríguez-Jaramillo et al., 2008; da Silva et al., 

2009). With the warmer temperatures that were observed in Foveaux Strait in the present study, 

it could be expected that a reduction in resting gonadal phases may have been observed. 

However, observations from B. ostreae infection in O. edulis suggest that increased periods of 

gonadal inactivity may occur through either favouring a resting phase in uninfected oysters, or 

by heavy infection reducing energy available for gametogenesis (da Silva et al., 2009). A low 

B. exitiosa prevalence however, meant there may have been a lack of observations in the 

present study to support this conjecture.  

 

Spatial Variation 

Similarly to the present study, descriptions before B. exitiosa epidemics indicated that there 

was little spatial variation in gametogenesis across Foveaux Strait (Jeffs & Hickman, 2000). 

This has previously been attributed to homogeneous environmental conditions among locations 

(Jeffs & Hickman, 2000), due to the well-mixed water column of Foveaux Strait (Bradford et 

al., 1991; Butler et al., 1992; Shaw & Vennell, 2001; Cranfield et al., 2005; Smith et al., 2013). 

Despite these similarities, oyster condition indices and seasonal biochemical composition were 

observed to vary spatially in the present study, predominately between western and eastern 

sites. Sediment type may influence access to food in benthic-dwelling oysters (Cullen, 1967), 

and there is some evidence that there may be differences in the utilisation strategy of oyster 

populations in the absence of variation in environmental conditions (Almeida et al., 1999). 

However, a significant association between B. exitiosa infection and location was observed, 
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with the western site having the highest prevalence. As infected oysters were observed to have 

lower condition indices and biochemical reserve levels, it is possible that differences in B. 

exitiosa infection could influence this spatial variation. It could therefore become important to 

identify and preserve spatial refuges from B. exitiosa, as well as heavily impacted areas, as 

infection may be a key driver in population dynamics and fisheries management.  

 

Future Research 

As Bonamia sp. infection and recruitment have been the key drivers of the O. chilensis industry 

in New Zealand, further research is required to improve our understanding of these issues and 

mitigate their impacts. The present study provides an insight into how B. exitiosa may impact 

O. chilensis gonad condition and gametogenesis, but with the low prevalence observed, it may 

be necessary to repeat these descriptions in a season with higher parasite infection. 

Furthermore, while there may be little direct impact on gametogenesis, the preference of the 

parasite for post spawned female oysters may have implications on recruitment that should be 

investigated. The impact of infection on the ability of oysters to brood larvae could also be 

assessed, as brooding in the present study was predominately concentrated in central Foveaux 

Strait, where no B. exitiosa infection was observed, and this link remains unexplored. This 

information may provide the opportunity in controlled breeding systems to reduce parasite 

impact, and more research is needed into how to elude vulnerable female post spawned stages, 

or oysters concurrently infected with other parasites. Lastly, much experimental research has 

been conducted on selective breeding for B. ostreae resistance in O. edulis, however, this 

remains largely unexplored for New Zealand O. chilensis and B. exitiosa.  

 

Key Findings 

• Low 2.2% prevalence of B. exitiosa infection in Foveaux Strait during 2017 and 2018 

• Gametogenic cycle in 2017 and 2018 much the same as descriptions of gametogenesis 

before mass mortality from bonamiasis pre 1985. 

• However, there was a more female skewed sex ratio, and evidence for the development 

of female reproductive features at smaller sizes. 

• Increased period of gonadal inactivity that has not been previously described. 



85 

 

• Little spatial variation in gametogenesis, sex ratio, and environmental conditions across 

Foveaux Strait. 

• Clear seasonal patterns in the accumulation and utilisation of biochemical reserves, 

with carbohydrates accumulated during the summer/late autumn, while remaining at 

low concentrations during spring and winter, and the opposite for lipids and proteins. 

• Spatial differences in biochemical reserve utilisation strategy, with western sites 

exhibiting elements of conservative spawning and eastern sites showing more 

opportunistic spawning. 

• Spatial differences in oyster condition, with the furthest western site consistently lower 

than the furthest eastern site. 

• Preference of B. exitiosa for post spawned female oysters, as well as oysters 

concurrently infected with B. longicornutus. 

• Lower biochemical reserve levels and significantly lower condition in oysters infected 

by B. exitiosa. 

• Higher prevalence of B. exitiosa in western Foveaux Strait, with no detected infections 

in central Foveaux Strait. 
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Appendix 1: 

Carbohydrate & Protein Assay 

Carbohydrate and protein extraction 

(1) Homogenise 2-3 mg dry tissue in 1000 µl H2O  

(2) + 250 µl cold 15% w/v trochloroacetic acid (T.C.A) 

(3) mix gently on an orbital shaker 

(4) stand overnight at 4°C 

(5) centrifuge at 2000 g for 10 minutes 

Carbohydrate assay 

(1) take 200 µl of extraction supernatant into 1.7 ml Eppendorf tube + 200 µl distilled 

H2O + 200 µl 5% w/v phenol, vortex, stand 

(2) + 1000 µl H2SO4, vortex 

(3) stand 30 minutes at room temperature 

(4) take 320 µl into 96-well microplate 

(5) read at 490nm 

Blank: 200 µl of 15% w/v T. C. A. and solvents 

Standard: Glucose dissolved in 15% T.C.A and solvents 

Protein assay 

(1) Take 50 µl of extraction supernatant into a 96-well microplate 

(2) + 250 µl reagent C (see below) 

(3) mix on a plate shaker for 10 minutes at room temperature 

(4) + 25 µl 1N Folin Reagent (see below), stand for 30 minutes at room temperature 

(5) read at 750 nm 

Blank: 50 µl of 15% w/v T. C. A. and solvents 

Standard: Bovine serum albumin dissolved in 15% w/v T. C. A. and solvents 
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Lowry Reagents: 

Reagent A: 2% w/v Na2CO3 in 0.1 N NaOH 

Reagent B: 0.5% w/v CuSO4 in 1% w/v KNaC4H4O6.4H2O 

Make fresh daily by mixing stocks 1:1 of 1% CuSO4 and 2% KNaC4H4O6.4H2O 

Reagent C: make fresh daily by mixing 50 ml Reagent A + 1.0 ml Reagent B 

Folin Reagent is usually purchased at 2 N, dilute to 1 N 

 

Lipid Assay 

Lipid extraction 

(1) Homogenise 2-3 mg dry tissue in 1000 µl 1:1 Chloroform: Methanol 

(2) Centrifuge at 3000g for 5 minutes  

Lipid Assay 

(1) Take 50 µl of supernatant from lipid extraction into a 96-well microplate 

(2) Evaporate solvents at 90°C for 5 minutes 

(3) +100 µl H2SO4, incubate at 90°C for 20 minutes 

(4) Cool 96-well microplate on ice water for ~ 2 minutes to room temperature  

(5) + 50 µl Vanillin-Phosphoric acid reagent (0.2 mg Vanillin per 1 ml of 17% 

Phosphoric acid), stand for 1 hour 

(6) Measure at 540nm 

Blank: 50 µl of 1:1 Chloroform: Methanol and solvents 

Standard: Cholesterol dissolved in 1:1 Chloroform: Methanol and solvents  
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Appendix 2 

Carbohydrate assay standard curve 

 

 

 

 

 

 

 

 

 

 

Lipid assay standard curve 
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Protein assay standard curve 
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Appendix 3: 

Conventional endpoint PCR for subsample of oyster actin agarose gel visualised under UV 

light. 
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Appendix 4 

Melt curve example from qPCR assay. Grey lines indicate standard curve, coloured indicate a 

Bonamia exitiosa positive infection 
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Appendix 5 

Standard curve example from qPCR assay using nested B. exitiosa primers.  

R2 = 0.98 

Efficiency = 100.3% 

 

 

 


