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Abstract 

In recent years, mortalities of unknown aetiology have occurred in Pacific oyster 

aquaculture in Baynes Sound, BC during the summer. Field studies were conducted to examine 

environmental, reproductive and microbial factors that could be contributing to these mortalities. 

In 2017, oysters were observed at three sites from July 5 to September 15. Each intertidal site 

had three modules containing seven stacked trays with 80 oysters per tray. Final mortalities 

ranged from 9.3 ± 1.9 to 38.8 ± 4.9% per module. The mortality per module correlated 

significantly with gonad length and the proportion of oysters that were female in a multiple 

linear regression model (R2=0.824, p=0.002). Vibrio aestuarianus, a well-documented pathogen 

of farmed Pacific oysters in France, was well represented in bacterial cultures from intertidal 

oysters in 2017 based on recA gene sequencing of 158 bacterial isolates. In 2018, juvenile 

Pacific oysters were monitored to characterize the onset of a summer mortality event in 

suspended culture. From May 11 to September 17, data on shell size, reproductive development, 

environmental conditions, and the microbial community of gill tissue was tracked at culture 

densities of 150, 300, 450, and 600 oysters tray-1. The onset of mortality was associated with a 

period of rapid growth, reproductive development, and elevated temperatures. Cumulative 

mortality per tray ranged from 34 to 75%, with the highest density trays having significantly 

lower mortality (p=0.023), smaller shell width (p=0.001), smaller shell length (p=0.002) and 

smaller gonad length (p=0.049) than the lowest density trays in a linear mixed-effects regression. 

Histology of oysters from August 12, during the mortality event, showed a mixed microbial 

infection in peripheral gill tissue. High-throughput sequencing of the 16S rRNA gene and qPCR 

of V. aestuarianus using species-specific recA primers suggest V. aestuarianus is temporally 

associated with summer mortality.  Mortalities observed in 2017 and 2018 occurred in different 
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age classes and with different oyster culture techniques, but all were associated with elevated 

water temperature, increased reproductive effort, and the presence of V. aestuarianus.  
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 Introduction to Summer Mortality and Pacific Oyster Aquaculture in Baynes 

Sound 

1.1 Aquaculture 

Aquaculture is the practice of farming aquatic species and generally includes stocking, 

feeding, and containment of animals. Since the 1960s, the global consumption of seafood has 

increased dramatically from 9.9 to over 19.7 kg per capita (Anon, 2016a). Today, aquaculture 

produces over half of the seafood for human consumption, up from only 7% in 1974. This 

expansion in aquaculture was led by China, which accounts for roughly 60% of the global 

aquaculture activity. In 2014, aquaculture produced 73.8 million tonnes of food, equating to an 

estimated US$160.2 billion farm-gate value (the price at first point of sale by the harvester); 

finfish, crustaceans, and molluscs represent 67.7, 21.7, and 9.8% of that value, respectively. Of 

this tonnage, 30.8% are non-fed animals, predominantly carp, bivalves, and other filter feeders.   

Seafood accounts for at least 15% of the animal protein consumed by humans, and is high 

in essential fats, vitamins, and minerals. As the global population trends towards 9.7 billion 

people by 2050 there will be an ever-growing need for protein and nutrient-rich food. Increasing 

terrestrial protein production is becoming increasingly costly due to limited arable land 

(Flachowsky et al., 2017) and food production from wild fisheries has been stagnant due to 

degradation and limitation of wild stocks (Pauly et al., 2002; Garcia et al., 2010; Godfray et al., 

2010; Anon, 2016a). Conversely, aquaculture is the largest growing food sector in the world 

(Anon, 2016a). The economic growth of aquaculture, however, is limited by changing 

environmental conditions, disease, the use of wild fish in feed, and the externalities on natural 

stocks and local habitats (Smith et al., 2010; Anon, 2016a). 
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Shellfish aquaculture provides several ecosystem services and it is often considered a 

sustainable form of food production (Shumway et al., 2003). Unlike most terrestrial forms of 

farming, shellfish aquaculture is generally integrated within the marine ecosystem. This 

promotes biodiversity and biomass of species in the habitat through increased spatial complexity 

and nutrient cycling (Shumway et al., 2003; Coen et al., 2007; Lemasson et al., 2017). Shellfish 

filter feeding also improves water quality and can regulate concentrations of microorganisms and 

plankton (Shumway et al., 2003; Coen et al., 2007). Additionally, shellfish aquaculture provides 

essential economic sustainability in coastal communities, and its success is evident in global 

shellfish production (Shumway et al., 2003; Anon, 2018) (Table 1.1).  
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Table 1.1: Annual yields of mussels, oysters, scallops, and clams in metric tonnes of live weight 

from global aquaculture production (1980, 2000, 2016), as well as from Canada (2016), and 

China (2016). Data from FishStatJ (Anon, 2018). Values in brackets represent % of global 

production by weight. 

 Global 

1980 

Global 

2000 

Global 

2016 

Canada 

2016 

China 

2016 

Mussels 563,373 1,307,243 2,007,507 24,584 

(1.22 %) 

878,771 

(43.8 %) 

Oysters 906,371 3,610,867 5,594,822 13,824 

(0.25 %) 

4,834,527 

(86.4 %) 

Scallops 40,653 1,047,884 2,126,930 38 

(0.00 %) 

1,879,097 

(88.3 %) 

Clams 276,522 2,354,730 5,570,141 1,962 

(0.03 %) 

5,363,442 

(96.2 %) 

Total 1,786,919 8,320,724 15,299,400 40,408 

(0.26 %) 

12,955,837 

(84.7 %) 
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1.2 Pacific Oysters 

The preferred scientific name for Pacific oysters, also known as Japanese or miyagi 

oysters, is Crassostrea gigas (Quayle, 1988; Bayne et al., 2019), but the name Magallana gigas 

has recently been proposed (Salvi et al., 2014). These cupped oysters are a species of bivalve 

molluscs endemic to Northeast Asia (Quayle, 1988). They can grow in a broad range of 

temperatures (3 to 35°C) and salinities (10 to 35‰) (Quayle, 1988; Strand and Lindergarth, 

2014). There is marked variability in the size, shape, and colour of Pacific oysters (Quayle, 

1988). Generally, adult Pacific oysters are 10–15 cm in height (the longest dimension), have a 

grey exterior shell with purple fluting and have a smooth mauve or white inner shell surface 

(Galstoff, 1964; Quayle, 1988). The shell of Pacific oysters is nearly bilaterally symmetrical with 

two valves parallel to its surface, and interlocking teeth along its shell margins (Galstoff, 1964). 

Pacific oysters typically grow as intertidal reefs on rocky substrates, but can also proliferate in 

intertidal mudflats and subtidal habitats (Quayle, 1988). 

Pacific oysters are protandrous hermaphrodites that change sex erratically: they can 

possess male and female gametes (Pauley et al., 1988). Fecundity of Pacific oysters rivals most 

bivalves (Troost, 2010). For example, adult female Pacific oysters contain over 100 million eggs 

(Royer et al., 2008), whereas the Eastern oysters (Crassostrea virginica) have no more than 350 

thousand eggs per spawn (Mroch et al., 2012). Water temperatures from 20 to 23ºC induce 

broadcast spawning (Quayle, 1988). Once fertilized, the spherical eggs of roughly 0.05 mm 

diameter begin rapid cell division. After 48 h the larvae possess newly developing organ systems 

and a rapidly growing shell. Depending on the temperature, after 18-30 days larvae reach a size 

of 0.30 mm in length. At this point, they begin the process of setting, i.e. adhering to a solid 

surface. The remainder of their life cycle is sessile.  
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Pacific oysters have highly developed stress tolerance mechanisms that allow adaptation 

to both daily and seasonal fluctuations in biotic and abiotic conditions within the intertidal 

environment. These fluctuations include temperature, salinity, hypoxia, pathogens, and wave 

action (Zhang et al., 2016). The rapid adaptive divergence, and high phenotypic plasticity of 

Pacific oysters’ have contributed to their success as an invasive species (Troost, 2010; Wendling 

and Wegner, 2015; Li et al., 2018). Today, they are present in most coastal countries as a result 

of both deliberate and accidental introductions (Gillespie et al., 2012; Anon, 2018). Due to their 

rapid growth, large size, and success in many environments, they are one of the most widely 

cultured bivalve species in the world (Quayle, 1988; Gillespie et al., 2012; Anon, 2018).    

 

1.3 Pacific Oyster Aquaculture in British Columbia 

Pacific oyster aquaculture has been an important industry and cultural component in 

British Columbia (BC) for over a century (Quayle, 1988; Gillespie, 2012). Following a 

precipitous decline in the stocks of the native Olympia oyster (Ostrea lurida), Pacific oysters 

were introduced from Japan around 1912 (Quayle, 1988). These initial oysters were planted in 

Ladysmith Harbour and Fanny Bay. By 1942, over four million oyster seed had been introduced 

to areas such as Pender Harbour, Boundary Bay, and Baynes Sound. In 2016, BC oyster 

aquaculture production was 8,757 tonnes with a value of CA$14.8 million (Anon, 2016b). 

Today, Baynes Sound – the site of this research project – is extensively farmed. There are 

137 shellfish tenures covering 90% of the intertidal area (Bendell, 2019). Commercial shellfish 

production in Baynes Sound accounts for 39% of the cultured oysters and 55% of the cultured 

clams in BC (Emmet, 2002). Production of Pacific oysters in the area generally uses hatchery 

supplied seed that is grown in suspended culture, followed by shell conditioning in the intertidal 
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for the half-shell market. The area also has a diverse ecological landscape that includes spawning 

habitat for salmonids and herring (Bendell, 2019).   

 

1.4 Pacific Oyster Mortality and Disease 

Pacific oysters are susceptible to a number of parasites and pathogens of regional 

concern, described by Bower (2017). These include viruses (causing viral gametocytic 

hypertrophy), bacteria (Nocardia crassostrea), protists (Mikrocytos spp., Haplosporidium 

nelsoni [MSX]), fungi (Ostracoblable implexa), flukes (Gymnophalloides tokiensis, Bucephalus 

spp.), copepods (Mytilicola orientalis), and crabs (Pinnotheres spp., Pinnixa littoralis) (Bower, 

2017).  

There are a few disease pathologies of Pacific oysters that have caused major mortalities 

and have been the target of systematic research for decades, including Pacific Oyster Mortality 

Syndrome (POMS), Denman Island Disease, and summer mortality. POMS, also referred to as 

summer mortality syndrome, is caused by the Ostreid herpesvirus µVar 1 (OsHV-1), which 

infects hemocytes (de Kantzow et al., 2017; de Lorgeril et al., 2018). Oysters become immuno-

compromised and develop fatal bacteremia, due to infections by opportunistic pathogens (de 

Lorgeril et al., 2018). Mortalities of up to 100% have occurred in France (Anon, 2015). Sudden 

extreme losses due to POMS occured in New South Wales, Australia in 2010 (Jenkins et al., 

2013), Tasmania, Australia in 2016 (Whittington et al., 2016; de Kantzow et al., 2017), and 

California, USA (Burge et al., 2006).  OsHV-1 has not been detected in BC (Anon, 2017a). 

Denman Island Disease is named after Denman Island, which borders Baynes Sound. The 

causal agent of this disease is a small intracellular protistan called Mikrocytos mackini (Bower et 

al., 1997) and is easily identified by the presence of green pustules on the surface of gonad tissue 
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(Quayle, 1988). Oysters affected by Denman Island Disease are generally more than two years of 

age. Historically, outbreaks of Denman Island Disease caused mortalities of roughly 30%, 

typically occurring between April and July when water temperatures are between 9 and 18°C. 

Furthermore, temperatures above 15°C may prevent disease progression of M. mackini in Pacific 

oysters (Bower et al., 1997).  

Pacific oyster summer mortality describes OsHV-1-free mortalities that is most 

commonly associated with elevated water temperature, elevated reproductive effort, and the 

presence of opportunistic pathogens. Observations fitting this definition of summer mortality 

were first described in Japan in the 1940s (Imai et al., 1965; Renault et al., 2005). Summer 

mortality has been described and is a major challenge for shellfish aquaculture in many 

countries, including Australia (Go et al., 2017), Canada (Meyer, 2013), Mexico (Chávez-Villalba 

et al., 2007), Ireland (Cotter et al., 2010), France (Goulletquer et al., 1998; Renault et al., 2005; 

Garnier et al., 2007), Germany (Watermann et al., 2008), and the USA (Katkansky and Warner, 

1974)   

Summer mortality typically occurs during the hottest period of the summer when water 

temperatures are above 20 ºC (e.g. Imai et al., 1965; Garnier et al., 2007; Watermann et al., 

2008; Go et al., 2017). Elevated temperatures induce gametogenesis and spawning in Pacific 

oysters, increasing their susceptibility to summer mortality (De Decker et al., 2011; Wendling 

and Wegner, 2013). Gametogenesis is an energetically costly process (Malham et al., 2009; 

Wendling et al., 2014). During gametogenesis, oyster gonads can occupy over 50% of their body 

volume, a state that is often referred to as a high condition or fatness (Imai et al., 1965; Quayle, 

1988). As a result of the metabolic demand of gametogenesis, oysters may develop a disorder in 

glycogen metabolism (Patrick et al., 2006). Oyster growing areas with higher food availability 
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have increased reproductive effort and more severe summer mortalities (Imai et al., 1965; 

Perdue, 1983). Similarly, oysters fed more in a controlled environment have higher reproductive 

investment and higher cumulative mortalities than controls (Delaporte et al., 2007). Ripe and 

spawning oysters also have a lower density of circulating hemocytes, and those hemocytes have 

reduced phagocytic activity and adhesive capabilities (Delaporte et al., 2006; Li et al., 2007; 

Wendling et al., 2014). Additionally, oysters with increased reproductive effort are more 

susceptibility to Vibrio infections (De Decker et al., 2011; Wendling and Wegner, 2013). 

Vibrio is a well-studied genus that includes a number of Pacific oyster pathogens. It is a 

genus of Gammaproteobacteria with over 100 species, including at least 12 human pathogens 

(most notably V. cholerae) and many finfish and invertebrate pathogens (Colwell and Grimes, 

1984; Percival and Williams, 2014; Travers et al., 2015; Baker-Austin et al., 2018). They 

generally grow in warm brackish waters and can have notably short doubling times of 8–9 min 

under optimal conditions (Joseph et al., 1982; Baker-Austin et al., 2018). Vibrio genomes 

include two circular chromosomes that have been heavily shaped by recombination events, 

horizontal gene transfer, and bacteriophages (Baker-Austin et al., 2018). Due to the sensitivity of 

their growth and virulence to ambient water temperatures, they are also considered an indicator 

species for climate change (Kimes et al., 2012; Vezzulli et al., 2016; Baker-Austin, 2017).  

 During the 1970s in Washington State, a Vibrio sp. was frequently isolated from Pacific 

oysters during summer mortality events and thought to be the etiological agent (Katkansky and 

Warner, 1974; Brown, 1977). Associated challenge studies demonstrated that an isolated species 

with similar biochemical markers to V. parahaemolyticus caused significant mortalities (Brown, 

1977). Vibro aestuarianus and V. splendidus are also pathogens of Pacific oysters associated 

with summer mortality based on field observations (Garnier et al., 2007), and laboratory 
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challenge studies (Lacoste et al., 2001; Azéma et al., 2016). Additionally, Noccardia crassotrea 

has been identified as the causative agent of some cases of Pacific oyster summer mortality in 

Washington State and British Columbia (Elston et al., 1987; Friedman et al., 1991, 1998; 

Friedman and Hendrick, 1991). Other factors, such as the toxin producing dinoflagellate 

Alexandrium catenella (Abi-Khalil, 2016), reduced dissolved oxygen levels (Cheney et al., 

2000), organic pollution (Imai et al., 1965), and harmful algal blooms (HABs) (Cassis et al., 

2011) have all been considered as important or causative factors in observations of Pacific oyster 

mortalities. Factors and interactions that are most commonly implicated in Pacific oyster summer 

mortality events are summarized below (Fig. 1.1) 

  



 

 

10 

 

 

 

 

 

 

 

Figure 1.1: Interactions among the primary hypothesized factors that influence Pacific oyster 

summer mortality. Positive (+) and negative (–) interactions between factors are indicated.  
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1.5 Emerging Summer Mortality in British Columbia 

In 1988, Daniel Quayle, the foremost expert in BC bivalve culture and Pacific oysters 

wrote: “In British Columbia there has been little evidence of [summer mortalities] in the Pacific 

oyster since it was first introduced. Very few mass mortalities have been reported, and these 

have all occurred in Boundary Bay during summers warmer than usual.” (Quayle, 1988). The 

mortalities he had noted were explored in depth in Washington State (Pauley et al., 1988); 

contributing factors included elevated temperature, the onset of reproductive effort (Perdue, 

1983), and potentially the presence of an unknown pathogenic Vibrio sp. (Brown, 1977). Recent 

Pacific oyster summer mortalities in BC have caused loses of approximately 80% in Redonda 

Bay (Meyer, 2013) and Sykes Island (Cassis et al., 2011). Furthermore, there was a notable 

outbreak of foodborne gastroenteritis from V. parahaemolyticus in oysters during the summer 

of 2015, which suggests that other Vibrio spp. may have been accumulating during mortality 

events that summer (Anon, 2016c).  

 

1.6 Objectives 

The primary objective of this thesis is to monitor and describe summer mortality of 

Pacific oysters in Baynes Sound. A number of factors will be discussed in the context of the 

biological rationale for impacting oyster health. The following questions will be investigated: 

1) How prevalent are Pacific oyster summer mortalities in Baynes Sound? 

2) What potentially pathogenic Vibrio spp. are present during the observed mortalities and 

are they more abundant during periods of mortality? 

3) Are there elevated concentrations of potentially harmful phytoplankton species associated 

with mortality events?  
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4) What environmental factors appear to contribute to the incidence of summer mortality in 

Baynes Sound? 

  



 

 

13 

 

 Assessing the roles of the Vibrio Community, Reproductive Effort, and 

Environmental Parameters in Intertidal Pacific Oyster Summer Mortality 

2.1 Introduction 

Summer mortality of Pacific oysters was first described in Japan in the 1940s and 

currently represents a major challenge for aquaculture around the world (Renault et al., 2005). 

Summer mortality events have occurred in coastal regions of many countries, including Australia 

(Go et al., 2017), France (Goulletquer et al., 1998; Renault et al., 2005), and the USA 

(Katkansky and Warner, 1974). Pacific oyster (Crassostrea gigas) summer mortality is generally 

considered a result of complex interactions amongst opportunistic pathogens, environmental 

conditions, and the extent of reproductive effort (e.g. Renault et al., 2005; Garnier et al., 2007; 

Watermann et al., 2008; Cotter et al., 2010; Wendling and Wegner, 2013; Go et al., 2017). Due 

to the multifaceted nature of the disease, the aetiology of summer mortality is disputed, but it 

generally occurs in the hottest period of the summer when water temperatures are above 20ºC. 

Elevated water temperature can reduce the immune response of oysters, induce gametogenesis 

and spawning, and increase the growth and virulence of pathogenic bacteria (Malham et al., 

2009; Wendling et al., 2014; Baker-Austin et al., 2018).  

Vibrio spp. are opportunistic pathogens of many marine organisms, including Pacific 

oysters (Baker-Austin et al., 2018). For example, V. aestuarianus and V. splendidus have 

frequently been isolated from Pacific oyster summer mortality events in France (Garnier et al., 

2007). Challenge experiments with both V. splendidus (Lacoste et al., 2001) and V. aestuarianus 

(Azéma et al., 2016) have demonstrated their pathogenicity to Pacific oysters. The diversity of 

Vibrio spp. within BC, however, is not well understood, despite their significance as pathogens 

in other regions. Vibrio anguillarum and V. ordalii, which cause mortality in salmon, are 
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endemic to the region (Morrison and Saksida, 2013). Vibrio parahaemolyticus, V. fluvialis, V. 

vulnificus, V. damsela, and V. hollisae were previously cultured from oysters in BC (Kelly and 

Stroh, 1989). Additionally, unknown Vibrio spp. were associated with up to 80% mortality of 

Pacific oysters in Redonda Bay, BC and challenge experiments suggested that they may 

contribute to summer mortality in BC (Meyer, 2013).  

Harmful algal blooms (HABs) can produce toxic metabolites or have spiny projections 

that could contribute to the susceptibility of Pacific oysters to summer mortality. For instance, 

Protoceratium reticulatum blooms, producing yessotoxin, have been associated with mortalities 

of Pacific oysters in BC (Cassis, 2005). Saxitoxin produced by Alexandrium spp. and domoic 

acid produced by Pseudo-nitzschia can have adverse sub-lethal effects on the digestion and 

energy balance of bivalves (Pazos et al., 2017; Mat et al., 2018). Furthermore, saxitoxin-

producing Alexandrium cantenella increases the susceptibility of Pacific oysters to pathogenic 

Vibrio spp. and, in turn, could increase the severity of mortality events (Abi-Khalil et al., 2016).  

Gametogenesis is a stressful period that can compromise the thermo-tolerance and anti-

microbial activity of oyster hemocytes (Li et al., 2007; Huvet et al., 2010; Wendling and 

Wegner, 2013). The process is thermo-regulated and induced by increasing temperatures during 

the summer months (Quayle, 1988). During gametogenesis, nutrient reserves of glycogen-rich 

connective tissue are replaced by proliferating reproductive cells that are high in lipids and 

proteins. Gametogenesis can cause physiological disorders in which lipid synthesis stops and 

carbohydrate anabolism occurs (Patrick et al., 2006; Huvet et al., 2010).  Ripe and spawning 

oysters also have a lower density of circulating hemocytes, and reduced phagocytic activity and 

adhesive capabilities, which increases host susceptibility to opportunistic pathogens (Delaporte 

et al., 2006; Li et al., 2007; Wendling et al., 2014).   
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Research on summer mortality of Pacific oysters in the USA during the 1960’s and 70’s 

sought to find a causative pathological agent (Lipovsky and Chew, 1972; Katkansky and Warner, 

1974). Some evidence emerged that a Vibrio sp. was the aetiological factor, however, periodic 

culturing of bacteria from moribund oysters provided inconsistent results, leading to an alternate 

hypothesis that physiological stress associated with gametogenesis causes summer mortality 

(Lipovsky and Chew, 1972; Katkansky and Warner, 1974; Brown, 1977; Perdue, 1983). It was 

demonstrated that high mortality growing areas had increased reproductive effort, when 

compared to low mortality areas (Perdue, 1983).  

The present study collected baseline data on intertidal summer mortality of cultured 

Pacific oysters in Baynes Sound, BC to address four knowledge gaps for this region. (1) How 

abundant are mortalities? (2) What culturable Vibrio spp. are present in Pacific oysters? (3) Are 

mortalities correlated with reproductive effort and/or specific environmental conditions 

throughout the summer? (4) Is there a significant difference in mortality between the selected 

intertidal sites? 

 

2.2 Materials and Methods 

2.2.1 Study Sites and Experimental Design  

Baynes Sound is a small passage located between Vancouver Island and Denman Island 

and is home to a large portion of the province’s shellfish aquaculture (Fig. 2.1). For this study, 

three intertidal sites were selected in Baynes Sound at Buckley Bay (49.527° N, 124.850° W), 

Fanny Bay (49.507° N, 124.829° W), and Ship’s Point (49.492° N, 124.692° W). Buckley Bay is 

an exposed gravel beach, located near a large passenger cable-ferry and beach-front properties. 



 

 

16 

 

Fanny Bay is a narrow, sheltered and silty beach near a commercial wharf. Ship’s Point is a 

gravel beach in a protected bay with low aspect and abundant oyster production. 
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Figure 2.1: Left: Map of Pacific Northwest with the field site location shown as a square. Right: 

Baynes Sound with Buckley Bay (♦), Fanny Bay (▲), Ship’s Point (●), Metcalf Bay (■), and 

Chrome Island (□).  

 

 

 

 

 

 

 

 

 

 



 

 

18 

 

All oysters used for the study had been reared in suspended culture at Metcalf Bay 

(49.250° N, 124.456° W) in Baynes Sound at a depth of 5 m using Dark Sea trays (LxWxH: 

69x69x9 cm) (Dark Sea Enterprises Inc., Vancouver, BC, Canada). To populate the experiment, 

dead oysters were removed and live ones (shell height mean ± SD: 96.0 ± 13.2 mm, 15 months 

of age) were transferred to clean Dark Sea trays, free of biofouling, at a density of 80 oysters 

tray-1 (190 oysters m-2). Each site had three replicate modules 3 m apart. Each module consisted 

of a metal rack containing seven stacked Dark Sea trays with 80 oysters in each (NTray=80, 

NModule=560, NSite=1,680). The bottom trays were at 1.70 m and the top trays at 2.65 m elevation 

above 0-m tidal height. Near weekly, from July 5, 2017 to September 15, 2017, dead oysters 

were counted in every tray, but left in their tray, to mimic industry practices. Each oyster was 

observed on sampling dates to track mortality. Oysters were considered dead if they had empty 

shells or no shell-closing response. Sampling occurred twice during the low tide cycle on the first 

and last day with a minimum tide height of 1.7 m. 

 

2.2.2 Oyster Collection and Bacterial Isolation and Identification 

Two live oysters were haphazardly chosen from each module at each sample interval for 

the isolation and culture of bacteria. Additionally, two oysters were haphazardly collected on 

June 25 and 30 from Metcalf Bay. Oysters were scrubbed of biofouling with a bristle brush and 

opened with a shucking knife and scalpel that were sterilized before use for approximately 2 min 

in 8% v/v bleach. The liquor from each individual oyster was drained and the soft tissue weighed 

and homogenized 3:1 v/w in phosphate-buffered saline with a sterile Waring blender on high for 

30 s until homogenized. For each oyster processed, a 20-µl volume of homogenate was plated 

onto either thiosulfate citrate bile salts sucrose agar, lysogeny broth agar, or marine agar, to 

increase the diversity of bacteria cultured, and incubated overnight at 30°C. Colonies were 
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selected to maximize the diversity of bacterial isolates, based on colony size, shape, and colour. 

Selected colonies were cultured for 12 h at 30°C in both 10 ml of alkaline peptone water (pH: 

8.5) and lysogeny broth (pH: 8.5), after which 1 ml of turbid culture for each isolate was 

transferred to a 1.7-ml microcentrifuge tube. Tubes were centrifuged at 5,000 rcf for 5 min, the 

liquid phase decanted, and the pellet re-suspended in 1 ml of sterile, distilled water. Cell 

suspensions were transferred to a 95°C heat block for 20 min for cell lysis and then stored at -

20°C for use in DNA amplification and sequence analysis.  

Bacterial cultures were identified by sequence analysis of the recA gene, which encodes 

the DNA recombination/repair protein RecA. The primer set 222F (5´ TGARAARCARTTYG 

GTAAAGG 3´) and 1040R (5´ TCRCCNTTRTAGCTRTACC 3´) was used to amplify this 

diagnostic gene sequence (Thompson et al., 2005). All PCR reactions were prepared in a final 

volume of 40 µl containing 1x buffer, 0.2 mM dNTPs (Thermo Fisher Scientific, Waltham, MA, 

USA), 0.5 µM forward and reverse primers, 2 units of Dream Taq DNA polymerase (Invitrogen, 

Carlsbad, CA, USA), and 10 ng of extracted genomic DNA in sdH2O. Amplification conditions 

were 5 min at 95°C, followed by 35 cycles at 95°C (35 s), 55°C (75 s), and 72°C (75 s), with a 

final elongation step at 72°C (7 min) using a StepOnePlus Real-time PCR System (Applied 

Biosystems, Foster City, CA, USA). For all PCR reactions, 5 µl of product was loaded on a 1.5% 

(w/v) agarose gel that included a 100-bp DNA ladder (New England Biolabs, Ipswich, MA, 

USA). After electrophoresis at 80 volts for 35 min, the gel was stained for 45 min in GelRed 

nucleic acid gel stain (150 µl GelRed, 50 ml 1-M NaCl, 450 ml dH2O) (Biotium, Hayward, CA, 

USA) and visualized with UV light using the Bio-Rad GelDoc XR+ Gel Documentation System 

(Bio-Rad, Hercules, CA, USA). Following the confirmation of expected band size, the remaining 

35 µl of product was purified with the ABM column-pure PCR clean-up kit (Applied Biological 
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Materials, Richmond, BC, Canada) and Sanger sequenced by Eurofins MWG Operon (Operon, 

Huntsville, AL, USA).  

A consensus sequence for each isolate was created by comparing the forward and reverse 

sequence chromatograms, trimming nucleotides, and aligning sequences by default ClustalW on 

Mega 10 (Kumar et al., 2015). Reference sequences of recA were acquired from the National 

Center for Biotechnology Information (NCBI). All sequences were aligned by ClustalW on 

MEGA10, and then aligned manually using BioEdit 7.2.5 (Hall, 2005), and used to generate a 

neighbor-joining tree using p-distances with 500 bootstrap replicates on MEGA10. 

Identifications of isolates were based on the percent nucleotide identity within and between 

clustering groups on the neighbor-joining tree and a nucleotide basic local alignment search tool 

(BLAST) analysis (NCBI), with gap costs of existence=5, extension=2, match score=1, and 

mismatch score=-2. Isolates were identified to species level classification in conditions with only 

one voucher species with >97% nucleotide identity in NCBI BLAST results. 

 

2.2.3 Sample Oyster Collection and Tissue Histology Preparation and Analysis 

During sampling, one haphazardly chosen oyster was collected from the bottom, middle, 

and top trays of each module at each site for histological analysis (NModule/Site/Week=3, NSite/Week=9, 

NWeek=27). All sampled oysters were replaced from an extra replicate module at each site to 

maintain the density of 80 oysters tray-1. Oysters were shucked and a cross section of tissue was 

taken at approximately one third the distance from the dorsal end, perpendicular to the dorsal-

ventral margin. A thin section was transferred to a histology cassette and fixed in Davidson’s 

solution (Howard et al., 2004). Tissue was processed and embedded in paraffin by routine 

histological techniques using a Tissue Tek-TEC embedder (Sakuras, Torrance, CA, USA). Five-
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µm thick sections of tissue, prepared via microtome, were de-paraffinized and rehydrated, 

stained with Harris’ modified hematoxylin and eosin (H&E), dehydrated, and cover slips added 

and sealed with Permount (Thermo Fisher Scientific, Waltham, MA, USA). 

H&E-stained histology slides were examined and imaged via light microscopy to record 

the sex, phase of gonad maturity (GM), maximal gonad length (GL), gonad area (GA), and total 

oyster tissue area (OA) for each tissue cross section. Traces of GA and OA were prepared using 

Quantum Geographic Information System (QGIS) (Anon, 2020a). For each tissue sample, the 

GA, OA, and GL were quantified with ImageJ (Schneider et al., 2012) and the gonadosomatic 

index (GSI) was calculated as: 

Gonadosomatic index =
gonad area (mm2)

oyster area (mm2)
. 

The gill and mantle were excluded from traces to reduce the variability between oysters resulting 

from histological preparation.   

The phase of gonad maturity was categorized according to the scale of Steele and 

Mulcahy (1999) and included undifferentiated (0), early active (1), late active (2), ripe (3), 

partially spent (4), totally spent (5), post-spawning (6), and resorption (7) phases. Sex was 

categorized as female, male, hermaphrodite, or undifferentiated. The proportion of oysters that 

were female was calculated as a ratio of females to males excluding hermaphrodites and 

undifferentiated oysters due to their low occurrence. For quantitative analysis of gonad 

development, the proportion of ripe oysters (PR), including the late active and ripe stages, to the 

total number of oysters was used.  
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2.2.4 Environmental Factors 

From July 1 to September 20, 2017, a YSI EXO2 sonde (YSI, Yellow Springs, OH, 

USA) was deployed at 5.0 m depth to record water temperature, salinity, dissolved oxygen, and 

chlorophyll a at 10 min intervals at Buckley Bay, Fanny Bay, and Metcalf Bay. The data from 

Metcalf Bay was used as a proxy for Ship’s Point, which did not have a floating construct to 

attach the sonde to. HOBO temperature Tidbits (Onset, Bourne, MA, USA) recorded the 

temperature at the bottom of the middle module at each intertidal site at 10-min intervals. 

Historic water temperatures data were acquired from Chrome Island (49.496°N, 124.765°W, Fig. 

2.1) (Anon, 2019a). Local daily minimum tide height data were acquired from the Department of 

Fisheries and Oceans (DFO), Canada (Anon, 2017b). 

Phytoplankton samples were collected at each sampling period 275–310 m offshore from 

each site at 1 and 5 m depths using a Van Dorn bottle. Samples were preserved with concentrated 

Lugol’s iodine (Thermo Fisher Scientific). Prior to analysis, samples were suspended by gentle 

shaking. The absolute concentration (cells ml-1) of each potentially harmful phytoplankton 

species was determined visually via a compound microscope using 1 ml per sample on a 

Sedgewick-Rafter slide. Phytoplankton species observed were identified to the lowest taxonomic 

level possible, based on morphology (Hasle, 1978). Quantified potentially harmful algal species 

included Alexandrium spp., Ceratium fusus, Dichtyocha speculum, Dinophysis spp., 

Heterosigma akashiwo, Protoceratium reticulatum, Pseudo-nitzschia spp., and Rhizosolenia 

setigera (Cassis et al., 2011).  

One discrete water sample for carbonate chemistry was collected in a 350-ml soda-lime 

glass bottle from surface water at each site during every sampling, with care taken to limit the 

introduction of air bubbles (Evans et al., 2019). Bottles were preserved with 200 µl of a saturated 
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mercuric chloride solution and capped with polyurethane-lined metal caps. Samples were 

analyzed using a Burke-o-Lator (Hales et al., 2004) and partial pressure of carbon dioxide 

(pCO2), temperature-adjusted hydrogen ion concentration (pHT), and aragonite saturation state 

(Ωarag) were computed using the CO2SYS program on MATLAB (Van Heuven et al., 2011; 

Evans et al., 2019). The saturation state (Ω) of calcium carbonate was calculated as: 

Ω =
[𝐶𝑎2+][𝐶𝑂3

2−]

𝐾𝑠𝑝
′ , 

where 𝐾𝑠𝑝
′  represents the thermodynamic solubility of a calcium carbonate (CaCO3) mineral, 

either aragonite or calcite (Gazeau et al., 2007). 

 

2.2.5 Statistical Analyses and Visualization 

Data analysis was completed using R (Anon, 2020b) and the packages referenced herein. 

The statistical significance in this study was defined with an alpha of 0.05. All data are presented 

as average ± standard error, unless otherwise indicated. Figures were made using the ggplot2 

package (Wickham, 2016) and Microsoft Excel 2016 (Microsoft, Redmond, WA, USA). Maps of 

the field area were created using the maps (Becker et al., 2018a), mapdata (Becker et al., 2018b), 

PBSmapping (Schnute et al., 2019), and prettymapR (Dunnington, 2017) packages in R 

statistical language. Data were manipulated in R using the data.table package (Dowle and 

Srinivasan, 2019).    

To examine which variables correlated with mortality, a binomial generalized linear 

mixed-effects model (GLMM) was used with a complimentary log log link function using the 

lme4 package (Bates et al., 2019).  In this model, hazard is the conditional probability of each 

oyster dying between observations given that it was alive at the previous observation. The 

binomial GLMM used a cloglog link function expressed as: 
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log (− log (1 − λ(tj|xi))) =  αj + x𝑏1 + x𝑏n 

with the explanatory variables b1 to bn, λ the discrete hazard for individual xi at time tj given that 

it survived until tj-1, and αj being the cloglog transformation of the baseline hazard.  

For the binomial model, tray was nested within module as a random effect, with tray 

height and site as fixed factors. Due to the interval-censored observations of mortality in this 

study, all models include a date offset factor to account for variations in the number of days 

between observations. Explanatory variables were scaled and centered, with missing data using 

the average throughout the experiment. Variables that were measured continuously throughout 

the study, such as temperature and minimum tide height, were averaged over the interval 

between two observations of mortality. Discrete data, such as oyster gonad characteristics, which 

were collected on the same day as observed mortality were averaged with the previous weeks to 

better reflect the period in which mortalities occurred. Assumptions of the binomial GLMM are 

that it is a binomial response, that the number of oysters is fixed across the study, and that the 

observed events occur independently. For this model, p-values used Z-statistics from Wald chi-

square tests computed for each parameter in the model. Conditional coefficients of determination 

are reported for each model generated using the MuMIn package (Bartoń, 2020).   

The effect of module variation on average final cumulative mortality was investigated 

using multiple linear regression in comparison to average values for GA, GL, GSI, OA, PR, and 

the proportion female. The assumptions of normality and homoscedasticity for a linear model 

were met based on the Shaprio-Wilk test and Levene’s test, respectively. Model selection used 

backwards parameter selection based on Akaike Information Criterion (AIC): 𝐴𝐼𝐶 = 2𝑘 −

2 ln(𝐿), where k is the number of parameters in the model and L is the maximum value for 
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likelihood function of the model. Models with the lowest AIC value represent the most 

parsimonious model.  

 

2.3 Results  

2.3.1 Environmental Factors 

Average temperatures at the modules from July 5 to September 15, 2017 were 19.59 ± 

0.02, 19.42 ± 0.02, and 19.33 ± 0.04ºC for Buckley Bay, Fanny Bay, and Ship’s Point, 

respectively, with a range of daily averages of 13.50–23.36 ± 2.07°C across all sites. Based on 

the Chrome Island data set the average daily water temperatures for July (17.5ºC) and August 

(18.0ºC) were on average the 45.2 and 50.8 percentile, respectively, in comparison to the last 30 

years of the same dates. The average salinities throughout the study at Buckley Bay, Fanny Bay, 

and Metcalf Bay were 26.15 ± 0.01, 26.80 ± 0.02, and 27.06 ± 0.02‰, respectively, with a range 

of observations of 21.52–31.4‰ across all times and sites. Daily average oxygen saturation at 

Buckley Bay and Fanny Bay was 118.51 ± 17.07 and 114.73 ± 0.18%, respectively (no data were 

recorded at Metcalf Bay). The lowest observed daily average oxygen saturation occurred on 

August 15 with 69.50 and 88.57% at Buckley Bay and Fanny Bay, respectively. The averages for 

chlorophyll a throughout the study at Buckley Bay, Fanny Bay, and Ship’s Point were 12.31 ± 

0.14, 14.49 ± 0.16, and 11.06 ± 0.06 µg l-1, respectively, with daily averages ranging from 0.91 

to 35.51 µg l-1 across all sites and times. A total of 41 samples were collected to examine ocean 

acidification parameters. Across all times and sites, the average pH was 8.14 ± 0.04 (min: 7.95, 

max: 8.24), average Ωarag was 2.32 ± 0.04 (min: 1.55, max: 2.71), and average pCO2 was 

268.62 ± 7.07 µATM (min: 208.97 µATM, max: 441.86 µATM). There were no HABs observed 

during this study. Observed potentially harmful phytoplankton species (Cassis et al., 2011) 
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included Rhizosolenia setigera (average: 217.2 ± 27.4 cells ml-1, max: 1,000 cells ml-1), Pseudo-

nitzschia pungens-type (54.1 ± 13.0, 600 cells ml-1), Heterosigma akashiwo (5.7 ± 2.3, 150 cells 

ml-1), and Alexandrium spp. (0.10 ± 0.04, 2 cells ml-1).  

2.3.2 Histology 

A total of 272 oysters were collected for histology throughout the study, of which 96 

were male, 154 were female, 12 were hermaphrodites, and 10 were undifferentiated. The only 

observed pathology of regional concern was viral gametocytic hypertrophy (VGH) which was 

observed in four oysters (not shown) (Bower, 2017). Most oysters throughout the study had late 

active (36%) or ripe (50%) gonads, with the prevalence of oysters with partially spent, post-

spawning, and resorption gonad phases increasing towards the end of the summer (Fig. 2.2). 
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Figure 2.2.2: Proportion of Pacific oyster gonads in each reproductive developmental phase 

throughout the summer of 2017, as determined from hematoxylin and eosin stained histological 

cross sections. Classification of development phases was based on Steele and Mulcahy (1999).  
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The average values, across time and modules, for GL, OA, GA, and GSI were 18.4 ± 0.2 

mm, 186.8 ± 4.4 mm2, 103.9 ± 3.5 mm2, and 0.52 ± 0.17%, respectively. The observed gonad 

characteristics across all sampling points varied between modules. For example, observations of 

GL per module ranged from 16.4 ± 0.6 to 20.8 ± 0.8 mm. Similarly, the proportion of oysters 

that were female ranged from 0.4 ± 0.1 to 0.8 ± 0.10 per module. The effect of this variation in 

reproductive effort between modules on mortality was examined with a multiple linear 

regression model below. 

 

2.3.3 Mortality Models 

The average cumulative mortality among all sites measured on September 15, 2017 was 

22.7 ± 1.8%, with 16.5 ± 1.9, 18.0 ± 2.5, and 35.1 ± 3.2% at Buckley Bay, Fanny Bay, and 

Ship’s Point sites, respectively (Fig. 2.3). In total, there were nine intervals of observation for 

mortality and environmental data for the GLMM. Data from seven of the 63 replicate trays was 

excluded from the study, based on the assumption of constant number of individuals. Factors 

included in the full model were temperature and its interaction with minimum tide height, 

proportion of oysters that are female, GL, GSI, site, and tray height. All models included date, 

tray nested within module as a random effect, and a date offset to account for interval censoring 

(Table 2.1). Tray height, proportion of oysters that were female, GL, and site were excluded 

based on AIC model selection. Model 4, the most parsimonious one, included the interaction of 

temperature and tide, as well as GSI and PR, and had a Rm
2 = 0.046 that excludes the random 

effects of tray height nested in module (Table 2.2). The conditional coefficient of determination 

for model 4 was Rc
2 = 0.265 (Table 2.2).  
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Figure 2.3: Survival curve for intertidal Pacific oysters from July 12 to September 15, 2017. 

Each point represents an observation of a tray of 80 oysters. Points are jittered around the 

sampling date to prevent overlap. Data are fitted with a binomial model using a cloglog link 

function, with standard error shown in grey.  
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Table 2.1: Model selection for a binomial generalized linear mixed-effects model using a cloglog 

link function to describe Pacific oyster survival over time. All models include date, a date offset, 

494 residual degrees of freedom, and the random effects of trays nested in modules. Factors 

examined were site, temperature (Temp), tide exposure (Tide), tray height (Tray), proportion of 

oysters that were female (PF), gonad length (GL), gonadosomatic index (GSI), and proportion of 

oysters with ripe gonads (PR). Model 4, shown in bold, has the lowest ΔAIC value. 

Model df ΔAIC Rm
2 Rc

2 Explanatory Factors 

Model 0 19 12.51 0.102 0.264 Tray + GL + Site + Temp x Tide + GSI + PR 

Model 1 13 3.01 0.0997 0.264 PF + GL + Site + Temp x Tide + GSI + PR 

Model 2 12 1.207 0.0993 0.264 GL + Site + Temp x Tide + GSI + PR 

Model 3 11 0.503 0.101 0.258 Site + Temp x Tide + GSI + PR 

Model 4 9 0 0.046 0.265 Temp x Tide + GSI + PR 

Model 5 7 0.72 0.045 0.260 Tide + GSI + PR 

Model 6 7 9.07 0.043 0.260 Temp + GSI + PR 

Model 7 8 1.38 0.044 0.256 Temp x Tide + PR 

Model 8 8 5.69 0.043 0.257 Temp x Tide + GSI 
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Table 2.2: Model 4 fixed effects from Table 2.1. Describing the most parsimonious binomial 

generalized linear mixed-effects model with a cloglog link describing intertidal Pacific oyster 

mortality during the summer of 2017. This model has 9 degrees of freedom, 497 residual degrees 

of freedom, and includes the nested random effects of trays within modules. 

Fixed Effects Estimate SE Z value p-value 

Date -0.448 0.055 -8.184 <2.74E-16 

Proportion Ripe  -0.166 0.059 -2.817 0.0048 

Gonadosomatic Index  0.082 0.044 1.869 0.0615 

Temperature 0.007 0.052 0.143 0.8866 

Tide 0.136 0.040 3.351 0.0008 

Temperature x Tide -0.084 0.044 -1.906 0.0566 

Intercept -5.875 0.222 -26.453 <2.74E-16 
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Average percent cumulative mortality per module ranged from 9.3 ± 1.9 to 38.8 ± 4.9%. 

There was variability in mortality and gonad characteristics between supposed replicate modules. 

Multiple linear regression models demonstrated that the average final cumulative percent 

mortality per module correlated significantly with average values for gonad characteristics 

(Table 2.3). The multiple linear regression Model 4, containing GL and PF, was selected based 

on AIC. The equation for Model 4, describing the average cumulative mortality per module is: y 

= 0.059 mm x GL + 0.338 x PF – 1.11, and has an R2
adj of 0.824, and a p-value of 0.002 (Fig. 

2.4). 

  



 

 

33 

 

Table 2.3: Multiple linear regression AIC model selection. Models explained the variation in 

cumulative mortality per module based on gonad characteristics. Model 4 is the most 

parsimonious, with the lowest AIC value. GSI: gonadosomatic index, GL: gonad length, OA: 

oyster area, GA: gonad area, PF: proportion female.  

Model df ΔAIC R2
adj p-value Explanatory Factors 

Model 0 8 4.54 0.640 0.246 GA, OA, PR, GSI, PF, GL 

Model 1 7 2.75 0.754 0.087 OA, PR, GSI, PF, GL 

Model 2 6 2.45 0.777 0.034* PR, GSI, PF, GL 

Model 3 5 1.61 0.797 0.011* GSI, PF, GL 

Model 4 4 0 0.824 0.002* PF, GL 

Model 5 3 5.71 0.644 0.006* GL 

Model 6 3 9.18 0.476 0.024* PF 
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Figure 2.4: Linear regressions for the average cumulative mortality per module with the 

explanatory variables (A) gonad length (GL) and (B) proportion of individuals that are female 

(PF). (C) fitted values from the most parsimonious linear regression in Table 2.3 (Model 4). 

Average mortality per module was measured on September 15, 2017. Sites are indicated by 

different shapes; Buckley Bay ( ), Fanny Bay ( ), and Ship’s Point ( ). 

  

y = 0.078*GL – 122 
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y = 0.059*GL + 0.338*PF  – 

1.11 
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2.3.4 Bacterial Species Isolated from Oysters 

A total of 158 bacterial isolates were obtained from the homogenate of sampled oysters 

collected from June 25 to September 15, 2017 and were putatively identified by sequencing a 

portion of the recA gene (Table 2.4; Fig. 2.5). Species level identification was assigned to 129 

isolates based on the amplified region and these sequences had an average nucleotide identity of 

98.9% to reference sequences available in the NCBI database. A total of 147 isolates were 

considered members of the genus Vibrio, based on >97% nucleotide identity with only Vibrio 

spp. in BLAST. Vibrio parahaemolyticus was the most prevalent species with 39 isolates and 

97.2 ± 0.3% within-group mean nucleotide identity. Other commonly isolated species included: 

V. aestuarianus (N=27 isolates, within-group mean nucleotide diversity of 99.1 ± 0.1%), V. 

diabolicus (N=21, 97.6 ± 0.3%), V. alginolyticus (N=15, 96.7 ± 0.3%), Serratia marcescens 

(N=7, 98.2 ± 0.3%), and V. pelagius (N=6, 98.0 ± 0.3%). The recA gene of isolates which 

clustered in the Harveyi (N=15), Anguillarum (N=3), and Splendidus (N=2) clades did not 

closely match any single species on NCBI. For example, two isolates had 97.1, 96.9, and 96.6% 

nucleotide identity with V. celticus, V. crassostrea, and V. splendidus, and were therefore 

designated as unknown Vibrio spp. in the Splendidus clade. 
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Table 2.4: Summary of recA nucleotide sequence BLAST queries from NCBI database in 

November, 2018 for 158 cultured bacterial isolates from intertidal Pacific oyster homogenate 

during the summer of 2017. 

N 

Putative species 

identification 

with >97% recA 

NCBI BLAST 

nucleotide 

identity 

Number 

of 

isolates 

Nearest NCBI BLAST results 

Percent 

nucleotide 

identity 

Query 

Coverage 

1 
Vibrio 

parahaemolyticus 
39 

Vibrio parahaemolyticus – 

gi|1220464799|MF066645.1 
100% 100% 

2 
Vibrio 

aestuarianus 
27 Vibrio aestuarianus – 

gi|157100334|AM884018.1 
99% 99% 

3 Vibrio diabolicus 21 Vibrio diabolicus – 

gi|1345471481|CP014036.1 
98% 100% 

4 
Vibrio 

alginolyticus 
15 Vibrio alginolyticus – 

gi|1345482739|CP014045.1 
99% 99% 

5 

N/A – Harveyi 

clade 

(genus Vibrio) 

11 

Vibrio jasicida – 

gi|1329988821|CP025792.1 

Vibrio hyugaensis – 

gi|1329988819|CP025794.1 

99% 

 

98% 

100% 

 

100% 

6 Serratia 

marcescens 
7 Serratia marcescens – 

gi|1511327077|CP033504.1 
99% 99% 

7 Vibrio pacinii 4 Vibrio pacinii – 

gi|58415603|AJ842487.1 
99% 99% 

8 Vibrio pelagius 6 Vibrio pelagius – 

gi|54792173|AJ580872.1 
99% 96% 

9 Vibrio harveyi 3 Vibrio harveyi – 

gi|215271619|FM204795.1 
99% 100% 

10 Vibrio 

cyclitrophicus 
2 Vibrio cyclitrophicus – 

gi|809278768|LN832792.1 
100% 100% 

11 Vibrio chagasii 2 Vibrio chagasii – 

gi|58415400|AJ842385.1 
99% 99% 

12 
N/A – 

Splendidus clade 

(genus Vibrio) 

2 

Vibrio crassostreae – 

gi|809278756|LN832786.1 

Vibrio celticus – 

gi|809278712|LN832764.1 

97% 

 

97% 

100% 

 

100% 

13 Vibrio 

bivalvicida 
1 Vibrio bivalvicida 

gi|452084891|HF568940.1 
99% 100% 

14 Vibrio 

rotiferianus 
1 Vibrio rotiferianus – 

gi|1214539220|CP018312.1 
99% 99% 

https://www.ncbi.nlm.nih.gov/nucleotide/MF066645.1?report=genbank&log$=nucltop&blast_rank=1&RID=54NAP3GT014
https://www.ncbi.nlm.nih.gov/nucleotide/AM884018.1?report=genbank&log$=nucltop&blast_rank=1&RID=54NMCJAK015
https://www.ncbi.nlm.nih.gov/nucleotide/CP014036.1?report=genbank&log$=nucltop&blast_rank=1&RID=54NWM12H014
https://www.ncbi.nlm.nih.gov/nucleotide/CP014045.1?report=genbank&log$=nucltop&blast_rank=1&RID=54P8NEW7015
https://www.ncbi.nlm.nih.gov/nucleotide/CP025792.1?report=genbank&log$=nucltop&blast_rank=3&RID=56FHNN0H014
https://www.ncbi.nlm.nih.gov/nucleotide/CP025794.1?report=genbank&log$=nucltop&blast_rank=4&RID=56FHNN0H014
https://www.ncbi.nlm.nih.gov/nucleotide/CP033504.1?report=genbank&log$=nucltop&blast_rank=1&RID=56G0ADVR015
https://www.ncbi.nlm.nih.gov/nucleotide/AJ842487.1?report=genbank&log$=nucltop&blast_rank=1&RID=56FXFXA0015
https://www.ncbi.nlm.nih.gov/nucleotide/AJ580872.1?report=genbank&log$=nucltop&blast_rank=1&RID=56EVAT0A014
https://www.ncbi.nlm.nih.gov/nucleotide/FM204795.1?report=genbank&log$=nucltop&blast_rank=1&RID=56G10VT2014
https://www.ncbi.nlm.nih.gov/nucleotide/LN832792.1?report=genbank&log$=nucltop&blast_rank=1&RID=56EW0DT6015
https://www.ncbi.nlm.nih.gov/nucleotide/AJ842385.1?report=genbank&log$=nucltop&blast_rank=1&RID=56GXZ4FY014
https://www.ncbi.nlm.nih.gov/nucleotide/LN832786.1?report=genbank&log$=nucltop&blast_rank=1&RID=56GEP9YT015
https://www.ncbi.nlm.nih.gov/nucleotide/LN832764.1?report=genbank&log$=nucltop&blast_rank=8&RID=56GEP9YT015
https://www.ncbi.nlm.nih.gov/nucleotide/HF568940.1?report=genbank&log$=nucltop&blast_rank=2&RID=56GS288K015
https://www.ncbi.nlm.nih.gov/nucleotide/CP018312.1?report=genbank&log$=nucltop&blast_rank=3&RID=56GR8N59015
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N 

Putative species 

identification 

with >97% recA 

NCBI BLAST 

nucleotide 

identity 

Number 

of 

isolates 
Nearest NCBI BLAST results 

Percent 

nucleotide 

identity 

Query 

Coverage 

15 Vibrio portersiae 1 

Vibrio porteresiae – 

gi|146742339|EF547199.1 

Vibrio tritonius – 

gi|156106874|EU072029.1 

97% 

 

91% 

88% 

 

98% 

16 N/A (genus 

Vibrio) 
1 Vibrio parahaemolyticus – 

gi|193221978|EU770348.1 
85% 81% 

17 N/A (genus 

Vibrio) 
1 Vibrio jasicida – 

gi|1329988821|CP025792.1 
93% 97% 

18 N/A (genus 

Vibrio) 
1 Vibrio jasicida – 

gi|1329988821|CP025792.1 
93% 88% 

19 N/A (genus 

Vibrio) 
1 Vibrio jasicida – 

gi|1329988821|CP025792.1 
96% 91% 

20 N/A (genus 

Vibrio) 
1 

Vibrio jasicida – 

gi|1329988821|CP025792.1 

Vibrio hyugaensis – 

gi|1329988819|CP025794.1 

92% 

 

92% 

86% 

 

86% 

21 N/A (genus 

Vibrio) 
1 Vibrio celticus – 

gi|1042053030|CP016228.1 
86% 100% 

22 Vibrio fortis 1 Vibrio fortis – 

gi|58415474|AJ842422.1 
99% 100% 

23 N/A (genus 

Photobacterium) 
1 

Photobacterium sp. – 

gi|213012321|EU716943.1 

Photobacterium 

sanquinicancri – 

gi|1005672319|KU681321.1 

99% 

 

89% 

75% 

 

97% 

24 N/A (genus 

Vibrio) 
1 Vibrio parahaemolyticus – 

gi|1379020998|CP022552.2 
92% 99% 

25 N/A (genus 

Vibrio) 
1 Vibrio parahaemolyticus – 

gi|1388769464|CP028342.1 
89% 98% 

26 Shewanella algae 1 Shewanella algae – 

gi|1464292657|CP018456.1 
99% 100% 

27 N/A (genus 

Shewanella) 
1 Shewanella algae – 

gi|1511681841|CP033575.1 
96% 100% 

28 N/A 1 

Shewanella japonica – 

gi|1171874157|CP020472.1 

Providencia rustigianii – 

gi|1540094082|LR134396.1 

Shewanella halifaxensis – 

gi|167351963|CP000931.1 

80% 

 

81% 

 

80% 

97% 

 

88% 

 

91% 

https://www.ncbi.nlm.nih.gov/nucleotide/EF547199.1?report=genbank&log$=nucltop&blast_rank=1&RID=56H7Y5D5015
https://www.ncbi.nlm.nih.gov/nucleotide/EU072029.1?report=genbank&log$=nucltop&blast_rank=2&RID=56H7Y5D5015
https://www.ncbi.nlm.nih.gov/nucleotide/EU770348.1?report=genbank&log$=nucltop&blast_rank=3&RID=56HSAKMC014
https://www.ncbi.nlm.nih.gov/nucleotide/CP025792.1?report=genbank&log$=nucltop&blast_rank=3&RID=56HMWK5R014
https://www.ncbi.nlm.nih.gov/nucleotide/CP025792.1?report=genbank&log$=nucltop&blast_rank=4&RID=56HXHB61015
https://www.ncbi.nlm.nih.gov/nucleotide/CP025792.1?report=genbank&log$=nucltop&blast_rank=3&RID=56HVUE1A014
https://www.ncbi.nlm.nih.gov/nucleotide/CP025792.1?report=genbank&log$=nucltop&blast_rank=3&RID=56HVUE1A014
https://www.ncbi.nlm.nih.gov/nucleotide/CP025794.1?report=genbank&log$=nucltop&blast_rank=4&RID=56J2DBN4014
https://www.ncbi.nlm.nih.gov/nucleotide/CP016228.1?report=genbank&log$=nucltop&blast_rank=1&RID=56J5ZBPJ014
https://www.ncbi.nlm.nih.gov/nucleotide/AJ842422.1?report=genbank&log$=nucltop&blast_rank=1&RID=56JKG4RR015
https://www.ncbi.nlm.nih.gov/nucleotide/EU716943.1?report=genbank&log$=nucltop&blast_rank=1&RID=56JDUD6M014
https://www.ncbi.nlm.nih.gov/nucleotide/KU681321.1?report=genbank&log$=nucltop&blast_rank=4&RID=56JDUD6M014
https://www.ncbi.nlm.nih.gov/nucleotide/CP022552.2?report=genbank&log$=nucltop&blast_rank=1&RID=56JNYTNM015
https://www.ncbi.nlm.nih.gov/nucleotide/CP028342.1?report=genbank&log$=nucltop&blast_rank=1&RID=56JP0AK7015
https://www.ncbi.nlm.nih.gov/nucleotide/CP018456.1?report=genbank&log$=nucltop&blast_rank=1&RID=56JTYHAG014
https://www.ncbi.nlm.nih.gov/nucleotide/CP033575.1?report=genbank&log$=nucltop&blast_rank=1&RID=56JXEPBW014
https://www.ncbi.nlm.nih.gov/nucleotide/CP020472.1?report=genbank&log$=nucltop&blast_rank=1&RID=56F6DET3015
https://www.ncbi.nlm.nih.gov/nucleotide/LR134396.1?report=genbank&log$=nucltop&blast_rank=2&RID=56F6DET3015
https://www.ncbi.nlm.nih.gov/nucleotide/CP000931.1?report=genbank&log$=nucltop&blast_rank=3&RID=56F6DET3015
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N Putative species 

identification 

with >97% recA 

NCBI BLAST 

nucleotide 

identity 

Number 

of 

isolates 

Nearest NCBI BLAST results Percent 

nucleotide 

identity 

Query 

Coverage 

29 N/A 1 Shewanella sp. – 

gi|113886955|CP000444.1 
83% 94% 

30 N/A (genus 

Vibrio) 
1 

Vibrio anguillarum – 

gi|1220461175|CP022468.1 

Vibrio ordalii – 

gi|58415591|AJ842481 

99% 

 

98% 

97% 

 

96% 

  

https://www.ncbi.nlm.nih.gov/nucleotide/CP000444.1?report=genbank&log$=nucltop&blast_rank=1&RID=56K9NNDB015
https://www.ncbi.nlm.nih.gov/nucleotide/CP022468.1?report=genbank&log$=nucltop&blast_rank=1&RID=56K3R5G8014
https://www.ncbi.nlm.nih.gov/nucleotide/AJ842481.1?report=genbank&log$=nucltop&blast_rank=69&RID=56K3R5G8014
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Figure 2.5: Neighbor-joining tree showing clusters of identified bacterial isolates from Pacific 

oysters in Baynes Sound, based on the nucleotide sequence of the recA gene (~800 bp). The 

number of isolates that cluster together with >96.3% within-group mean nucleotide identity (N) 

is indicated (Table 2.4). Numbers on nodes represent support generated from 500 bootstrap 

replicates. Scale bar represents p-distance. 
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2.4 Discussion 

2.4.1 Reproductive Effort and Summer Mortality 

A number of factors are associated with Pacific oyster summer mortality, most notably; 

temperature, microbial pathogens, and reproductive effort (Malham et al., 2009; Wendling et al., 

2014; Green et al., 2019). In this chapter, intertidal cumulative mortalities of adult Pacific 

oysters correlated with observations of oyster reproductive effort. This finding is consistent with 

those in other studies on oysters. For instance, Perdue (1983) observed a similar correlation; 

growing areas with abundant summer mortalities also had elevated reproductive effort. In 

addition, Cotter et al. (2010) concluded that elevated growth rates, gonadal development, and 

spawning may increase oyster susceptibility to summer mortality. Similarly, families of Pacific 

oysters susceptible to summer mortality were found to have higher reproductive effort and early 

partial spawning, relative to resistant families (Samain et al., 2007). Furthermore, controlled 

challenge experiments with variable nutrient conditions demonstrated the influence of 

reproductive effort on summer mortalities (Delaporte et al., 2007). Oysters on a higher feeding 

regime (12% compared to 4% of oyster soft-tissue dry weight in algal dry weight per day) 

showing increased mortality, with a positive correlation between increased reproductive 

investment and mortality (Delaporte et al., 2007). Field observations suggest that temperature 

regulates the timing of gametogenesis and that nutrient availability regulates the intensity of 

gonad development (Enríquez-Díaz et al., 2009).  

Pacific oysters have a complex and dynamic sex-determination mechanism. They are 

protandric hermaphrodites all juveniles are male until their first spawning season and then, 

subsequently, a portion of the population will become female (Pauley et al., 1988). Guo et al. 

(1998) observed females making up 37, 55, and 77% of Pacific oysters in one-, two- and three-
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year-old oysters, respectively, whereas the proportion of 15-month-old of observed oysters that 

were female ranged from 0.40 ± 0.10 to 0.81 ± 0.07 per module and correlated with mortality 

(R2=0.476, p=0.023). Transition between sexes may occur during the early spring as a result of 

nutrient-dense phytoplankton blooms (Lango-Reynoso et al., 2006). Perdue et al. (1981) also 

observed higher mortalities in female than male oysters. There is evidence, from the American 

oyster (Crassostrea virginica), that females require more nutrients than males, due to their 

increased metabolic activity (Choi et al., 1993), and they may have significantly faster growth 

rates than males (Baghurst and Mitchell, 2002).  

Sex determination in Pacific oysters is an interaction between environmental conditions 

and genetics (Guo et al., 1998; Zhang et al., 2014). In the present study, all oysters came from 

the same hatchery brood stock, therefore, the variation in observed gonad characteristics within 

each module are likely due to an unidentified environmental variable or handling bias in 

suspended culture before the experiment began. Further research should examine the role of 

Pacific oysters’ sex in summer mortality, as it may be a useful parameter for selective breeding. 

The Molluscan Broodstock Program at Oregon State University has selected oysters since 1996 

for increased yield (Anon, 2019b) and may have inadvertently selected for higher proportions of 

females, due to their faster growth rates (Baghurst and Mitchell, 2002; de Melo et al., 2016). The 

analysis of reproductive effort and bacterial cultures in this chapter only examined live and 

healthy individuals and, therefore, survivorship bias may have influenced observations of gonad 

tissue. 
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2.4.2 Pathogens and Bacterial Identification  

The only observed pathology present in the histological data was VGH and it was present 

in four of 272 oyster cross sections examined in this study. Cheslett et al. (2009) used 

transmission electron microscopy to examine VGH in Pacific oysters during mortality. They 

observed that the virus particles were 50 nm and appeared similar to viruses in the 

Polyomaviridae family. The low observed frequency of VGH, and the lack of host response 

suggests that VGH is unlikely to have a significant role in mortalities of Pacific oysters (Garcia 

et al., 2006; Cheslett et al., 2009).  

Bacterial isolates collected were putatively assigned to either species or genus, based on 

nucleotide sequence variation in the recA gene. This gene provides higher resolution in 

phylogenetic analysis than the 16s rRNA region and is supported by extensive public sequence 

database resources (Thompson et al., 2005).  

Vibrio aestuarianus, V. harveyi, and members of the Splendidus clades are recognized 

opportunistic pathogens of Pacific oysters. Vibrio aestuarianus was first isolated from estuarine 

waters, oysters, and crabs in Oregon (Tison and Seidler, 1983) and has frequently been detected 

during summer oyster mortalities in France (Garnier et al., 2007). Laboratory challenge 

experiments have confirmed its pathogenicity (Azéma et al., 2016). Vibrio harveyi has also been 

described as a causative agent of mortality in Pacific oysters and a number of other marine 

species (Austin et al., 2003). It has also been considered a putative pathogen for Pacific oysters 

in a laboratory simulated heatwave (Green et al., 2019). Raising the water temperature from 20 

to 25ºC resulted in 77.4% mortality after 6 days, whereas oysters treated with penicillin and 

streptomycin only had 4.3% mortality. Research in BC has demonstrated that an unknown Vibrio 

spp. from Redonda Bay oyster mortalities caused death in Pacific oyster laboratory bath 
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exposures (Meyer, 2013). These results, combined with those from the current study, suggest 

that they are strong candidate bacterial pathogens of Pacific oysters and require further analysis.  

A number of observed isolates in the Splendidus clade did not closely match any single 

species on NCBI. This suggests that these may be novel strains or species within this clade. 

Vibrio splendidus is a causative agent of juvenile Pacific oyster mortalities in France and has 

demonstrated pathogenicity for early life stages of mussels (Mytilus edulis and Perna 

canaliculus), clams (Ruditapes decussatus), and scallops (Pecten maximus) (Lacoste et al., 2001; 

Dubert et al., 2017). Two other common bacterial species identified in this study also have 

human pathogenic variants, namely V. parahaemolyticus and Serratia marcessens. The 

clustering of the V. parahaemolyticus isolates into three distinct groups may reflect differences in 

their pathogenicity. Further resolution of V. parahaemolyticus strain diversity is critical to 

assessing risk, since two strains (O3:K6 and ST36) are pandemic and highly virulent human 

pathogens (Baker-Austin et al., 2018). Serratia marcessens, a common nosocomial infection, is 

present in the coastal environment and often occurs in untreated human waste water (Burge et 

al., 2016). This bacterium also causes white-pox disease in corals. To my knowledge, this 

pathogen has not been previously detected in BC oceans and its virulence, hosts, and abundance 

are unknown; however, it may be associated with failing septic systems and hazardous waste 

disposal in the area. 

 

2.4.3 Environmental Monitoring 

The most parsimonious model from the GLMM described little of the variation in 

observed mortality over time with a marginal coefficient of determination (R2
M) of 0.046. This 

may be due to the short period of observation that only included a period of mortality. Several 
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factors were excluded from the GLMM because the range of observations was within the optimal 

range for oyster health and there was no biological rationale for their inclusion. Regionally, 

ocean acidification (Moore-Maley et al., 2017) and harmful phytoplankton abundance (Cassis, 

2005; Cassis et al., 2011) have been hypothesized as potential contributing factors to oyster 

mortalities in Baynes Sound. The following section discusses the rationale for excluding these 

factors from the GLMM based on the lack of scientific evidence within published data for their 

adverse effects on oyster health within the present study’s observed ranges. 

Aragonite and calcite are two allomorph mineral forms of calcium carbonate that are used 

to form shell in marine systems (Stenzel, 1963). The shells of oysters (Family Ostreidae) are 

formed mainly by conchiolin and calcite, whereas most bivalve molluscs use conchiolin and 

aragonite (Stenzel, 1963). Calcite is less soluble than aragonite with experimental tests 

suggesting Ωcalcite is approximately 1.8 times larger than Ωarag (Gazeau et al., 2007). This is why 

the net calcification of Pacific oysters is higher than mussels (Mytilus edulis) in modelled 

impacts of ocean acidification. Values of Ω less than one, for both aragonite and calcite, 

represent conditions that are corrosive to their respective forms of calcium carbonate; in other 

words, the rate of dissolution is greater than the rate of calcium carbonate precipitation 

(Waldbusser et al., 2016). Controlled laboratory experiments are increasingly able to decouple 

pH, pCO2, and Ωarag and demonstrate the importance of aragonite saturation for early larval shell 

formation in Pacific oysters (Waldbusser et al., 2014). Due to their dependency on aragonite, 

post-fertilization larvae experience acute effects on development at Ωarag values of ~1.2–1.5 and 

below (Waldbusser et al., 2014). Low aragonite saturations can negatively affect larval bivalve 

survival and growth because, at this life stage, aragonite is used for shell production (Barton et 
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al., 2012; Waldbusser et al., 2014; Boulais et al., 2017), whereas adults predominantly use the 

calcite form of calcium carbonate (Stenzel, 1963).  

For the present study, the average values for pH, pCO2, and Ωarag were 8.14 ± 0.04, 

268.60 ± 7.07 µATM, 2.32 ± 0.04, respectively. Based on the variance of the observed values in 

this study, the life stages affected, and the extensive literature on summer mortality from other 

regions, there is limited scientific rationale for the direct association of ocean acidity changes 

with summer mortality in Baynes Sound. However, an interesting question may be raised 

regarding the role of oyster liquor pH in oyster health, particularly during low tide when 

anaerobic respiration may affect the immune response of intertidal oysters to infections. Allen 

and Burnett (2008) demonstrated that 4 h at an ambient air temperature of 30ºC resulted in a 

hemolymph pH of 6.84 compared to a pH of 7.52 at 18ºC. This suggests that the daily minimum 

in oyster liquor pH is likely lower than that in the observed sea surface water samples. 

As intertidal organisms, Pacific oysters are well known for their ability to optimize their 

metabolism in response to hypoxia (Sussarellu et al., 2013; Zhang et al., 2016).  Oxygen 

consumption rates for Pacific oysters increase additively with temperature and tissue dry weight 

(Bougrier et al., 1995). Bourgrier et al. (1995) examined oxygen consumption of 5 to 200 g wet 

weight Pacific oysters and found that at 5ºC they consumed 0.2 mgO2 h
-1, whereas at 32ºC the 

oxygen consumption was 1.9 mgO2 h
-1. Goulletquer et al. (1998) also observed a similar range of 

oxygen consumption with 0.96 and 0.81 mgO2 h
-1 in stressed and control oysters respectively. Le 

Moullac et al. (2007) identified a critical threshold of oxygen concentration that induces 

anaerobic respiration in Pacific oysters 3.02 to 3.43 mg l-1 at 15 to 25ºC. Low levels of oxygen, 

less than 4 mg l-1, have coincided with summer mortality in Puget Sound (Cheney et al., 2000). 

In contrast, others did not observe the occurrence of mortality with persistent reduced oxygen 
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saturation of 3.8 mg l-1 (Chávez-Villalba et al., 2010). The observed values of dissolved oxygen 

at 5 m depth from this study suggest dissolved oxygen did not contribute to summer mortality of 

intertidal Pacific oysters in 2017. 

The concentrations of potentially harmful phytoplankton species observed were 

magnitudes lower than other investigations that showed negative effects of microalgae on oyster 

health (Cassis, 2005; Abi-Khalil, 2016). Laboratory exposure of H. akashiwo (11,000 cells ml-1) 

can have negative sublethal effects on the hepatopancreas of Crassostrea virginica (Keppler et 

al., 2005). I observed a maximum H. akashiwo concentration of only 150 cells ml-1 (average: 

5.7±2.3 cells ml-1). Similarly, exposure to the paralytic shellfish toxin-producing algal species 

Alexandrium catenella at concentrations of 2,000 cells ml-1 for 24 h increased V. tasmaniensis 

associated mortality of Pacific oysters (Abi-Khalil, 2016). I observed a maximum of only 2 cells 

ml-1 of Alexandrium sp. Additionally, this study did not examine whether any of the observed 

phytoplankton species were toxin producing variants. 

Rhizosolenia setigera was the most abundant potentially harmful phytoplankton species, 

as defined by Cassis et al. (2011), in the present study, with a maximum concentration of 1,000 

cells ml-1 being observed (average: 217.0 ± 27.4 cells ml-1).  This species is a long, needle-like 

centric diatom of 100–500 µm (Horner, 2002) that may cause physical damage to oysters 

(Cassis, 2005). After consumption of R. setigera in a challenge study, the pallial cavity of oyster 

seed (shell height: 1–10 mm) rapidly rejects the particles as aggregated pseudo-faeces (Cassis, 

2005). Therefore, a prolonged bloom of this species may limit feeding and reduce oyster seed 

growth. The oysters in this study averaged 97 mm in height, suggesting they have fully 

functional gill particle processing and selection, which develops in oysters between 10 and 24 

mm (Cannuel and Beninger, 2006). In contrast, evidence from grazing experiments with adult 
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oysters (shell length: 5 cm) suggests that R. setigera is highly retained and an important food 

source for Pacific oysters (Dupuy et al., 2000).  In cases where HABs are reported to have 

adversely affected Pacific oyster health, they have generally been present for weeks or months 

and affected earlier life-stages (Cassis, 2005; Cassis et al., 2011). It was demonstrated by Cassis 

(2005) that, preceding a mortality event in oyster seed (shell height: 1–10 mm), they were 

exposed for two weeks to approximately 7.5 x 105 cells ml-1 of Protoceratium reticulatum. 

Analyses of adult Pacific oyster summer mortalities in other regions have demonstrated that it is 

unlikely for phytoplankton to be a contributing factor (e.g. Katkansky and Warner, 1974; Anon, 

2015; Go et al., 2017). The observed concentrations, and the conclusions from other studies of 

shellfish summer mortality, suggest that potentially harmful algal species are typically not a 

contributing factor for adult Pacific oyster summer mortality in Baynes Sound. 

 

2.4.4 Conclusions 

This study examined a wide range of factors that could have potentially contributed to 

intertidal adult Pacific oyster summer mortalities in Baynes Sound, BC, Canada. I observed 

continuous mortality from July 5 to September 15, 2017, with a mean cumulative mortality of 

22.7% across the three experimental sites. The average cumulative mortality per module had a 

high correlation with observations of oyster reproductive effort per module. This is the first study 

to provide a qualitative description of Vibrio spp. associated with Pacific oysters in BC during a 

period of summer mortality. A number of potential disease-causing agents were putatively 

identified, including V. aestuarianus. Future research on summer mortality in Baynes Sound 

should quantitatively examine changes in the oyster microbiome associated with the onset of 

summer mortality.  
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 Vibrio aestuarianus, temperature, and stocking density are associated with 

summer mortality of juvenile Pacific oysters (Crassostrea gigas) in suspended culture  

3.1 Introduction 

Pacific oysters (Crassostrea gigas) are one of the most extensively cultured bivalve 

species in the world (Anon, 2018). In BC they have been an important farmed species for over a 

century and have a significant socioeconomic impact on coastal communities (Quayle, 1988; 

Anon, 2013). Pacific oyster aquaculture in Baynes Sound, BC generally uses hatchery-produced 

seed grown in suspended culture for their first year, followed by shell conditioning in the 

intertidal before being brought to the half-shell market. Baynes Sound is a small passage 

between Vancouver Island and Denman Island that is extensively farmed, with 137 shellfish 

tenures that includes 90% of the intertidal area (Bendell, 2019). In recent years, the BC oyster 

aquaculture industry has been faced with recurring summer mortalities of unknown aetiology. 

Temperature, reproductive development, and opportunistic pathogens are well-studied factors 

that are implicated in Pacific oyster summer mortality in other regions of the world (Katkansky 

and Warner, 1974; Garnier et al., 2007; Wendling and Wegner, 2013; Azéma et al., 2016; Green 

et al., 2019).  

Altering the culture density of oysters may be a potential method to mitigate summer 

mortalities. High culture density reduces the growth rate of oysters by limiting food availability 

and space (Chávez-Villalba et al., 2010). A reduction in food availability also reduces the 

reproductive effort of oysters, and decreases summer mortalities in controlled experiments 

(Delaporte et al., 2007; Enríquez-Díaz et al., 2009). Conversely, higher densities could 

contribute to higher mortalities due to increased transmission of pathogenic agents between hosts 

(Baker-Austin et al., 2018). 
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Bacterial pathogens have been considered an important factor in some Pacific oyster 

summer mortality events. The most well-documented of the bacterial pathogens associated with 

oyster mortality include V. aestuarianus and V. splendidus, both described in mass mortalities in 

France (Lacoste et al., 2001; Garnier et al., 2007; Solomieu et al., 2015; Azéma et al., 2016), and 

N. crassostrea, described in the USA (Elston et al., 1987; Friedman et al., 1991, 1998; Friedman 

and Hendrick, 1991). The genus Vibrio contains a number of opportunistic pathogens of humans 

and many marine species (Baker-Austin et al., 2018). Vibrio aestuarianus can cause significant 

mortalities in Pacific oysters, and older oysters are more susceptible (Azéma et al., 2016). 

Recently, V. aestuarianus cultures were obtained from Pacific oysters in Baynes Sound, BC and 

identified based on the sequence of the recA gene (see Chapter 2). Due to the inherent bias in 

culture-based isolation techniques, however, little is known about the composition of the broader 

bacterial community in Pacific oysters from Baynes Sound. In other regions of the world, 

changes in the oyster microbial community during summer mortalities, particularly the 

abundance of Vibrio spp., have provided evidence for the association of Vibrios with summer 

mortality events (Green et al., 2019; King et al., 2019a, 2019b). 

Microbiomes promote homeostasis and can protect their host from pathogens and disease 

(Kamada et al., 2013). Pacific oyster microbiomes typically decrease in diversity when disease 

symptoms are observed (Lokmer and Wegner, 2015; Green et al., 2019; King et al., 2019a). The 

use of high-throughput sequencing targeting the 16S rRNA gene provides an effective way to 

assess changes in the microbial community associated with Pacific oyster summer mortality 

(Wendling et al., 2014; Green et al., 2019; King et al., 2019a). For example, King et al. (2019a) 

demonstrated an increase in rare operational taxonomic units (OTUs) in oyster microbiomes 

associated with a diseased state relative to healthy oysters. These OTUs aligned with Vibrio 
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harveyi and another unidentified Vibrio sp., implicating this genus in the 2013–2014 oyster 

summer mortality in Australia. 

This chapter evaluates the growth and reproductive development of juvenile Pacific 

oysters grown in suspended culture at four different densities. Two key questions were 

addressed: (1) How will culture density influence the development and mortality of the oyster, 

and (2) how does the microbiome of oyster gill tissue change throughout the summer and during 

periods of mortality.  

 

3.2 Materials and Methods 

3.2.1 Study Site and Experimental Design 

The experiment was conducted at a commerical oyster raft in Metcalf Bay, Baynes 

Sound, BC (49.250°N, 124.456°W) from May 11 to September 17, 2018 (Fig. 3.1). Juvenile 

Pacific oysters were grown under the same conditions prior to the beginning of the experiment. 

Oysters at the start of the experiment were 14.2 ± 0.5, 4.7 ± 0.2, and 11.0 ± 0.3 mm (mean ± SD) 

in shell height, width, and length, respectively, and 8 months in age. They were placed into Dark 

Sea oyster trays (LxWxH: 69x69x9 cm) at four different stocking densities (150, 300, 450, and 

600 oysters tray-1) with four replicate trays per density; for a total of four blocks in a Latin–

square design (Fig. 3.2). The blocks of trays were suspended in the water column with their mid-

point at a 5 m depth and 1.5 m apart.  
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Figure 3.1: Left: Map of Pacific Northwest with the field site location shown with a square. 

Right: Baynes Sound with Metcalf Bay (■), Fanny Bay (▲), and Chrome Island (●) shown.    
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Figure 3.2: Experimental design of juvenile Pacific oyster trays in suspended culture.  Each 

block of four trays contained one replicate unit at each of the four densities (150, 300, 450, and 

600 oysters tray-1). All blocks were suspended at 5 m depth in Metcalf Bay off a shellfish 

aquaculture raft, following standard industry practices. 
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3.2.2 Environmental Factors  

A YSI EXO2 sonde (YSI, Yellow Springs, OH, USA) was deployed at a 5-m depth in 

Fanny Bay (49.507°N, 124.829°W) (Fig. 3.1) for the duration of the experiment and measured 

temperature, salinity, turbidity, and oxygen saturation at 10-min intervals. An Onset® HOBO® 

pendent (Onset, Bourne, MA, USA) was attached to an experimental block and recorded 

temperatures at 10-min intervals. Daily water temperatures at Chrome Island lighthouse 

(49.496°N, 124.765°W) from 1969 to 2018 were downloaded from DFO (Anon, 2019a).  

Water samples were collected for carbon chemistry analysis in 350-ml soda-lime glass 

bottles from surface water directly above the trays approximately weekly, with care being taken 

to limit the introduction of air bubbles (Evans et al., 2019). Bottles were preserved with 200 µl 

of a saturated mercuric chloride solution and capped with polyurethane lined metal caps. 

Samples were analyzed using a Burke-o-Lator (Hales et al., 2004) and partial pressure of carbon 

dioxide (pCO2), temperature-adjusted hydrogen ion concentration (pHT), and aragonite saturation 

state (Ωarag) were computed using the CO2SYS program on MATLAB (Van Heuven et al., 2011; 

Evans et al., 2019).  

 

3.2.3 Oyster Monitoring and Sample Collection 

Approximately every two weeks between May 11 and September 17, 2018 the shell 

height, length, and width of 10 haphazardly-chosen oysters from each tray were measured. 

Dimensions used were as described by Galstoff (1964): height is the distance between the umbo 

and the ventral valve margin, length is the maximum distance between the anterior and posterior 

margin parallel to the hinge axis, and width is the greatest distance between the top and bottom 

shell halves. To assess mortality, 100 haphazardly-chosen oysters from each tray were examined, 
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with dead oysters being defined as those with no shell closing response. Starting on May 23, one 

haphazardly-chosen oyster from each tray was retained for histological analysis and DNA 

extraction at each sampling interval. The collected oysters were scrubbed of biofouling with a 

bristle brush and opened with a shucking knife and scalpel that were rinsed for approximately 2 

min with 70% v/v EtOH between oysters. Oysters were cross sectioned at approximately one 

third of the way from the dorsal end through the visceral mass and a thin section was fixed in 

Davidson’s solution for a minimum of 24 h before histology preparation (Howard et al., 2004). 

A gill clipping was taken, preserved in 500 µl of RNALater (Invitrogen, Carlsbad, CA, USA) 

and stored at -80ºC for DNA extractions.  

 

3.2.4 Histology  

Tissue was dehydrated and embedded in paraffin with a Tissue Tek-TEC embedder 

(Sakuras, Torrance, CA, USA) and using routine histological techniques. Paraffin-imbedded 

tissues were trimmed in 30-µm sections via a microtome (Thermo Fisher Scientific, Waltham, 

MA, USA) to expose tissue for sectioning. Five-µm thick sections of tissue were deparaffinized, 

rehydrated, stained with H&E, mounted on slides, and cover slips sealed with toluene (Permount, 

Thermo Fisher Scientific, Hampton, NH, USA). The 16 samples from August 12, during the 

mortality event, were later re-sectioned and stained using a Richard-Allan ScientificTM Gram 

Stain Kit (Thermo Fisher Scientific). 

Oyster cross sections stained in H&E were examined for histopathology of microscopic 

disease agents of regional concern (Bower, 2017) and to identify the gonad developmental phase 

of each oyster, which was categorized based on the phases described by Steele and Mulcahy 

(1999); undifferentiated (0), early active (1), late active (2), ripe (3), partially spent (4), totally 
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spent (5), post-spawning (6), and resorption (7). Images of each oyster cross section were 

captured via light microscopy and traces of gonad area (GA) and total oyster area (OA) were 

prepared on QGIS (Anon, 2020a). For each oyster, the GA, OA, and maximal gonadal length 

(GL) were quantified using ImageJ software (Schneider et al., 2012) and the gonadosomatic 

index (GSI) was calculated as the proportion of GA to OA.  

 

3.2.5 DNA Extraction 

In addition to the 16 gill clippings collected per sampling date, 2 weak oysters (slow shell 

closing response), and 4 moribund oysters (no shell closing response, but not yet undergoing 

liquefactive necrosis) were collected on August 12 for DNA extraction as previously described. 

Each gill clipping was transferred from RNALater to a 1.7-ml microcentrifuge tube containing 

500 µl of lysis buffer (1-M Tris-HCl, pH 8.0; 0.5-M EDTA, pH 8.0; 1% sodium dodecyl sulfate) 

and ~30 mg of silica beads and homogenized using a Mini Bead-beater (BioSpec Products, 

Bartlesville, OK, USA) for 30 s. Proteinase K (250 µg) was added to each sample, followed by 

incubation in a shaker incubator (Excella E24, New Brunswick Scientific, Edison, NJ, USA) for 

16 h at 37°C and 150 rpm. Chloroform:isoamyl alcohol (24:1, 500 µl) was subsequently added to 

each sample, vortexed for 1 min, and centrifuged at 14,000 rcf for 5 min. The upper aqueous 

phase was removed and placed in a DNase free microcentrifuge tube for ethanol precipitation. 

Ice-cold ethanol (100%, 400 µl) was added and samples were centrifuged at 14,000 rcf for 10 

min. The supernatant was removed, and the pellet washed with 200 µl of ethanol (80%). The 

samples were centrifuged at 14,000 rcf for 10 min and the supernatant removed. The pellet was 

air-dried and re-suspended in 50 µl of 1×Tris EDTA buffer.  
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3.2.6 Microbial Composition 

Five µl from each oyster 25 ng µl-1 DNA sample were pooled across the four replicates 

for each density and time point. Additionally, the samples from weak oysters were pooled 

together, and the samples from moribund oysters were pooled together for a total of 38 samples 

for high-throughput sequencing analysis of microbial communities. Amplicons of the 16S rRNA 

gene region were generated by two rounds of PCR, both using a 20-µl reaction volume 

containing 10 μl of 2X GoTaq Green Master Mix (Promega Corporation, Madison, WI, USA), 2 

μl (1 μM final concentration) of both forward and reverse primers (see below), 1 μl of template 

DNA, and 7 µl dsH2O using a SimpliAmp Thermal Cycler (Thermo Fisher Scientific). The first 

round of PCR used the primers F357 (5´ TACGGGAGGCAGCAG) and R806 (5´ 

GGACTACVSGGGTATCTAAT), with thermocycling settings of 95.0ºC hot start for 4 min, 

followed by 25 cycles of 95.0ºC for 30 s, 53.4ºC for 45 s, and 72.0ºC for 2 min, followed by a 

final elongation step for 5 min at 72.0ºC (Fisher et al., 2016).  The forward primer for the second 

round of PCR included variable Ion Xpress barcoded region (bold) and a sequencing adaptors 

(underlined and bold) PCR F341 (5´ CCATCTCATCCCTGCG TGTCTCCGACTCAGCTAAG 

GTAACGATTACGGGAGGCAGCAG 3´) and the reverse primer 806R, containing the P1 

adaptor (underlined) (5´ CCACTACGCCTCCGCTTTCCTCTC TATGGGCAGTCGGTGATGG 

ACTACVSGGGTATCTAAT 3´). The thermocycling settings were 95.0ºC hot start for 4 min, 

followed by 20 cycles of 95ºC for 30 s, 65.0ºC for 45 s, and 72.0ºC for 2 min, followed by a final 

elongation step for 5 min at 72.0ºC. Following PCR amplification, each product was purified 

with the Agencourt AMPure XP magnetic bead cleanup protocol (Beckman Coulter, Inc., Brea, 
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CA, USA) using a magnetic PCR plate rack, and quantified on a Qubit 2 Fluorometer (Thermo 

Fisher Scientific) using the Quant-iT dsDNA BR Assay Kit (Thermo Fisher Scientific). 

Following purification of the secondary PCR products, barcoded amplicons from each 

sample were pooled at equimolar amounts and the library dilution factor was determined based 

on quantification with an Ion Library Quantitation Kit on an ABI QuantStudio 3 Real-Time PCR 

System (Applied Biosystems, Foster City, CA, USA). An Ion 520 and Ion 530 Kit-Chef on an 

Ion Chef Instrument was used to prepare DNA for sequencing, which was completed on an Ion 

530 chip with 400 bp chemistry on an Ion S5 XL System (Life Technologies Inc., Carlsbad, CA, 

USA). Sequencing data was processed in Torrent Suite 5.10.0 with Pre-BaseCaller and 

BaseCaller Args set to disable-all-filters. The resulting multiplexed BAM file was exported and 

passed to AMPtk v1.2.5 (Palmer et al., 2018) for de-multiplexing with the AMPtk ion script 

using default parameters (minimum read length 100 bases, trim all reads to 300 bases, no 

barcode mismatches, 2 base primer mismatch allowed, USEARCH v9.2.64, VSEARCH v2.9.0). 

OTUs data were created by concatenated de-multiplexed data files and were clustered with an 

AMPtk OTU clustering ratio of 97% and filtered with AMPtk filter. Taxonomic designation was 

assigned using the AMPtk taxonomy script and the AMPtk bacterial 16S database, prepared from 

rdp_16S_v16 from drive5 Bioinformatics Software and Services. 

 

3.2.7 Quantification of Vibrio aestuarianus 

Isolates of Vibrio spp. obtained from oyster homogenate of sampled oysters collected in 

Baynes Sound, BC were identified as Vibrio aestuarianus, based on comparisons with confirmed 

recA nucleotide sequence (Chapter 2). These V. aestuarianus sequences were used to design 

species-specific recA primers and probes for use in quantitative polymerase chain reaction 
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(qPCR). Each 10-µl qPCR reaction contained 5 µl SSO Advanced Universal Probes Supermix 

(Bio-Rad, Hercules, CA, USA), 0.25 µl of both forward (5´ AGGTTCGATCATGCG CCTAG-

3’) and reverse (5´ CTGACGATTCCGGGCCATAG 3´) primers, 0.1 µl probe (5´ [HEX] 

TACGATGGATGTTGAAACCATCTCTACTG [BHQ1] 3´), 1.9 µl of dsH2O, and 2.5 µl of 

extracted DNA from each sample. Sampled oyster were diluted to 25 ng µl-1 to normalize the 

concentration of DNA per sample. Reaction conditions included an initial denaturation phase of 

5 min at 95ºC, followed by 40 cycles of 15 s at 95ºC and 15 s at 60ºC. All samples were run with 

qPCR duplicates in a 384-well hard-shell PCR plate (Bio-Rad) on a CFX384 Real-Time System 

using the Bio-Rad CFX Maestro version 1.1 software (Bio-Rad). The standard curve was created 

by amplifying a dilution series from DNA extracted from a known concentration of V. 

aestuarianus cell culture. The resulting concentration of cells per ul was converted to cells per ng 

of DNA using the concentration of DNA per qPCR reaction. 

 

3.2.8 Potentially Harmful Phytoplankton 

Samples were collected approximately weekly at Metcalf Bay for analysis of 

phytoplankton composition and biomass. One 15-m vertical tow, using a plankton net (20-µm 

mesh), and one discrete water sample at 5-m depth, using a Van Dorn bottle, were taken and 

stored in 125-ml bottles. These were preserved with a final concentration of 0.3 and 0.04% v/v 

Lugol’s iodine solution, respectively. Identification of all harmful phytoplankton species was 

done with a compound microscope using a Sedgewick-Rafter slide to the lowest practical 

taxonomic level, based on morphology (Hasle, 1978). Algal species suspected or known to be of 

concern for the shellfish industry, including Alexandrium spp., Heterosigma akashiwo, 

Dichtyocha speculum, and non-skeletal Dichtyocha, and the dominant phytoplankton species 



 

 

59 

 

were enumerated. The total phytoplankton biomass was subjectively scored on a qualitative scale 

from 1 to 5, which corresponds rough to a range from very low (1–2 cells ml-1) to very high 

(>10,000 cells ml-1). 

 

3.2.9 Statistical Analyses and Visualization  

All statistical analysis was performed in R statistical language (Anon, 2020b). Values in 

this study are represented as average ± standard deviation unless otherwise indicated. Graphics 

were created using the packages ggplot2 (Wickham, 2016) in R and Microsoft Excel 2016. Maps 

of the field area were created using the maps (Becker et al., 2018a), mapdata (Becker et al., 

2018b), PBSmapping (Schnute et al., 2919), and prettymapR (Dunnington, 2017) packages in R 

statistical language. To examine the density dependent effects on oyster size, reproductive effort, 

and mortality, end values from each tray were compared with a linear mixed-effects regression 

(LMER), with density as a fixed factor and block as a random effect, using the lme4 package 

(Bates et al., 2019). Pairwise comparisons were conducted using the Tukey HSD significance 

test in the emmeans package with α = 0.05 (Lenth et al., 2019). The assumptions of normality 

and homoscedasticity for a linear model were met based on Shapiro-Wilk test and Levene’s test, 

respectively. Size and reproductive effort values were square-root transformed and final 

cumulative mortality was arcsine transformed to meet these assumptions.  

Due to the repeated independent subsampling observations of mortality within each tray, 

a logistic regression or any transformed normal analysis over time would underestimate the 

variation of observed mortality and overestimate the correlations with observed environmental 

variables. Therefore, the analysis over time is an interpretation of graphed variables as they relate 

to the onset of the observed mortality event.  
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The 16S rRNA gene OTUs were investigated using the Vegan package (Dixon, 2003). 

Non-metric multidimensional scaling (NMDS) plots using Bray Curtis dissimilarity were 

generated for exploratory data analysis and a permutational multivariate analysis of variance 

(PERMANOVA) in the Vegan package was used to examine statistical differences in microbial 

composition between groups. Similarity percentage analysis (SIMPER) was used to further 

examine which OTUs contributed to the significant difference in microbial composition. 

 

3.3 Results: 

3.3.1 Effects of Stocking Density 

At the end of the experiment, density significantly affected final cumulative mortalities 

with mortality increasing with density and the highest density having significantly lower 

mortalities than the lowest density (p=0.023) (Fig. 3.5). Density also had significant effects on 

oyster shell width (p=0.001) and length (p=0.002), with higher densities having significantly 

smaller oysters than lower densities (Fig. 3.3). Oyster shell height decreased with increasing 

stocking density, although the effect was marginally non-significant (p=0.057) (Fig. 3.3). Gonad 

length also decreased significantly with increasing density (p=0.049), with the lowest and highest 

stocking densities being significantly different (Fig. 3.4). Both gonad area and oyster area also 

decreased with increasing stocking density, but the effects were non-significant (p=0.718 and 

p=0.070, respectively) (Fig. 3.4). 
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Figure 3.3: Final-end measurements of density dependent effects on Pacific oyster shell size. 

Oysters were grown at four starting stocking densities 150, 300, 450, and 600 oysters tray-1 from 

May 11 to September 17, 2018. Values represent the average of four replicate trays at each 

density with 10 observations from each tray, and error bars represent standard error. 
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Figure 3.4: Final-end measurements of reproductive characteristics measured from Pacific oyster 

histological cross sections. Oysters were grown at four starting stocking densities (150, 300, 450, 

and 600 oysters tray-1) from May 11 to September 17, 2018. Values represent the average of four 

replicate trays at each density with one observation from each tray, error bars represent standard 

error. 
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Figure 3.5: Final-end observations of Pacific oyster cumulative mortality observed in suspended 

culture at Metcalf Bay, Baynes Sound on September 17, 2018. Oysters were grown at four 

starting stocking densities (150, 300, 450, and 600 oysters tray-1) from May 11 to September 17, 

2018. Values represent the average of four replicate trays at each density with 100 observations 

from each tray, and error bars represent standard error. 
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3.3.2 Growth and Reproductive Development 

Throughout the experiment, the average shell height, width, and length of the oysters 

increased, averaged across densities, from 14.2 ± 0.5, 4.7 ± 0.2, and 11.0 ± 0.3 mm to 60.0 ± 0.9, 

19.2 ± 0.6, and 35.9 ± 0.9 mm, respectively. The relationship between height, width, and length 

was examined by a principal component analysis (PCA) (not shown), and principal component 

one (PC1) described 98.3% of the variation in these size measurements. Based on PC1, the 

oysters had an average of 320.0% increase in shell size from May 11 to July 30 at the onset of 

mortality. Similarly, oyster reproductive development shifted from predominantly 

undifferentiated gonads (14/16 individuals) with 1 male and 1 female on May 23 to 

predominantly late active and ripe gonads (15/16 individuals) with 8 males and 8 females on July 

30 at the onset of the mortality event. Over the same time period, a change in gonad area from 

0.04 ± 0.14 to 14.49 ± 12.79 mm2 was observed and the gonadosomatic index increased from 

0.48 ± 1.66 to 24.23 ± 11.90% gonad occupation. A PCA (not shown) of reproductive effort 

assessed the correlation between developmental stage, gonad area, gonad length, and 

gonadosomatic index with PC1 describing 79.4% of the variation in reproductive effort. There 

was a linear relationship between log-transformed values of oyster size (PC1) and reproductive 

development (PC1) throughout the summer (Fig. 3.6) (R2=0.652, p<0.001).  
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Figure 3.6: Each point represents a replicate tray containing 150, 300, 450, or 600 Pacific 

oysters. PC1 of oyster size variables described 98.3% of the variation in shell height, width, and 

length. PC1 of oyster reproductive development described 79.4% of variation in oyster gonad 

length, gonad area, gonadosomatic index, and gonad developmental phase.  
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3.3.3 Observed Mortality 

From May 11 to July 15 there was no observed mortality in any of the replicate trays. 

Mortality was first observed on July 30 with 10.75 ± 1.97% mortality across all densities, which 

coincided with a period of elevated temperature (Fig. 3.7). Cumulative mortalities (average ± 

SD) measured on September 17 were 52.9 ± 11.8% across all densities. The average water 

temperature at Chrome Island for the 10 d preceding the first observation of the mortality event 

(July 20 to July 30) was 20.11 ± 0.58ºC, which includes 5 d above the 80th percentile for the last 

30 years for their respective dates.  
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Figure 3.7: Pacific oyster survival by starting stocking density and water temperature during 

summer, 2018. Densities were 150, 300, 450, and 600 oysters tray-1 at the onset of the 

experiment on May 11, 2018. Daily water temperatures were acquired from DFO monitoring at 

Chrome Island Lighthouse (Fig. 3.1) (Anon, 2019a). Fitted curves are smoothed conditional 

means using local polynomial regression fitting.    
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3.3.4 Environmental Observations 

The sonde recorded data from May 11 to August 2. The average daily temperature was 

15.7 ± 2.0ºC, oxygen saturation was 114.1 ± 11.3%, salinity was 26.2 ± 1.1‰, chlorophyll was 

35.37 ± 64.13 µg l-1, and turbidity was 5.26 ± 9.67 FNU.  Eleven surface carbonate chemistry 

samples were collected at Metcalf Bay from July 18 to September 18. The pH, pCO2, and 

aragonite saturation throughout the study was 8.17 ± 0.02, 258.5 ± 15.7 µATM, and 2.34 ± 0.10, 

respectively. Air temperatures during the period of oyster sampling and observation on the boat 

were higher than the submerged temperature. For example, July 30 sampling on the boat 

occurred from 10:24 AM to 12:14 PM and the average air temperature was 36.8ºC. In contrast, 

the average daily maximum water temperature recorded, excluding sampling periods, for July 

and August was 19.2 ± 2.0ºC. 

 

3.3.5 Histopathology 

All oysters collected for histopathology appeared healthy macroscopically meaning they 

had strong adductor muscle response, no shell deformities, no lesions, and no liquefactive 

necrosis. No pathologies of pathogens or parasites of regional concern were observed through 

macroscopic or microscopic observations (Bower, 2017). An unknown rickettsia-like infection 

was observed in one oyster slide from August 12. Three of 16 histological samples collected 

from oysters on August 12, during the mortality event, had necrotic gill epithelium and mixed 

microbial infections in peripheral tissue (Fig. 3.8).  
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Figure 3.8: Histopathology cross sections from August 12, 2018 sampling of the Pacific oyster 

summer mortality event. Top: low magnification of necrosis in gills and epithelium with healthy 

labial palps on the left. Bottom: high magnification of mixed microbial infection in peripheral 

tissue necrosis. Staining done with H&E (A and C) and Gram stain (B and D). In the Gram stain 

gram-negative bacteria are pink to light purple and gram-positive bacteria are blue. 
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3.3.6 Analysis of Microbial Composition 

Read number varied from 13 to 185,473. Seventeen samples below 9,150 reads samples 

were removed, and the remaining 21 samples were rarefied to 9,150 reads. A total of 1,054 

OTUs were present and the average per sample was 310.6 ± 111.0 OTUs. Of the 1,054 OTUs, 

983 were identified to class and 340 were identified to genus, based on the AMPtk bacterial 16S 

database. The most common classes were Gammaproteobacteria (310 OTUs), 

Alphaproteobacteria (165), Flavobacteria (89), and Deltaproteobacteria (84), while the most 

common genera were Arcobacter (17 OTUs), Vibrio (11), and Psychromonas (8). Eight of the 

most abundant OTUs, primarily of the genera Vibrio, Serratia, Pseudomonas, and 

Psychromonas, made up 48.6% of the read counts across all samples (Fig. 3.9).  

The NMDS of Bray Curtis dissimilarity clustered by density (not shown) suggested there 

was no significant difference in microbial composition based on stocking density and the 

PERMANOVA supports this observation (p=0.599, R2=0.156). There was, however, a 

significant difference in bacterial composition among groups of samples associated with 

observed low (<0.1% d-1), medium (0.1–2% d-1), and high (>2% d-1) percent mortalities (Fig. 

3.10) (p=0.009, R2= 0.349). The PERMANOVA analysis suggests there was a significant 

difference between the low and medium mortality groups (p=0.003, R2=0.169) and the low and 

high ones (p=0.012, R2=0.244), but not between the medium and high mortality groups 

(p=0.079, R2=0.172). Differences in microbial composition were assessed using a SIMPER 

analysis. The variation between clusters of samples from low, medium, and high mortality 

groups was driven predominantly by OTU1. For example, OTU1 explained 36.0% of the 

variation among samples that appeared healthy and the combined weak and moribund samples in 
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the PERMANOVA (p=0.028, R2=0.111)). It is important to note that OTU1 shared 99.7% 

nucleotide identity with Vibrio aestuarianus (GenBank: KY923252.1) (Saulnier et al., 2017). 

  

https://www.ncbi.nlm.nih.gov/nucleotide/KY923252.1?report=genbank&log$=nuclalign&blast_rank=3&RID=JCG4CPDT01R
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Figure 3.9: Stacked bar plot of Pacific oyster bacterial microbiome. Shown identities are the 

nearest result from AMPtk 16S rRNA gene data base using AMPtk taxonomy with 97% 

nucleotide clustering. 

  

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

23-May 1-Jul 15-Jul 30-Jul 12-Aug 5-Sep 17-Sep Moribund Weak

P
er

ce
n
ta

g
e 

(%
)

Date

OTU1 OTU2 OTU3

OTU4 OTU24 OTU25

OTU110 OTU161 Other

(g:Vibrio) (g:Pseudomonas)        (c:Bacilli)

(p:Bacteroidetes)  (g:Serratia)                  (g: Vibrio)
(g:Psychromonas) (g:Serratia)



 

 

73 

 

 

 

Figure 3.10: Bacterial composition using Bray Curtis dissimilarities of the V4 region of the 16S 

rRNA gene rarified to 9150 reads. Ellipses indicate 95% confidence intervals for each cluster.   
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3.3.7 Quantification of Vibrio aestuarianus 

Vibrio aestuarianus abundance was quantified by qPCR using species-specific primers 

designed to amplify the recA gene. An example amplicon (5´ TCTGACGATTCCGGGCCATA 

GACTTCAACAATACGNCCCATTGGTAAGCCACCAGCACCCAATGCAATATCCAGAG

AAAGTGAACCAGTAGAGATGGTTTCAACATCCATCGTACGGTTATCACCTAGGCGCA

TGATCGAACCT 3´) was sequenced following the methodology in chapter 2, and had 99.3% 

nucleotide identity with V. aestuarianus (GenBank: AJ580855.1) and 90.9% identity to the next 

closest match, V. scophthlami (GenBank: CP016307.1). The standard curve had the equation y=-

3.308x + 44.388, R2=0.991, and an amplification efficiency of 1.006. Twenty four of 144 

samples were above the limit of detection of 1.78 log10 cells ng-1 of DNA, which was the lowest 

detectable concentration in the standard curve (Fig. 3.11). The concentration of V. aestuarianus 

was highest in moribund oysters and was elevated during periods of observed mortality from 

July 30 to September 17. 

  

https://www.ncbi.nlm.nih.gov/nucleotide/AJ580855.1?report=genbank&log$=nucltop&blast_rank=1&RID=4PZF2JVG016
https://www.ncbi.nlm.nih.gov/nucleotide/CP016307.1?report=genbank&log$=nucltop&blast_rank=13&RID=4PZF2JVG016
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Figure 3.11: Quantitative polymerase chain reaction results for juvenile Pacific oyster gill tissue. 

Group averages are shown with gray bars. Four moribund and two weak individuals were 

collected during the mortality event on August 12, 2018. The red point is from the same oyster 

with a mixed microbial infection shown in Figure 3.8. 
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3.3.8 Phytoplankton 

Rhizosolenia setigera was the most abundant potentially harmful phytoplankton species 

present in Baynes Sound in 2018, with an average of 476 ± 35 cells ml-1 across all samples (Fig. 

3.12). Other potentially harmful species present in samples were Alexandrium spp., Heterosigma 

akashiwo, Dichtyocha speculum, and non-skeletal Dichtyocha. The average concentration of 

phytoplankton collected was 3,500 ± 1,000 cells ml-1. 
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Figure 3.12: Concentration of the most abundant species per samples and all potentially harmful 

plankton species detected at 5 m depth in Metcalf Bay. 
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3.4 Discussion  

3.4.1 Effect of Stocking Density  

In the present study there was a negative relationship between stocking density and size, 

reproductive effort, and mortality of oysters. Similarly, Chávez-Villalba et al. (2010), working 

with various densities (25 to 600 oysters tray-1) of Pacific oysters in a subtropical lagoon in 

Mexico, showed reduced somatic growth at their highest tested density. Interestingly, they did 

not observe a significant effect of stocking density on Pacific oyster survival, showing that they 

can be grown in densities as high as 600 oysters tray-1 with no ill effects on survival. The density 

effects on survival in these two studies are, at first, counter-intuitive, but are most likely 

explained by the following. Field observations suggest that reducing food availability with 

higher stocking densities will reduce gonad development (Royer et al., 2008; Chávez-Villalba et 

al., 2010), which will reduce physiological stress associated with reproduction. Combined, these 

two field studies on Pacific oyster density manipulation provide evidence that limiting food 

availability may indirectly reduce mortalities through a reduction in oyster growth and 

reproductive effort. Observations from controlled laboratory studies on Pacific oysters confirm 

this hypothesis, with increased food availability causing significantly higher summer mortalities 

(Lipovsky and Chew, 1972; Delaporte et al., 2007). From a practical commercial perspective 

there are likely more effective methods of limiting food availability than by altering the culture 

density of oysters. For instance, lowering the shellfish below the chlorophyll maxima in the 

water column before gametogenesis begins could reduce both food availability and temperature, 

which may be an effective way of reducing summer mortalities of Pacific oysters. 
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3.4.2 Environmental Factors 

The May temperature spike can be defined as a marine heatwave since it had more than 

five consecutive days above the 90th percentile for the 30-year historical dataset collected at 

Chrome Island (Hobday et al., 2016). There was no observed mortality at that point, which could 

be due to the small size and very little gametogenesis observed in the oysters during May. High 

water temperatures (>19°C) occurred at the end of July and coincided with the onset of summer 

mortality. Elevated temperatures can increase the proliferation and virulence of pathogens while 

simultaneously increasing physiological stress and susceptibility of the hosts (Malham et al., 

2009; Kimes et al., 2012; Wendling et al., 2014; Solomieu et al., 2015). Mortalities of the 

juvenile oysters occurred during a period of rapid growth with an increase in shell size of 320% 

between May 11 and July 30. This was their first summer of gametogenesis, with most oysters 

developing gonads between May 23 and July 30. The correlation of oyster growth and 

reproductive development with the susceptibility of Pacific oysters to infection by opportunistic 

pathogens and increased summer mortality has been previously described (e.g. Cotter et al., 

2010; De Decker et al., 2011; Wendling and Wegner, 2013). The observed accumulation of V. 

aestuarianus and OTU1 during the mortality event in the present study was likely a result of 

increased host susceptibility associated with elevated temperature, rapid growth, and the onset of 

gametogenesis. No other observed environmental factors in this study were outside of the 

optimal range for Pacific oyster health. 

Handling effects throughout this experiment may also have contributed to mortality. For 

example, the data collection conducted on July 30, at the onset of the mortality, took two hours 

to complete with an average air temperature of 36.8ºC – however, how well the rapid warming of 

the temperature probe reflects the warming of oyster tissue and liquor is unknown. The LT50 of 
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Pacific oysters has been reported as 1 hr exposure to 42.3ºC (Shamseldin et al., 1997). 

Scheduling industry handling practises for cooler periods of the day may mitigate some of the 

observed mortalities.  

 

3.4.3 Bacterial Composition and the Occurrence of Vibrio aestuarianus  

Amplicon sequencing of the V4 hypervariable region of the 16S rRNA gene 

demonstrated a reduction in diversity of OTUs and an increase in OTU1 associated with elevated 

mortalities. A reduction in microbial diversity is commonly associated with a diseased state 

(Kamada et al., 2013) and has been observed in Pacific oyster summer mortalities (Lokmer and 

Wegner, 2015; Green et al., 2019; King et al., 2019a, 2019b). Evidence from terrestrial 

vertebrates suggests microbiomes can protect the host from colonization by pathogens (Kamada 

et al., 2013). In Pacific oysters, bacterial taxa can provide protection or promotion of OsHV-1 

infections, suggesting that the microbial composition plays a significant role in disease-resistance 

and progression (King et al., 2019c). Lokmer and Wegner (2015) demonstrated that the 

composition of healthy Pacific oyster microbiomes changes significantly with temperature, but 

not a challenge with a virulent Vibrio sp. alone. Similarly, a study with a simulated marine 

heatwave of Δ5ºC resulted in a cumulative Pacific oyster mortality of 77.4% over six days, a 

reduction in microbial diversity, and a 324-fold increase in V. harveyi concentration (Green et 

al., 2019).  

OTU1 shared 99.7% nucleotide similarity with V. aestuarianus, based on NCBI BLAST, 

and when viewed in respect to the qPCR results, there is strong evidence that it is V. 

aestuarianus. Characterization of Vibrio communities based on 16S rRNA gene high-throughput 

sequencing has provided researchers confidence in differentiating V. aestuarianus from other 
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Vibrio spp. (Jesser and Noble, 2018). The V4 hypervariable region is likely the optimal sub-

region of the 16S rRNA gene to study bacterial phylogenies (Yang et al., 2016). Due to the 

structural importance of the 16S rRNA gene product, however, the rate of nucleotide change is 

much lower than protein-coding genes (Ochman and Wilson, 1987). The substitution rate for 16S 

and 18S genes is roughly 1% per 50 million years, whereas the silent substitution rate for 

protein-coding genes is approximately 0.7–0.8% per million years; this increased nucleotide 

variability for the latter allows for more effective resolution of closely related taxa (Ochman and 

Wilson, 1987; Jesser and Noble, 2018). Therefore, the resolution of Vibrio spp. could have been 

improved by using a protein-coding gene. The heat-shock protein 60 was recently used for high-

throughput sequencing to characterize Vibrio community ecology (Jesser and Noble, 2018; King 

et al., 2019b). Furthermore, the use of a protein-coding gene could reduce potential bias in 

relative abundance estimates for high-throughput sequencing analysis, which can be associated 

with variable 16S rRNA copy number. For instance, the average 16s rRNA gene copy number is 

9 for the genus Vibrio, but only 3.5 for proteobacteria (Kormas, 2011), suggesting that the 16S 

rRNA high-throughput sequencing assay may have over-estimated the relative abundance of 

Vibrio OTUs in the present study.    

Vibrio aestuarianus was first isolated from seawater, clams, oysters, and crabs along the 

Oregon coast and later reported as a pathogen of Pacific oysters in France (Tison and Seidler, 

1983; Labreuche et al., 2006a). Following the association of V. aestuarianus with Pacific oyster 

summer mortality in France (Garnier et al., 2007), the species was split into two sub-species 

classifications, V. aestuarianus subsp. aestuarianus (Tison and Seidler, 1983) and V. 

aestuarianus subsp. francensis (Garnier et al., 2008). Due to the significance of Pacific oyster 

summer mortality in France, V. aestuarianus subsp. francensis has been well-studied (Labreuche 
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et al., 2006b, 2010; Parizadeh et al., 2018). Like most pathogenic Vibrio spp., the virulence of V. 

aestuarianus to Pacific oysters is strain-dependent (Garnier et al., 2008; Baker-Austin et al., 

2018). Investigations into a highly pathogenic strain of V. aestuarianus subsp. francensis (01/32) 

revealed an extracellular zinc metalloprotease that confers the cytotoxicity and virulence 

(Labreuche et al., 2006a; 2006b, 2010). This metalloprotease induces morphological changes in 

oyster haemocytes, causing reduced function and survival, leading to host immunosuppression.  

In the present study, V. aestuarianus abundance increased in association with observed 

mortalities and declining oyster health. In the histological analysis of oysters that appeared 

healthy from August 12 there were mixed microbial infections in peripheral necrotic tissue, 

although I cannot differentiate between opportunistic and causative pathogens. Further 

characterization of V. aestuarianus strains isolated in this region is required to assess the 

mechanism(s) of virulence and the role of this bacteria in the observed summer mortalities. At 

5ºC, V. aestuarianus can infect oysters with concentrations below detectable limits that can be 

revealed with thermal stress (Parizadeh et al., 2018). This suggests that V. aestuarianus was 

likely present in oysters throughout May and June until favorable environmental and 

physiological conditions developed. 

 

3.4.4 Reproductive Effort 

This study provides evidence for the association of reproductive effort with summer 

mortality. This association has been observed in field studies conducted in other regions of the 

world (Imai et al., 1965; Lipovskey and Chew, 1972; Perdue, 1983; Cotter et al., 2010), as well 

as in laboratory trials (Delaporte et al., 2007; Huvet et al., 2010; Wendling and Wegner, 2013), 

but not for cultivated oysters in coastal waters of BC. At the onset of summer mortality on July 
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30 I observed a GSI of 24%, whereas during the marine heatwave in May, the oysters had a GSI 

of 0.48%. Many summer mortality studies have focused on Pacific oysters in their second 

summer, when they typically have a much higher GSI and summer mortalities (Perdue, 1983; 

Azéma et al., 2016). Mature gametes in Pacific oysters are associated with oyster size, not age, 

and the amount of reproductive effort is a product of food availability (Quayle, 1988; Enríquez-

Díaz et al., 2009). There also appears to be a higher proportion of female oysters associated with 

increased food supply and oyster age (Quayle, 1988). Pacific oysters are protandrous 

hermaphrodites and are thought to all be male for their first summer of reproductive development 

(Pauley et al., 1988). In contrast, I observed a large proportion of females (e.g. 50% on July 30) 

throughout their first summer. A number of studies support the observation that reproductive 

effort has a positive correlation with summer mortality, however, the mechanism by which 

gametogenesis might increase susceptibility is not well understood (De Decker et al., 2011).  

Does gametogenesis increase susceptibility to opportunistic pathogens such as V. 

aestuarianus? The process of gametogenesis may directly reduce immune response of oysters by 

reducing the number of circulating haemocytes (Delaporte et al., 2006). Additionally, De Decker 

et al. (2011) observed that Vibrio splendidus preferentially infects gonad tissue, although I 

observed V. aestuarianus infections in gill epithelium. Gonad tissue may not allow adequate 

haemocyte infiltration to clear developing infections of opportunistic bacteria. The lack of 

observed infection in gonad tissue in my study may be a result of survivorship bias. For instance, 

disease progression could occur more rapidly in gonad tissue, causing liquefactive necrosis.  

Triploid Pacific oysters grow more rapidly than diploids and represent 30% of global 

Pacific oyster production (Suquet et al., 2016). They are often considered partially sterile with 

approximately 0.06% the reproductive potential than diploid oysters (Allen and Downing, 1986; 
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Suquet et al., 2016; Houssin et al., 2019). Their GSI is also significantly lower than diploids 

(Jeung et al., 2016). Suquet et al. (2016) observed gametes in 92.9% of diploid oysters and 

42.0% of triploid oysters. Despite their potentially reduced reproductive effort, Wadsworth 

(2018) observed significantly higher mortalities in triploid Eastern oysters (Crassostrea 

virginica) than in diploids. Comparisons between diploid and triploid Pacific oysters may present 

an opportunity to differentially examine the of role reproductive effort and energy utilization in 

summer mortality (Allen and Downing, 1986). 

 

3.4.5 Conclusion 

This study demonstrated that summer mortalities of 52.9 ± 11.8% can occur during the 

first summer of growth for juvenile Pacific oysters grown in suspended culture in Baynes Sound. 

Under these conditions, I demonstrated an association among the variables of V. aestuarianus 

abundance, elevated water temperature, and rapid growth/gametogenesis that culminated with 

high summer mortality. The positive effect of stocking density on mortality suggests limiting 

food availability could alter Pacific oyster susceptibility to summer mortality (through reduced 

reproductive effort). Improved understanding of oyster energetics during periods of 

gametogenesis may identify improved management strategies for oyster farmers in the region. 
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 Conclusion and Perspectives 

4.1 Summary of Pacific Oyster Summer Mortality in Baynes Sound 

This thesis examined factors that may contribute to Pacific oyster summer mortality 

events in Baynes Sound, BC. The questions initially posed were: 

1) How prevalent are Pacific oyster summer mortalities in Baynes Sound?  

Cumulative mortality of adult Pacific oysters (initial height: 96.0 mm, age: 15 months) grown in 

the intertidal was 22.7% from July 5, 2017 to September 15, 2017 (Chapter 2). Whereas, juvenile 

Pacific oysters (initial height: 14.2 mm, age: 8 months) grown in suspended culture had a 

cumulative mortality of 52.9 ± 11.8% from May 11 to September 17, 2018 (Chapter 3). 

2) What potentially pathogenic Vibrio spp. are present during the observed mortalities and 

are they more abundant during periods of mortality? 

Culturing and sequencing the recA gene in 2017 suggested that a number of potentially 

pathogenic Vibrio spp. are present in Pacific oysters that have not previously been described for 

this region.  Quantification of V. aestuarianus with qPCR and high-throughput sequencing of the 

16s rRNA gene showed an increased abundance of V. aestuarianus in oyster gill tissue and a 

decrease in microbiome diversity during periods of summer mortality in 2018.  

3) Are there elevated concentrations of potentially harmful phytoplankton species associated 

with mortality events?  

There were no harmful algal blooms observed in either year, and the abundance of potentially 

harmful species, such as Alexandrium spp. and Heterosigma akashiwo, was far below threshold 

values causing adverse health effects for Pacific oysters. 

4) What environmental factors appear to contribute to the incidence of summer mortality in 

Baynes Sound?  
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There was very limited evidence that any environmental factors were implicated in the observed 

summer mortalities in 2017; however, in 2018 the onset of the mortality event was associated 

with a period of warming and water temperatures above 19ºC.  

 

4.2 Mitigating Pacific Oyster Summer Mortalities 

Future research and development directions should prioritize mitigating mortalities and 

improving outcomes for oyster farmers. Selective breeding, intertidal conditioning, changing 

food availability, and moving farm locations or tray depths are potential mitigative strategies that 

will be discussed in the context of the mechanisms of summer mortality in BC proposed in this 

thesis (Fig. 4.1).  
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Figure 4.1: Hypothesized mechanisms of Pacific oyster summer mortality and potential 

mitigative actions (shown in grey filled boxes). Positive (+) and negative (–) interactions 

between factors are indicated. 
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There is both field (Imai et al., 1965; Lipovskey and Chew, 1972; Perdue, 1983; Cotter et 

al., 2010) and laboratory (Delaporte et al., 2007; Huvet et al., 2010; Wendling and Wegner, 

2013) evidence demonstrating that by limiting food availability, growers could reduce oyster 

reproductive effort and correspondingly reduce the impact of summer mortality (Fig. 4.1). 

Increasing oyster culture density is one option to reduce food availability, but this strategy is 

limited by space; even in the highest density of 600 oysters tray-1, which nearly filled the tray, 

only a small effect was observed. Alternative options, such as increasing culture depth below the 

chlorophyll maximum, or transporting oysters to different depths throughout the tidal range 

could also alter the food availability, exposure temperature, and microbial communities. 

There appears to be a critical period during the end of July to mid-August, during the 

hottest days of the year, in which summer mortality typically occurs in Baynes Sound. This 

corresponds to the warmest daily water temperatures recorded in the historic Chrome Island 

dataset. Another mitigation technique would be harvesting before this critical period of elevated 

temperature could reduce the losses. This is not always possible, for example, the oysters studied 

in Chapter 3 incurred summer mortality, but were not marketable due to their smaller shell 

thickness and meat size. Moving farm operations to an area with colder water, lower nutrients, or 

the absence of pathogenic Vibrio spp. could eliminate summer mortality. This presents a number 

of challenges such as increased regulatory barriers, growing times, increased transport, and 

negative social stigma.  

Breeding for Pacific oyster resistance to summer mortality has had promising results in 

France with realized heritabilities above 0.55 for survival in each of the first two generations 

(Dégremont et al., 2010). The invasive success of Pacific oysters has been, in part, attributed to 

its ability to rapidly develop resistance to local Vibrio spp. (Wendling and Wegner, 2015).  This 
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may contribute to the lack of reported summer mortalities in farmed oysters derived from wild 

populations in BC. Most of BC hatchery produced Pacific oyster seed may have originated from 

the Molluscan Broodstock Program, based out of Oregon State University. This program 

increased oyster growth rates and survival under standard operating conditions free of summer 

mortality (de Melo et al., 2016). The genetic background of oysters grown in Baynes Sound and 

how it may influence summer mortalities it is not well understood. This knowledge gap could be 

addressed by comparing and contrasting the summer mortalities of wild set s and hatchery 

produced Pacific oyster in BC aquaculture. 

Future research could focus on better understanding the mechanisms of summer 

mortalities through controlled laboratory work. Whole genome sequencing of V. aestuarianus 

strains from Baynes Sound would allow for a more thorough comparison with other regions. It 

would also be informative to examine the differences in immune response and disease 

progression between oysters cultured in suspended and intertidal culture. There is evidence that 

the elevated nutrients in suspended culture contributes to higher mortalities (Imai et al., 1965; 

Lipovskey and Chew, 1972; Perdue, 1983; Cotter et al., 2010; Delaporte et al., 2007; Huvet et 

al., 2010; Wendling and Wegner, 2013); however, the intertidal temperatures (both maxima and 

daily variability) are much higher than in suspended culture (Fig 4.1). Additionally, the repeated 

exposure to elevated temperatures and pathogens in May and June experienced by intertidal 

oysters could condition the metabolism and immune system of oysters thereby reducing 

mortalities during the July and August heatwaves (Fig. 4.1). These conditions could be simulated 

in a laboratory setting to reduce environmental variability, and provide evidence for the relative 

contribution of temperature, reproductive development, and V. aestuarianus in observed 

mortalities. 
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4.3 Conclusion 

Historically, Quayle (1988) observed that “in British Columbia there [was] little evidence 

of [summer mortalities] in the Pacific oyster since it was first introduced”. This thesis provides 

evidence that summer mortalities of Pacific oysters are occurring in Baynes Sound, BC, and they 

are associated with similar characteristics that have been described in other regions of the world. 

I demonstrated the association of Pacific oyster mortality with elevated water temperature, 

increased reproductive effort, size, and the abundance of V. aestuarianus in Baynes Sound.  
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