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ABSTRACT 
Oysters are ubiquitous and conspicuous components of estuarine systems. They play pivotal 

structural and functional roles, providing an array of ecosystem services of commercial, biological 

and social value. In the Hawkesbury River estuary, NSW, Australia, two oyster species co-occur, 

the endemic Sydney rock oyster, Saccostrea glomerata, and the non-native Pacific oyster, 

Crassostrea gigas, a noxious species occupying a small proportion of the estuary's oyster 

population. In 2004, Queensland Unknown (QX) disease caused by the protozoan parasite, 

Martelia sydneyi, led to catastrophic mortality of cultivated S. glomerata. Industry turned to QX-

resistant strains, which have produced mixed success, and triploid C. gigas which, although 

successful, produce small numbers of fecund diploid offspring which can release larvae, increasing 

pressure upon wild natives. If QX similarly impacts wild S. glomerata, both death and subsequent 

shell degradation could alter the facilitation of biodiversity and assist invasion of faster growing 

Pacific oysters. To identify whether wild S. glomerata have experienced similar mortality to 

aquaculture oysters and to assess changes in invasive C. gigas abundance, this research sampled 

oyster cover, species composition, abundance, size and condition in two key habitats: rocky shore 

and mangrove, along-estuary. Sampling revealed sizeable populations of live natives dominated by 

individuals sufficiently large to have survived QX seasons. Abundance differed between habitats 

but% mortality: size and condition did not, although trends of increasing % mortality and size with 

distance up-estuary were evident. C. gigas abundance was similar to previous estimates. To 

evaluate effects of oyster habitat degradation on biodiversity, using the natural gradient of % 

mortality, oysters and epifauna occupying 100% oyster cover were identified and enumerated at 

sites along-estuary. Epifaunal community structure differed among sites, following an along-estuary 

gradient correlated with live oyster abundance. To separate effects of mortality and shell 

degradation from salinity, habitat structural components {live oysters, dead and degraded shell) 

were manipulated with comparisons against sandstone oyster mimics. Treatments containing a 

component of half shells (greater interstitial spaces and surface area) supported greatest epibiota 

abundance. Matrices comprised solely of live oysters supported fewest species and numbers of 

organisms, perhaps due to filter feeding depleting resources. Oyster analogues supported similar 

diversity to natural assemblages, but could not replicate community composition. This study assists 

in understanding the nature and magnitude of impacts on wild oyster populations subsequent to a 

major aquaculture disease event. It also illustrates the effects of oyster mortality upon associated 

biodiversity, exemplifying the need to maintain live oyster populations to preserve unique biotic 

assemblages. The biological and ecological functions of oysters render this information crucial to 

the preservation of the extensive ecosystem services provided by estuaries and oysters. 



CHAPTER 1 · INTRODUCTION 

Estuaries 
Estuaries are semi-enclosed bodies of water at the confluence of saline-ocean and fresh waters. 

Fresh water derives from catchment runoff, groundwater, and sewage and wastewater discharge. 

Estuaries are highly productive and biologically diverse coastal biomes. Transitions from land to 

sea and fresh to saline waters create ecotones and gradients of complex co-varying 

biogeochemical, hydrographical and physical processes acting on multiple space and timescales 

(e.g. Deeley & Paling 1999; Roy 1984; Roy et al. 2001 ; Ryan et al. 2003). Estuarine gradients 

include temperature, salinity and fresh and saline water inflow, which can vary inter-annually and 

over short time frames, often stochastically and unpredictably·(Costanza, Kemp & Boynton 1993; 

McClusky 1993). For example, Australian rivers experience highly erratic flows and large peak and 

annual floods creating high amplitude variations (e.g. Eyre & Twigg 1997). 

Estuaries produce a multitude of ecosystem services of immense value (Costanza et al. 1997; 

Costanza, Kemp & Boynton 1993; Middleton 1985). Biologically, estuaries support some of the 

world's most productive ecosystems (Costanza, Kemp & Boynton 1993; Kennish 2002). Their 

d'verse habitats, including seagrass meadows, rocky shores, reefs, saltmarshes, sand and mud 

flats serve as nursery grounds for fish (Beck et al. 2001 ), conduits for anadromous, catadromous, 

arnphidromous and potamodrornous species (Marsden & Gehrke 1996; Newell & Barber 1975; Ray 

2005), and feeding and nesting sites for migratory and resident birds (Moverley & Hirst 1999). 

Estuaries form focal points for recreation, culture, heritage, tourism and education (conferring high 

aesthetic and spiritual value). They also provide transport corridors, ports and sites of waste 

disposal (Costanza, Kemp & Boynton 1993; Robinson 2001 ; Smith, Sant & Thom 2001 ). Annually, 

the goods and services provided by estuaries exceed -US$4.1 trillion (Costanza et al. 1997). 

Further background information regarding the nature of estuaries, in the context of the Hawkesbury 

River estuary, NSW is detailed in Appendix 1. 

Oysters 
Oysters are important contributors to the biological, economic and social value of estuaries (Coen 

et al. 2007; Coen & Luckenbach 2000; Coen, Luckenbach & Breitburg 1999; Costanza et al. 1997; 

Dame 1996; Newell 2004; NRC 2004). These filter feeding organisms form complex three 
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dimensional biogenic structures that play pivotal ecological roles in energy flow, nutrient cycling, 

trophic dynamics and species interactions (Coen & Luckenbach 2000; Gutierrez et al. 2003; Newell 

2004). 

The ecological value of oysters 

The ecological value of oysters is derived from the broad array of ecosystem services they provide. 

These include water filtration, biodeposition, carbon sequestration, habitat stabilisation, landscape 

diversification and the provision of food and habitat to invertebrate and vertebrate organisms 

(Grabowski & Peterson 2007). Oysters provide substrate for attachment, sites for feeding, and 

refugia from abiotic stress, competition and predators (e.g. Crain & Bertness 2006; Grabowski 

2004; Hastings et al. 2007). They also constitute a prey resource throughout their life history as 

gametes, planktonic larvae and sessile adults. As a consequence, they support 'resident, transient 

and seasonal organisms including parasites, microorganisms, algae, macrofauna, fish and 

crustaceans (Boudreaux, Stiner & Walters 2006; Lenihan et al. 2001; Nocker, Lepo & Snyder 2004; 

Rodney & Paynter 2006; Thomsen, Silliman & McGlathery 2007; Wells 1961 ; Winstead, Volety & 

Tolley 2004), many of which are commercially valuable. 

Oysters graze phytoplankton by filtering large volumes of water. Depending on environmental 

factors, a single adult oyster can pump up to 457 litres per day (Galtsoff 1964). This proces~ exe1is 
considerable top-down control on the amount of suspended organic carbon, phytoplankton (Chi a) 

and solids (Newell 2004). As a result, oysters can reduce eutrophication and phytoplankton blooms 

(Cereo & Noel 2007; Cloern 1982; Newell et al. 2007; Officer, Smayda & Mann 1982), improving 

water clarity by reducing turbidity, which increases light penetration to the benthos, boosting the 

growth of aquatic vegetation (Newell & Koch 2004; Peterson & Heck 1999; Porter et al. 2004). 

Oysters process seston. Undigested and other waste materials are excreted into the water column 

as nutrients or compacted within the oyster and expelled as aggregates in the form of faeces or 

pseudofaeces (Galtsoff 1964; Haven & Morales-Alamo 1966). These pellets are 'biodeposited' onto 

sediments, settling between seven and 40 times faster than would occur through natural 

sedimentation (Haven & Morales-Alamo 1966; Widdows et al. 1998). Biodeposition in the form of 

faeces and pseudofaeces transfers energy from the water column into the benthos. This shunting 

of energy creates a biodeposit fuelled food web. Organisms are benefitted directly, providing 

nutrients taken up by submerged aquatic vegetation (Peterson & Heck 1999) or grazed upon by 

deposit feeders (Baird & Ulanowicz 1989; Dame 1999; Gergs & Rothhaupt 2008; Haven & Morales-
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Alamo 1966), and indirectly, by providing forage for higher trophic predators (e.g . Peterson, 

Grabowski & Powers 2003; Zimmerman et al. 1989). Biodeposition can also have negative effects. 

For example, the 'overloading' of biodeposits (Mitchell 2006) can result in sediment anoxia (e.g. 

Newell 2004; Nugues et al. 1996). 

Much of the literature regarding the influence of oysters on filter feeding and material fluxes in the 

environment is based upon laboratory studies in closed systems using single oysters, either alone 

(e.g. Galtsoff 1964) or grouped (Harsh & Luckenbach 1999), rather than in tight clusters of diverse 

size classes as often found in the wild. Field studies are few (e.g. Boucher & Boucher-Rodini 1988; 

Dame & Libes 1993) and generally investigate closed systems (Dame et al. 1992) or utilise flumes 

or closed apparatus (e.g. Asimus & Asimus 1991; Boucher & Boucher-Rodoni 1988). Reliable in-

field measurements in dynamic estuarine systems are difficult. Field techniques are continua.lly 

being developed and refined (e.g. Newell 2004). Results are often extrapolated from mathematical 

models (e.g. Cereo & Noel 2007; Newell & Koch 2004; Ulanowicz & Tuttle 1992) which over-

simplify systems. Further, research tends to be conducted in the United States using commercially 

valuable species (e.g. Crassostrea virginica) , often assessing commercially marketable size 

classes rather than all those of ecological relevance (e.g. Luckenbach et al. 2005). 

Oyster responses differ between species and vary with environmental characteristics such as 

temperature, salinity, water flow, biota and sediments (e.g. Dame 1999; Galtsoff 1964; Kennedy & 

Breisch 2001, Newell 2004). Australian estuaries possess unique characteristics (Eyre 1988; Roy 

et al. 2001; Wolanski & Collis 1976) necessitating estuary specific studies. Thus the application of 

previous results to different water bodies requires knowledge and comparison of site specific 

parameters (e.g. Coen, Luckenbach & Breitburg 1999; Officer, Smayda & Mann 1982) and in-field 

replication of experiments (e.g. Coen & Luckenbach 2000). 

The biodiversity supported by oysters may be associated with shell rugosity, the architecture of 

oyster clusters, oyster biology (e.g. shell composition, filtration and biodeposition) or a complex 

interaction between some or all of these elements. Brumbaugh et al. (2005) report that one m2 of 

oyster habitat can provide -50 m2 of surface area in cracks, crevices and other topographical 

features. Previous studies documenting colonisation of live, dead and mimics of biogenic habitat 

suggest that habitat provision may primarily be determined by physical rather than biological 

properties and can therefore be reproduced by artificial means (Crooks & Khim 1999; Palomo et al. 

2007; Tolley & Volety 2005). Nevertheless, other studies have demonstrated using mimics that the 
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biology of filter feeders can influence the structure of associated assemblages (Boudreaux, Stiner & 

Walters 2006; Norling & Kautsky 2007). The elements provided by oysters critical for other species 

(e.g. interstitial spaces, shell-surface characteristics) require additional in-field research (e.g. Coen, 

Luckenbach & Breitburg 1999). This is especially true if oyster habitat restoration programs are to 

re-establish associated biodiversity (Breitburg et al. 2000). Local studies are necessary to expand 

the knowledge in relation to Australian native species. 

The physical relief of oysters, their feeding and respiration influence hydrodynamic processes (e.g. 

Lenihan et al. 2001; van Duren et al. 2006). Oyster reefs operate as natural breakwaters that 

modulate sedimentation rates, stabilise sediments and vegetation, and attenuate wave energy, 

reducing shoreline erosion (e.g . Crooks 1998; McCormick-Ray 2005; Meyer & Townsend 2000; 

Meyer, Townsend & Thayer 1997). Fish and larvae aggregate in the low-flow zones/shadows on 

the down-current sides of oyster reefs (Breitburg, Palmer & Laher 1995) and vertical reefs provide 

refugia elevated above hypoxic bottom waters (Breitburg 1999). 

The economic and social value of oysters 

Humans consume at least 18 species of oysters (Carriker & Gaffney 1996), a valuable source of 

protein, nutrients and minerals (Jones 1926). Oyster shells have been identified in middens created 

by both American Indians (e.g . Coen & Grizzle 2007) and Australian Aborigines (Malcolm 1987). 

Oysters have been harvested throughout history as a source of food and shell, supporting 

shellfisheries, lime and pearl industries worldwide. Shell was used for implements such as fish 

hooks, ornamentation, currency, cultch, and as a supply of lime for use in construction (e.g. Coen 

et al. 2007; Coen & Grizzle 2007; Malcolm 1987; Ogburn, White & McPhee 2007; Recher & 

Hutchings 1992). Oyster culture was first recorded in Roman times (Quayle 1988). Intensive 

farming originated in Japan in the early 1600s (Castagna, Gibbons & Kurkowski 1996). Traditional 

culture methods involved bottom farming of oysters. Dredged or discarded shells were deposited 

on the estuary floor as cultch. Spat was derived from wild stock or, later, often supplemented by 

hatchery bred oyster seed (Castagna, Gibbons & Kurkowski 1996). 

In Australia, commercial production using dredging, hand harvesting and culture commenced 

around 1870 (Nell 2001 ). In NSW in the 1970s, mudworm was responsible for a marked decline in 

Sydney rock oyster production (Nell 1993). To improve production efficiencies and address 

mudworm predation, farmers devised methods using sticks, trays and mesh baskets to elevate 

crops above the sediment (Nell 1993, 2001 ). 
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Globally, approximately 15.5% of animal protein is supplied by fish, 13% of which (2.1 kg per capita 

per annum) is provided by mollusc aquaculture. Many developing countries are dependent upon 

fisheries for an affordable supply of animal protein and nutrients (FAO 2007). Wild fisheries 

resources are fully exploited and aquaculture is increasingly called upon to supplement production 

(NSW DPI 2004b). Aquaculture now generates 43% of world fisheries production and contributes 

US$63.3B to global economies. It directly employs -41 M people, many of whom are women, and 

the majority of workers generally are in developing countries (FAO 2007). In Australia, aquaculture 

is valued at $793M, with edible and pearl oyster production contributing $90.5M and $124M 

respectively (ABARE 2008). 

Appendix 2 discusses further the biology of oysters and the ecosystem services they provide. 

The Sydney rock oyster 
The Sydney rock oyster ( Saccostrea glomerata, Gould 1850, formerly S. commercialis; Anderson & 

Adlard 1994; Buroker, Hershberger & Chew 1979) is native to Australia and New Zealand occurring 

subtidally on sand, and intertidally on rocks, mangroves and artificial structures. Within Australia, it 

is found from Wingan Inlet in Victoria, north along the eastern seaboard to Darwin in the Northern 

Territory (Ferdinandus 1992; Malcolm 198'7; Nell 1993, 2001, 2005). The Sydney rock oyster has 

also been known as the Mangrove oyster, Rock oyster and Commercial oyster (Thomson 1954}. 

The most favourable salinity range for growth and survival of Sydney rock oysters is 29-39 ppt for 

larvae and 25-35 ppt for spat (Nell & Holliday 1988). The optimum range varies according to the 

size and thus the age of oysters, increasing to 20-40 ppt for large spat {Nell & Holliday 1988) and 

adults (Nell & Mason 1991 ). Notwithstanding, adults can tolerate salinities of 15-50 ppt (Nell & 

Gibbs 1986) and, by closing their valves, extremes of five and 55 ppt for up to about a week (Nell & 

Dunkley 1984). Oysters experience stress above 37°C, although they can tolerate temperatures 

topping 42°C for five hours (Potter & Hill 1982). 

Reproduction in Sydney rock oysters generally occurs from late summer (February) to late autumn 

(May), but they are serial spawners, often spawning throughout the year when temperatures 

exceed 20°C, and releasing up to 25M eggs at a time (Kesteven 1941; Malcolm 1987; Nell 1993). 

They grow throughout the year {Honkoop & Bayne 2002); although growth rates vary seasonally 

(Bayne 2002), for example with reproduction (Honkoop, Bayne & Drent 2003; Mason & Nell 1995), 
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temperature (Mason, Reid & Nell 1998) and food availability (Bayne & Svensson 2006). Stocking 

density (Holliday, Maguire & Nell 1991) and tidal height (Troup, Cairns & Simpson 2005) have also 

been found to affect growth rates. Soft tissue mass declines in summer after spawning (Honkoop & 

Bayne 2002; Nell et al. 1994). 

Oyster farming is an important component of the Australian aquaculture industry. In 2006/07 it 

contributed -$75M (ABARE 2008). In NSW, South Australia, Tasmania and Queensland, oysters 

are a key aquaculture product, with production values in 2006/07 of $36.5M, $38M, $16M and 

$535,000.00 respectively (ABARE 2008). The Sydney rock oyster is one of five species of oysters 

farmed nationwide (Nell 2001 ). Even though the contribution of Sydney rock oyster production to 

total oyster production ($90.5M) has declined annually since 2002/03 from 53% to 30% in 2006/07, 

it still contributed $36.5M in value in that latter year (ABARE 2006, 2007, 2008). 

Sydney rock oyster production remains the most valuable fishery to the economy of NSW (ABARE 

2008). In the 1930s, demand, improved cultivation methods and expanded lease areas saw 

mariculture production increase rapidly, attaining a peak in the 1970s (Nell 1993, 2001 ). Production 

declined by more than 40% in the 1990s (Nell 1993) due to a range of causes, predominantly 

disease. There was also a change in consumer demand subsequent to the introduction of the non-

native Pacific oyster (Bayne 2002; Hand & Nell 1997; Nell & Hand 2003; Treadwell, McKelvie & 

Maguire 1992) despite the Sydney rock oyster being the preferred edible oyster in raw form 

(McBride, Nell & Easton 1988). 

Threats to oysters 
Oysters and the valuable goods and services they provide are under threat from a variety of local 

and global stressors (e.g. Galtsoff 1964; Kennedy & Breisch 2001; Malcolm 1987; Nell 1993; NRC 

2004; Pauley, Van Der Raay & Troutt 1988). For example, estuaries have become increasingly 

degraded by anthropogenic activities, especially habitat destruction and overfishing (Jackson et al. 

2001; Kirby 2004; Kirby & Miller 2005; Lotze et al. 2006; Rothschild et al. 1994). Many of these 

activities also impact upon water quality which can increase the susceptibility of oysters to disease 

(Lenihan 1999). 

Oyster reefs in the USA were once so abundant that they were considered a navigation hazard 

(Jackson et al. 2001). However, the high commercial and nutritional value of oysters coupled with 

the ease with which oyster reefs could be exploited led to their rapid collapse (Kennedy & Breisch 
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2001; Kirby 2004). Extensive reefs in Chesapeake Bay, USA have been decimated by overfishing 

and destructive fishing practices, especially mechanical dredging (Rothschild et al. 1994 ), a method 

analogous to strip mining (Coen & Luckenbach 2000). Since the late 1800s, oyster habitat in the 

Bay decreased by more than 50%, with oyster biomass reduced to about one percent of original 

stocks (Rothschild et al. 1994). Loss of oyster reefs results in the diminution of filtration capacity, 

which can shift trophic structure to a microbially dominated food web where primary production is 

consumed by bacteria rather than oysters (Jackson et al. 2001 ). 

Oysters have also suffered a long history of exploitation in Australia. The east-Australian seaboard 

was adorned by sub-tidal oyster reefs and intertidal oyster beds covering areas of up to 100,000 

m2. However, sub-tidal reefs were decimated in the 1880s and have not recovered. Intertidal 

populations have been severely reduced and these impacts, in combination , have caused major 

changes in estuarine structure and function (Ogburn, White & McPhee 2007). Extensive mud oyster 

fisheries also existed in South Australia, Victoria and Tasmania. In Tasmania alone, 1.9M oysters 

were landed per year in each of the ten years prior to 1870. By the late 1800s overfishing 

exhausted these fisheries, and attempts in the early 1900s to revive them were unsuccessful (Nell 

2001) . 

In NSW in the 1830s, European colonisers harvested shell from middens which was burned for 

lime. After exhausting these deposits, live oysters were utilised, severely depleting populations 

(Ogburn, White & McPhee 2007; Recher & Hutchings 1992; Recher, Hutchings & Rosen 1998). To 

replenish denuded estuaries, oysters were initially imported from Queensland and then later, when 

these fisheries collapsed, from New Zealand (Kirby 2004). Within a short period of time, sub-tidal 

oyster populations became extinct. Ogburn, White & McPhee (2007) attribute this extinction to the 

translocation of mud worm imported with shipments of oysters from New Zealand. 

Disease and overgrowth by the non-native Pacific oyster, Crassostrea gigas, now an invader of 

many east-Australian estuaries, also represent particular threats to the native Sydney rock oyster. 

Sydney rock oysters suffer from two major diseases: Winter mortality and QX disease. Winter 

mortality is caused by the haplosporidian Bonamia roughleyi (Cochennec-Laureau et al. 2003) 

which targets large oysters resulting in losses of up to 80% (Wolf 1967). The other significant 

pathogen is Queensland Unknown ('QX') disease (Adlard & Ernst 1995; Nell 2005, 2007). In NSW, 

QX has resulted in the collapse of Sydney rock oyster mariculture in the Georges River and 

Hawkesbury River estuaries (Bezemer et al. 2006; Nell 2007). The Pacific oyster is not susceptible 
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to these diseases, providing an opportunity for it to capitalise on the space and resources liberated 

as a result of Sydney rock oyster mortality. 

QX disease 

QX disease was first identified in Queensland, Australia in 1972 (Wolf 1972). It has subsequently 

been detected throughout most east-Australian mariculture estuaries (Adlard & Wesche 2005) from 

Merimbula on the far south coast of NSW (36°53'S, 149°55'E) to Northern Moreton Bay in 

Queensland (27°316'S, 153°25'E) (Adlard & Wesche 2005). Caused by the paramyxean protozoan 

parasite, Martelia sydneyi (Perkins & Wolf 1976), QX disease can become established within a 

single season, recur annually (Adlard & Wesche 2005; Nell 2005) and cause up to 98% mortality of 

oysters (Adlard & Ernst 1995). Infection is typically in summer (December-February; Adlard & Ernst 

1995; Peters & Raftos 2003), with death of oysters usually within 60 days thereafter (Adlard & 

Wesche 2005; Peters & Raftos 2003; Wolf 1979). 

M. sydneyi enters oysters through their gills and palps. It then travels to the epithelia of digestive 

gland tubules via connective tissues where it sporolates (Berthe et al. 2004; Kleeman, Adlard & 

Lester 2002), blocking the gland, thereby causing loss of condition and, potentially, death through 

starvation (Wolf 1979). QX disease is not directly transmissible and requires an intermediate host. 

The polychaete worm, Nephtys australiensis, has been implicated in the life cycle of the parasite 

(NSW DPI 2008b). M. sydneyi infection does not necessarily result in expression of QX disease 

because the organism has been detected in oysters that did not manifest the disease (Adlard & 

Wesche 2005). Independent of age and size, oysters with low phenoloxidase activity (an important 

element of their immune systems) are susceptible to infection (Butt & Raftos 2008; Peters & Raftos 

2003). Environmental stressors (Butt & Raftos 2007), such as decreased salinity (Butt, Shaddick & 

Raftos 2006) and poor food supply (Butt et al. 2007) can inhibit phenoloxidase levels. 

Pacific oyster invasion 

The Pacific oyster ( Crassostrea gig as, Thunberg 1793) is a cosmopolitan species (Ruesink et al. 

2005), with a broad environmental niche (Chew 1990; Coleman 1996; Mitchell, Jones & Crawford 

2000; Pauley, Van Der Raay & Troutt 1988; Quayle 1988). This Japanese native has been 

successfully introduced to many countries throughout the world, often intentionally to establish an 

industry or augment local stocks (Andrews 1980; Chew 1990; NRC 2004; Ruesink et al. 2005; 

Shatkin, Shumway & Hawes 1997). It displays fast growth, high yield and is readily cultivated 

(Holliday & Nell 1990; Wolf & Medcof 1974). 
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The introduction of Pacific oysters into Australia was propounded by the Commonwealth Scientific 

and Industrial Research Organisation (CSIRO) in the 1930s to supplant the overharvested native 

mud oyster, Ostrea angasi (Holliday & Nell 1990; Thomson 1952; Wolf & Medcof 1974). In the late 

1940s, Pacific oysters were shipped from Japan to Tasmania and Western Australia. Only those 

introduced to Tasmania successfully spawned and subsequently naturalised (Thomson 1952, 1959; 

Wolf & Medcof 1974). By 1959, Pacific oysters occupied large areas of substrate formerly inhabited 

by the native, prompting efforts to further translocate the species to support fisheries in other areas 

(Mitchell, Jones & Crawford 2000). 

Pacific oysters were identified in NSW in 1967 and soon spread as far north as Moreton Bay, 

Queensland (Holliday & Nell 1985, 1990; Nell 2001) . By 1984, Pacific oysters had become 

established in all Sydney rock oyster growing areas in Port Stephens, possibly resulting from 

deliberate but illegal transplants (Holliday & Nell 1985, 1990; Malcolm 1987). Pacific oysters have 

now been identified in all mariculture estuaries south of that estuary (Nell 2001 ; Nell & Perkins 

2005) . In 1985, the NSW State government, in an endeavour to manage Pacific oysters, declared it 

a noxious fish under the Fisheries Management Act (NSW) 1994 (Nell, Smith & Holliday 1990). 

However, in December 1990, the declaration was reversed in Port Stephens (Bird et al. 1995; 

Holliday & Nell 1990) because the 'overwhelming numbers' of wild broodstock (-2fiM in '1998; Nell 

1993, 2001) rendered control in this estuary uneconomical (Nell & Mason 1991 ). 

Compared to Sydney rock oysters, Pacific oysters are more metabolically efficient due to faster 

ingestion and assimilation of food, and a slower metabolism (Bayne 1999, 2002; Holliday & Neli 

1985, 1990; Malcolm 1987; Nell & Mason 1991). Pacific oysters can also change the size of their 

gills and palps to maintain efficiencies in response to environmental changes (Honkoop, Bayne & 

Drent 2003). In addition, Pacific oysters have greater fecundity than Sydney rock oysters (Mason & 

Nell 1995) and both reproductive effort and reproductive capacity increase with an oyster's size 

(e.g. Bayne, Salkeld & Worrall 1983; Honkoop, Bayne & Drent 2003; Quayle 1988), providing 

Pacific oysters an additional advantage due to their faster growth rate. 

In subtidal and low intertidal habitats, the higher scope for growth of Pacific oysters affords a 

competitive edge by enabling them to over-grow and smother slower-growing Sydney rock oysters 

(Krassoi et al. 2008). In New Zealand, Pacific oysters dominated the native oyster within six years 

of introduction (Holliday & Nell 1985). Compared to the native, however, Pacific oysters are less 

able to deal with high temperatures and desiccation stress (Medcof & Wolf 1975; Wolf & Medcof 
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1974). After emersion from water, Pacific oysters gape and die faster than Sydney rock oysters 

(Bird, Arnold & Holliday 1990; Bird et al. 1995; Nell & Mason 1991 ). Consequently, at high intertidal 

elevations, Sydney rock oysters are able to withstand the non-native. Moreover, Pacific oysters 

have thinner and lighter shells (Holliday & Nell 1985) and wider gape (Pollard & Hutchings 1990), 

increasing the risk of predation. Estuary specific studies are required because invasion success in 

different environments depends on the ability of existing species to resist invaders and the 

autecology of the invading species (Ruesink 2007). 

The Hawkesbury River estuary 
The Hawkesbury River estuary (33°34'S, 151°18'E) is located approximately 35 km north of 

Sydney, NSW, Australia. Historically, it has been among the largest oyster producing estuaries in 

NSW. A drowned river valley with a single unconstricted mouth deeply incised into a Triassic 

Hawkesbury sandstone plateau, the estuary experiences microtidal, semi-diurnal tides (Cowell 

1999) with a maximum range of 1.92 m (Hughes, Harris & Hubble 1998) and a humid temperate 

climate (Conybeare 1976). Rainfall is episodic, influenced by orographic effects, namely proximity 

to the ocean and mountains. There are also large annual and seasonal variations in falls resulting 

in wet years or frequent droughts (Pollard & Growns 1993; SPCC 1983; Warner 1999). Mean 

annual rainfall is 775 mm, with 70-100 mm/month in summer and autumn, with falls decreasing by 

about half in winter and spring (Martens 1993). The Hawkesbury River forms part of the 

Hawkesbury-Nepean River system. It originates below the Grose River confluence and flows 

approximately 140 km to the Pacific Ocean at Broken Bay (Conybeare 1976; Scholer 1974; SPCC 

1983). 

Landscape elements of the estuary vary from steep valleys lining deep alluvial channels to tidal 

mud flats and coastal bays. Plant communities comprise sclerophyll woodlands, mangrove and 

eucalypt forests, salt marshes and tree, shrub and herb swamps. Although affected in various ways 

by human activities, a large proportion of the Hawkesbury-Nepean catchment retains its original 

vegetation (SPCC 1983). The waterway attracts 96 species of waterbird (NSW DUAP 1996a), 

supports 164 finfish species {Pollard & Growns 1993) and provides habitat for more than 2000 

species of native plants (Recher & Hutchings 1992), at least 130 of which are native wetland 

varieties (NSW DUAP 1996a). 

The estuary and its flora and fauna remain under constant pressure from human activities (Gehrke, 

Astles & Harris 1999; Gehrke & Harris 1996; NSW DUAP 1996a; NSW EPA 1993; Pollard & 
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Growns 1993; Wolanski & Collis 1976). The region bounding the estuary contains approximately 

40% of the built up and rural settlements of the Hawkesbury-Nepean basin (Laut, Marston & Cuddy 

1995). Housing is generally low density, clustered with other cultural elements such as bridges, 

railway infrastructure and marinas, along transport corridors including the waterway (NSW DUAP 

1996a, 1996b). Extensive modification to the estuary has occurred through habitat destruction and 

fragmentation, species introductions, alterations to flow regimes, eutrophication, pollution and 

siltation, all of which negatively impact upon biota (Pollard & Growns 1993; Recher & Hutchings 

1992; SPCC 1983; Warner 1999). 

Human populations in the region have been projected to increase by 32% in the 30 years to 2021 

(NSW DUAP 1996a), perhaps to a level which is unsustainable (Jones & Pearson 1994). Further, 

the estuary is ln close proximity to the cities of Sydney and Gosford increasing the human demands 

upon it (Conybeare 1976). The expansion of human populations in the Hawkesbury-Nepean 

system, coupled with ready access to the region by large populations of nearby cities are causative 

elements in historical patterns of decline (Gehrke, Astles & Harris 1999; Recher & Hutchings 1992). 

Catchment remediation, development regulation and updated or new sewage treatment plants are 

measures which are being implemented, in combination with water quality monitoring, to address 

pressures exerted by expanding populations (e.g. HSC 2008). 

Further review of the estuary and its relationship with the Hawkesbury-Nepean River system is set 

out in Appendix 1. 

The Hawkesbury River oyster industry 

Prior to human colonisation, the Hawkesbury estuary supported vast areas of mud oysters and 

Sydney rock oysters. Aborigines who inhabited the area for 20,000-30,000 years (NSW DUAP 

1996a) consumed these oysters (Ogburn, White & McPhee 2007; Recher & Hutchings 1992) and 

discarded the shells in middens (Recher & Hutchings 1992; Recher, Hutchings & Rosen 1998). 

Colonial Australians recognised the value of the estuary for oyster production. Sydney rock oyster 

mariculture in the Hawkesbury commenced in the early 19th century (Recher, Hutchings & Rosen 

1998) and expanded, elevating the estuary to a significant State producer. For the period 1937-

1995, it ranked fourth out of the top 15 oyster producing estuaries in NSW and increased to the 

second largest producer for the period 1995-2000 (HRC NSW 2003). However, in recent times, the 

estuary's aquaculture industry has experienced outbreaks of QX disease. Disease epizootics were 
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detected in the Hawkesbury in 2004, having established within a single season (Adlard & Wesche 

2005; NSW DPI 2004a). The greatest prevalence (and thus oyster mortality) was apparent 

upstream, associated with low salinity (Butt & Raftos 2007). Within two years, the disease 

completely devastated mariculture of Sydney rock oysters, repositioning the estuary from the 

State's second in 2003/04 to the 19th largest producer of 19 audited estuaries in 2006/07 (NSW DPI 

2007b, 2008a). Before the research detailed in this thesis was undertaken, the impacts of QX 

disease upon wild populations were unknown. Concerns were held that replication of QX effects 

among wild oyster populations may have resulted in large impacts upon the estuarine environment, 

particularly its diverse flora and fauna. 

Strategies for managing the oyster industry 

Oyster farmers are implementing two strategies to re-establish the disease-crippled Hawkesbury 

River oyster industry: ( 1) the culture of Sydney rock oysters selectively bred for disease resistance 

and, (2) the culture of triploid Pacific oysters (MPR 2005; Nell 2007; NSW OI 2006). In 1997, NSW 

Fisheries modified its Sydney rock oyster breeding program to select for resistance to QX disease 

(Nell, Smith & McPhee 2000). Subsequent generations have been selected for both QX-resistance 

and fast growth (e.g. Nell 2001; Nell & Hand 2003; Nell & Perkins 2006) and these are now 

commercially cultured across most NSW estuaries (Nell 2007). Selected oysters are up to 33% 

larger with mortality reduced to between 12 and 20% (NSW DPI 2007a). Despite these successes, 

in the Hawkesbury River estuary, yields are yet to reach commercially sustainable levels (J Stubbs 

pers. comm. 2008). 

Culture of the invasive Pacific oyster has been promoted as a feasible alternative to Sydney rock 

oyster production because they are faster growing (Bayne 1999, 2002; Holliday & Nell 1985; 

Malcolm 1987; Nell & Mason 1991) and not susceptible to QX disease (Berthe et al. 2004; Nell 

2001, 2002). Triploid Pacific oysters have been advocated to ameliorate the environmental risks of 

a non-native introduction because they are 'functionally sterile' (NSW Oi 2006). They are also 

commercially desirable because they display faster somatic growth than both Sydney rock oysters 

and diploid conspecifics by investing less energy into gamete production (Nell 2002). 

Triploidy can be induced by chemical or physical treatment or by crossing tetraploid males and 

diploid females (Nell 2002). Triploid production methods are not, however, failsafe, producing a 

small percentage of diploid offspring (Guo & Allen 1994; Nell 2002; Shatkin, Shumway & Hawes 

1997) which may disperse larvae into the wild increasing the pressure upon wild populations 
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already vulnerable to QX. Guo & Allen (1994) estimated that the relative fecundity of triploid 

females is approximately two percent. With Pacific oysters being renowned for their high fecundity, 

producing 20-1 OOM eggs in a single spawning (Heral & Deslous-Paoli 1991; Quayle 1988), the 

culture of Pacific oysters entails significant ecological risk of facilitating the spread and proliferation 

of this invasive pest. Expansion of wild populations of the non-native is also of concern given the 

potential for the faster growing exotic to overgrow Sydney rock oysters and modify trophic 

interactions, rates of benthic-pelagic coupling and habitat structure. Risks may be magnified 

because natural systems suffering anthropogenic disturbance may be more susceptible to invasion 

(Cohen & Carlton 1998). 

Appendix 3 addresses in further detail the issues confronting oyster farmers in the Hawkesbury 

River estuary. 

Research objectives 
QX disease has caused catastrophic mariculture losses of Sydney rock oysters in the Hawkesbury 

River estuary leading to the collapse of this fishery. However, the impacts of QX disease upon the 

estuary's native and invasive wild oyster populations and the important ecosystem services they 

provide are unknown. 

The first objective of this research was to determine the impact of QX disease upon wild 

populations of the native Sydney rock oyster and the invasive Pacific oyster in key habitats of the 

estuary. This aim is addressed in Chapter 2, which comprises a manuscript submitted to the 

Journal of Shellfish Research. The manuscript has been reviewed, comments of reviewers 

addressed, and resubmitted. 

The second objective of the research was to ascertain how the death of oysters and subsequent 

degradation of oyster shell impact upon the community structure of organisms associated with 

oyster habitat. This information is necessary to assess changes to biodiversity and redundancy in 

the provision of ecosystem services by oysters in the event that QX disease mortality in wild stocks 

is equal to that in experienced in mariculture. This objective is addressed in Chapter 3, which draws 

upon the information presented in Chapter 2 and examines further the relationship between the 

structural complexity of oyster matrices and associated communities of epibiota. It forms a 

manuscript submitted to the Journal of Experimental Marine Biology and Ecology. 
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The Hawkesbury River estuary possesses significant commercial, cultural and ecological value. 

Demands by humans for places of recreation, water supply and industry continually pressure this 

system. Its proximity to major town centres amplifies its resource value but also increases its 

vulnerability. Oysters influence the ecological processes of estuaries. Impacts to oyster populations 

can generate negative feedback loops, decrease filtration capacity and thus water quality, and 

create cascading effects upon the communities of organisms they support. Therefore knowledge 

about the ecological value of oysters is essential to preserve and enhance estuaries and their 

diverse floral and faunal communities for future generations. This research expands that knowledge 

by delimiting the status of oyster populations in the Hawkesbury River estuary and by identifying 

the role that live native Sydney rock oyster populations play in structuring communities of 

associated organisms. 
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CHAPTER 2 

Status of wild oyster populations in the Hawkesbury River, NSW, Australia, 

following QX mortality of cultured oysters 

This chapter comprises a copy of the manuscript submitted to the Journal of Shellfish Research. 

For the purpose of this thesis, the Reference List has been removed and the references 

incorporated into the separate References section of the thesis commencing at page 100. 
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15 ABSTRACT Aquaculture of the native Sydney rock oyster, Saccostrea glomerata, 

16 in the Hawkesbury River estuary, NSW, Australia recently collapsed due to QX disease. 

17 This, coupled with increasing aquaculture of the QX-resistant non-native Pacific oyster, 

18 Crassostrea gigas, raises questions as to the status of this estuary's substantial wild 

19 populations. Oysters were sampled in key habitats (mangroves and rocky shores) interspersed 

20 along the river to assess (i) whether the mortality of cultured oysters was reflected in these 

21 natural populations and, if so, (ii) whether freed resources facilitated C. gigas invasion. 

22 Sampling of five sites in each of these habitats revealed that wild S. glomerata remain 

23 abundant in the Hawkesbury River with densities averaging 514 m-2 across habitats, with 

24 greater cover on rocky shores (58%) than in mangrove habitats (7%). Live oysters accounted 

25 for a high proportion (82%) of total cover in these habitats, with cover due to persistence of 

26 S. glomerata (99% of oysters). Live oyster populations were dominated by oysters that had 

27 settled prior to the most recent QX event. Consequently, predictions of mass mortality of 

28 wild S glomerata and concomitant increases in the invasive C. gigas were not met. The 

29 persistence of sizeable populations of wild native S. glomerata suggests that QX disease in 

30 this estuary has fewer implications for wild populations than for aquaculture. 

31 

32 KEY WORDS: aquaculture, oyster, Crassostrea gigas, Marteilia sydneyi, QX Disease, 

33 Saccostrea glomerata 

34 
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35 INTRODUCTION 

36 Oysters are instrumental in maintaining estuarine health and integrity (e.g. Coen & 

37 Luckenbach 2000, Ruesink et al. 2005). Their filter feeding and biodeposition improve water 

3 8 quality and mediate energy flow, nutrient cycling and flux between the water column and the 

39 benthos (Dame 1999, Newell 2004). Oysters form structurally and functionally complex 

40 habitat that enhances biodiversity and modifies abiotic processes such as deposition and 

41 desiccation (Coen et al. 1999, Gutierrez et al. 2003). Oysters and associated fauna form the 

42 basis of food webs (e.g. Breitburg & Fulford 2006) supporting important organisms such as 

43 economically valuable fi sh species (Breitburg 1999, Peterson et al. 2003). 

44 Oyster populations are increasingly threatened by disease, non-native species and 

45 anthropogenic impacts (Rothschild et al. 1994, Jackson et al. 2001 , Kirby 2004). The spread 

46 and intensification of oyster diseases in the United States, such as MSX and Dermo, has 

4 7 produced well documented declines in native Eastern oyster populations (Powell et al. 2008). 

48 Of particular importance to Australia is Queensland unknown (QX) disease which has 

49 impacted upon native Sydney rock oysters (Saccostrea glomerata, Gould 1850). The disease, 

50 first observed in 1972 in Queensland (Wolf 1972), has been identified throughout 

51 aquaculture leases of east-Australian estuaries (Adlard & Wesche 2005). 

52 QX disease is caused by the paramyxean protistan parasite, Marteilia sydneyi (Perkins & 

53 Wolf 1976), which invades the digestive gland (Kleeman et al. 2002) and causes death by 

54 starvation (Wolf 1979). Infection usually occurs in summer (December-February), and may 

55 be associated with heavy rainfall (Anderson et al. 1994) and low salinity (Butt et al. 2006). In 

56 aquaculture facilities, the disease typically produces oyster losses in excess of 90% (Peters & 

57 Raftos 2003, Butt et al. 2006). 
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58 The Hawkesbury River, New South Wales, Australia, formerly the second greatest oyster 

59 producing region in NSW, has suffered outbreaks of QX disease since 2004 (Adlard & 

60 Wesche 2005). Oyster mortality has been particularly severe in upstream aquaculture leases, 

61 where salinity is low (Adlard & Ernst 1995, Butt & Raftos 2007). Nearly 100% of S. 

62 glomerata culture in the Hawkesbury was lost to QX disease within two years of its first 

63 detection in this estuary (Bezemer et al. 2006, Nell 2007). 

64 Oyster growers in the Hawkesbury and other QX-affected estuaries (Nell et al. 2000) are 

65 currently trialling several different strategies in an attempt to restore the failing oyster 

66 industry (Nell 2007). First, selectively bred QX-'resistant' strains of S. glomerata are being 

67 cultured, but are not yet commercially sustainable (J. Stubbs pers. comm. 2008). Second, 

68 culture of 'sterile' triploid non-native Crassostrea gigas (Thunberg 1793, the Pacific oyster) 

69 has been allowed in this and several other affected estuaries despite the oysters' status as an 

70 invasive pest. C. gigas is not susceptible to QX (Nell 2001 , 2002, Berthe et al. 2004) and 

71 displays a fast rate of growth (Holliday & Nell 1985, Bayne 1999, 2002). Triploid production 

72 methods are not, however, failsafe, producing a small percentage of diploid offspring 

73 (Shatkin et al. 1997, Nell 2002) which may recruit into the wild (e.g. Dew et al. 2003), 

74 increasing the pressure upon native oyster populations already vulnerable to QX. 

75 The high mortality of S. glomerata in aquaculture facilities along the Hawkesbury has 

76 raised concerns as to whether wild stocks are similarly affected and, if so, whether liberation 

77 of resources such as food and space might facilitate invasion by the non-native C. gigas, now 

78 being cultured extensively within the estuary. C. gigas has a broad environmental niche 

79 (Chew 1990) and has successfully established in numerous parts of the world to which it has 

80 been translocated (Andrews 1980, Ruesink et al. 2005). Small populations (accounting for 1-

81 8% of total oyster abundances) have previously been detected in the Hawkesbury River 
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82 (MPR 2005). With faster growth (Holliday & Nell 1985, Bayne 1999, 2002) and high 

83 fecundity (Pauley et al. 1988, Mason & Nell 1995), C. gigas can out-compete S. glomerata 

84 (Krassoi et al. 2008). Replacement of S. glomerata with faster-feeding, more metabolically 

85 efficient C. gigas (Bayne 2002) is of concern due to the potential alteration of oyster 

86 ecosystem services, such as benthic-pelagic coupling, habitat and nutrition (e.g. Cognie et al. 

87 2006, Coen et al. 2007). 

88 Here we present the results of field sampling examining whether: (1) QX mortality of 

89 Hawkes bury River aquaculture oysters has been replicated in the river's wild S. glomerata 

90 populations, and (2) any decrease in live S. glomerata abundance has facilitated C. gigas 

91 invasion. Oyster shells are retained in the environment long after death (Powell et al. 2006), 

92 with shells losing their left valve as they degrade. We use ratios of live oysters to empty but 

93 still at1iculated shells as evidence of recent mortality. Specifically, we predict that in the 

94 event of significant mortality of wild S. glomerata: (1) oyster assemblages will be dominated 

95 by empty but sti1l articulated (box) shells; (2) oyster assemblages, pai1icuJarly those upstream 

96 where aquaculture mortality from QX is greatest (Nell & Perkins 2006~ Butt & Raftos 2007), 

97 will be dominated by new recruits that have settled following the QX season; and (3) 

98 abundance and condition of S. glomerata will decrease with distance upstream. Evidence of 

99 accelerated C. gigas invasion would be provided by large numbers of C. gigas recruits. 

100 Although these patterns may also be generated by processes in the Hawkes bury River other 

101 than QX disease, we consider negligible recent mortality of S. glomerata and oyster 

102 populations comprised of live adults as well as recent recruits as evidence that QX disease 

103 has lesser effects on populations of wild than cultured oysters. 
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104 METHODS 

105 To test hypotheses of QX disease effects on wild oyster populations, we sampled five 

106 rocky shore and five mangrove (mud flats) sites along the Hawkesbury River (33°34'S, 

107 151°l 8'E; Fig. 1 ), NSW, Australia in June 2006. The sites were situated~ 11-26 km from the 

108 mouth of this drowned river valley and, like the estuary's aquaculture facilities , spanned 

109 salinities of 25-34 ppt (Butt & Raftos 2007, Hornsby Shire Council, unpublished data 2008). 

110 Sites were interspersed among the former locations of S. glomerata oyster leases but were 

111 sufficiently isolated from strnctures to avoid confounding. Sites were situated in areas where 

112 QX had been detected among aquaculture oysters (NSW Department of Primary Industries, 

113 unpublished data 2005), with the most westerly sites (mangrove sites 1-3, rock site 2; Fig. 1) 

114 adjacent to aquaculture leases that had experienced greatest (>90%) mortality in 2004 (Butt 

115 & Raftos 2007). 

116 Rocky shore sites were dominated by Hawkesbury sandstone through which the estuary 

117 cuts. Mangrove sites were characterised by Avicennia marina, a species which produces 

118 pneumatophores. Sampling was timed to avoid the peak S. glomerata spawning season <Nell 

119 1993, Mason & Nell 1995), which can introduce variability in tissue condition (Mason & 

120 Nell 1995), and coincided with the season in which the effects of QX disease are greatest 

121 (Kleeman et al. 2002, Adlard & Wesche 2005, Butt & Raftos 2007). 

122 Sampling was done 0.5-1.0 m above ISLW, within the tidal range across which the two 

123 species commonly coexist (Krassoi 2001 ). Within each site, we determined the cover of live 

124 and dead oysters under 100 points of20 randomly placed 0.50 x 0.50 m quadrats. Following 

125 the box count method of Ford et al. (2006) only empty, articulated ('box') valves were 

126 included in counts of dead oysters. Due to morphological similarity between S. glomerata 

127 and C. gigas (Kusuki 1991, Ferdinandus 1992) and conspecific plasticity (Thomson 1954, 
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128 Bayne 2004), destructive sampling was required to discriminate between the two species 

129 (Thomson 1954). Within six randomly positioned quadrats (0.50 x 0.50 min the mangrove 

130 habitat or 0.25 x 0.25 min the rock habitat, where oysters were denser), we removed all 

131 oysters from the substrate. In the laboratory oysters were separated, washed and cleaned of 

132 fouling organisms. Anterio-posterior valve length was measured using digital callipers (±0.02 

133 mm). Oysters were weighed then shucked and identified following the taxonomic key of 

134 Thomson (1954). 

135 Condition indices (CI) were calculated according to the method of Crosby & Gale (1990): 

136 

Dry soft tissue (g) l 00 
CI x ~ 

Valve cavity capacity (g) 1 
137 

13 8 Valve cavity capacity (g) was determined by subtracting dry valve weight (g) from total 

139 weight (g) (Lawrence & Scott 1982, Crosby & Gale 1990). Quadrat data were pooled to 

140 calculate condition indices. To maximise accuracy of cavity capacity calculations, gaping 

141 oysters were excluded (Abbe & Albright 2003). 

142 Spatial patterns in oyster cover, % mortality and CI were analysed using mixed model 

143 ANOVA with the two factors, habitat (2 levels: rock, mangrove) and site (5 levels, nested in 

144 habitat, random). Analyses of length included the additional, fully orthogonal factor, 

145 mortality (2 levels: alive, dead). Differences among means were compared using Student 

146 Newman Keuls (SNK) tests (Underwood 1997). Data were ln(x+ l) transformed where 

147 variances were heterogeneous (Cochran's test). 
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148 RESULTS 

149 In the Hawkesbury River estuary, across sites in its two major habitats, rocky shore and 

150 mangrove, live S. glomerata abundance ranged from 40-13 79 m-2 with an average (± SE) of 

151 514 ± 185 m-2 (Table 1 ). The native represented 99% of all oysters sampled and 82% were 

152 alive. The remaining oysters were C. gigas which were relatively depauperate (9 ± 7 m-2
; 

153 Table 1) and found at only two sites in each habitat (rock sites 1 and 3, mangrove sites 4 and 

154 5; Fig 1. ). Of the C. gigas encountered, 84% were alive and the majority (99%) inhabited 

155 rock. The small numbers of C. gigas identified did not give adequate sample sizes for 

156 analysis of spatial patterns. 

157 Oyster cover varied spatially according to habitat (ANOVA: F 1,8 = 45 .93 , P < 0.01) and 

158 position along the river (ANOVA: F8, 19o = 18.21, P < 0.05; Fig. 2A). On rock, cover ranged 

159 from 5-97%, with a mean of 58 ± 8%. On mangrove habitat, cover was 0-60% (7 ± 2%). 

160 Co' er among rock sites generally decreased with distance upstream (Fig. 2A). 

161 Live S. glomerata on rock significantly outnumbered those in mangroves (ANOV A: F1 ,s 

162 = 5.66, P < 0.05; Table 1), but there was no difference in proportionate mortality between 

163 habitats (.ANOVA: F1,8 = 0.02, P > 0.05; Fig 2B; Table 1). Across the two habitats, box 

164 shells accounted for only 28 ± 10% of oyster assemblages. Instead, proportionate mortality 

165 displayed a weak trend of increase with distance from the estuary mouth and, among rock 

166 sites, was greatest within the creek tributary, rock site l (64 ± 12%; SNK: P < 0.05 ; Fig. 2B). 

167 S. glomerata on mangrove substrate possessed larger Cls than rock counterparts, but this 

168 difference was not significant (ANOVA: F 1,6 = 1.46, P > 0.05 ; Fig. 2C; Table 1). Within rock 

169 sites, CI displayed a weak trend of increase in condition with proximity to the ocean while, 

170 within mangrove sites, the converse pattern was apparent (Fig. 2C). 
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171 The mean shell height of S. glomerata was 28.5 ± 8.0 mm on rock substrate and 23 .0 ± 

172 1.0 mm on mangrove habitat (Table 1 ). Across mangrove sites, the length of live S. 

173 glomerata did not differ (SNK: P > 0.05) while on rock, oysters inhabiting the creek site, 

174 where densities were lowest, were longer than those in each other rock site (SNK: P < 0.05) . 

175 In both habitats C gigas measurements were considerably larger than native counterparts 

176 (Tablel). 

177 
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178 DISCUSSION 

179 Since first detection of QX disease in the Hawkes bury River in 2004, the disease has 

180 produced catastrophic mortality within the S. glomerata aquaculture industry. Our sampling 

181 of two key habitats along the Hawkesbury River ~2 years after detection did not provide 

182 evidence of replication of the QX mortality of cultured S. glomerata among wild stocks. 

183 Further, our results did not support acceleration of C. gigas invasion subsequent to the onset 

184 of QX mortality events. 

185 Two lines of evidence suggest that QX mortality of S. glomerata has not, to date, been as 

186 severe among wild populations as among cultured oysters. First, oyster assemblages were 

187 dominated by live S. glomerata. Following death of oysters, their shells remain a 

188 conspicuous component of assemblages for many years, initially as articulated shells and, 

189 following degradation, as single valves (Powell et al. 2006). In the event of significant recent 

190 mortality of wild S. glomerata, due to QX disease and/or other factors, we predicted that 

191 oyster assemblages would be dominated by dead but still articulated box shells. To the 

192 contrary, dead, articulated boxes accounted, on average, for only 28 ± l 0% of oysters. This 

193 proportion is similar to the 25 ± 4% reported by a prior survey of this section of river in 

194 2004, before detection of QX disease within oyster leases (Miller & Van Senden 2003). At 

195 upstream sites, near aquaculture leases that had experienced >90% QX mortality of oysters in 

196 2004 (Butt & Raftos 2007), dead oysters accounted for less than 30% of wild oyster 

197 assemblages. Greatest wild oyster mortality was recorded in a tributary of the Hawkesbury, 

198 away from these most affected aquaculture leases. 

199 Second, S. glomerata populations contained a wide size range of individuals, indicative 

200 of multiple cohorts and were dominated by established individuals. Had QX disease, which 

201 does not discriminate between size or age classes of oysters, caused significant mortality 
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202 among wild S. glomerata we expected to find assemblages almost solely comprised of 

203 oysters settling subsequent to the previous summer (Jan - Mar) QX event. Our observation 

204 that the mean shell height of S. glomerata was 28.5 ± 8.0 mm on rocky substrate and 23.0 ± 

205 1.0 mm on mangrove substrate suggests substantial numbers of live oysters that had settled 

206 prior to the onset of the most recent QX event. A slow growing species, even under optimal 

207 growing conditions, S. glomerata would take more than a year to reach this mean size (Hand 

208 et al. 1999). 

209 Despite the lack of evidence for widespread and severe mortality of wild S. glomerata, 

210 there was a slight trend for an increasing proportion of box shells with distance from the 

211 estuary mouth. The greater number of boxes at upstream sites is consistent with the 

212 observation of greatest QX mortality of cultured oysters under low salinity conditions (Butt 

213 et al. 2006). Nevertheless, proportionate mortality, as indicated by the proportion of live to 

214 box shells, did not approach the ,....,99% observed in aquaculture. It is therefore possible that 

2] 5 natural along-estuary effects of gradients in sa]inity, tides and hydrodynamics account for 

216 this pattern, which was consistent across the main river channel and a tributary. The mean 

217 condition indices of oysters on each habitat (rock 6.3, mangrove 7.4) was, however, at the 

218 lower end of that reported by local studies on cultured conspecifics (Mason & Nell 1995, 

219 Smith et al. 2000, Butt et al. 2007, Butt & Raftos 2007) and less than an index of 10 

220 recommended for aquaculture (Nell et al. 1994). S. glomerata spawn from February to May 

221 (Mason & Nell 1995) and therefore indices may reflect loss of soft body mass through 

222 reproductive effort (Hand & Nell 1997). 

223 Contrary to predictions that QX mortality of S. glomerata might facilitate invasion of 

224 non-native C. gigas, our results indicated that, at the time of sampling, the invasive 

225 constituted less than 1 % of wild oyster populations. Within rock habitats, where it was most 
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226 common, it had an average density of 17 ± 13 m-2
. These figures are no greater than previous 

227 estimates of the proportionate contribution of C. gigas to Hawkesbury oyster assemblages of 

228 ~ 1-8% (mean density of 24 ± 7 m-2
) from 2004, prior to QX mortality of aquaculture stocks 

229 (MPR 2005). Nevertheless, because, at the time of sampling, triploid C. gigas had only 

230 recently been introduced as an industry restoration strategy, ongoing monitoring is needed to 

231 ensure that the non-native oyster does not become a pest species within the estuary. 

232 Whilst QX has devastated native S. glomerata aquaculture in the Hawkesbury, the 

233 persistence of sizable wild oyster populations contrasts the pattern in other NSW estuaries 

234 subject to QX outbreaks. In the Georges River, QX disease has devastated wild populations 

235 of S. glomerata and facilitated C. gigas invasion in up to 80% of areas (Nell & Hand 2003, 

236 Nell 2007). Differences in the susceptibility of S. glomerata to QX among estuaries, and 

23 7 between cultured and wild stocks, may reflect the role of local stressors (e.g. Peters & Raftos 

238 2003 , Butt et al. 2007) in weakening oyster defence systems. M. sydneyi, the aetiological 

239 agent of QX disease, is known to exist in estuaries where disease outbreaks have not 

240 occurred (Adlard & Wesche 2005). Severe QX outbreaks appear to be associated with 

241 environmental pe1turbations such as high temperature, low salinity, reduced food supply 

242 and/or heavy rain, which suppress the activity of phenoloxidase (Butt et al. 2006, Butt & 

243 Raftos 2007), a critical component of the oysters' defence system (Peters & Raftos 2003, 

244 Butt & Raftos 2008). Within the Hawkesbury estuary, the confinement of widespread and 

245 pervasive S. glomerata mortality to aquaculture may reflect stresses particular to farming 

246 (e.g. high stocking densities, reduced flows) that serve to increase susceptibility to the 

24 7 parasite or allow proliferation of the parasite to disease-causing doses. 

248 The greater susceptibility of cultured than wild oyster populations to QX disease may 

249 also reflect modem grow-out practices. Historically, cultured stocks were principally derived 
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250 from wild recruits (Nell 1993, 2001 , Banks et al. 2006). In recent times the use of hatchery 

251 bred spat has increased (Nell & Perkins 2005) and, in the Hawkesbury River, now exceeds 

252 natural spatfalls as the main supply (Stubbs pers. comm. 2008). It is therefore possible that 

253 wild stocks in some estuaries, in contrast to cultured oysters reared from imported spat, have 

254 naturally selected phenoloxidase characteristics predisposing them to QX resistance (e.g. 

255 NRC 2004). 

256 With the potential for burgeoning human populations to further degrade this already 

257 modified estuary (e.g. NSW DUAP 1996a), ongoing monitoring of oyster populations is 

25 8 required to ensure that appropriate management strategies are established to ensure the 

259 persistence of this important component of the ecosystem. Our sampling of two key oyster 

260 habitats will provide information against which future studies can assess change. 

261 
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269 TABLE 1. Range (mean± SE) of univariate measures of S. glomerata and C. gigas (density, length, percent mortality and 

270 condition indices). 

Rock habitat Mangrove habitat 

S. glomerata C. gigas S. glomerata C. gigas 

Live density 40-1379 m·2 (940 ± 251 m-2) 0-176 m·2 (17 ± 13 m-2) 53-134 m·2 (88 ± 14 m-2) 0-4 m-2 (< l m-2) 

5-88 mm (28.5 ± 8.0 mm) 41 -109 mm 7-63 mm (23.0 ± 1.0 mm) 25-49 mm 

CI 3.3-9.0 (6.4 ± 0.8) * 4.1 -10.5 (7.4 ± 0.5) 10.18-10.24 

Dead density 45-325 m·2 (196 ± 58 m-2) 0-16 m·2 (2 ± 5 m-2) 17-58 m-2 (36 ± 7 m-2) 0 m ·2 

6-91 mm (35.7 ± 8.0 mm) 43 -82 mm 10-59 mm (28.1 ± 1.4 mm) * 
-

%m 3-29% (28 ± 10%) * 23-45% (29 ± 4%) * 

I = anterio-posterior length, % m =percent mortality, CI= condition indices, * = data not available. 

271 
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Figure Legends 

275 Figure 1. Map of Hawkesbury River, New South Wales, Australia showing sites sampled in 

276 rock(•) and mangrove (A) habitats. Site numbers correspond with numbers on bar graphs 

277 (Fig. 2). 

278 

279 Figure 2. Mean (± SE) (A) percent cover, (B) proportionate mortality and (C) condition 

280 indices in rock (white bars) and mangrove (grey bars) habitats. Within each habitat, sites 

281 are ordered from left to right according to increasing proximity to the estuary mouth and 

282 numbered as per Fig. I. N= 5. 
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CHAPTER 3 

Effects of oyster death and shell disarticulation on associated communities of 

epibiota 

This chapter comprises a copy of the manuscript submitted to the Journal of Experimental Marine 

Biology and Ecology. For the purpose of this thesis, the Reference List has been removed and the 

references incorporated into the separate References section of the thesis commencing at page 

100. 
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18 ABSTRACT 

19 

20 Oyster mortality and subsequent degradation of shell matrices influence associated 

21 epibiota by modifying processes of filtration and biodeposition and changing habitat 

22 structure. In the Hawkes bury River, NSW, Australia, QX disease devastated aquaculture 

23 populations of the native Sydney rock oyster, Saccostrea glomerata, and threatens wild 

24 populations, particularly in lower salinity areas. To ascertain effects of oyster mortality on 

25 associated epibiota, we compared epifaunal communities occupying 100% oyster shell 

26 cover among 5 sites along the estuary, ranging from 25 ppt salinity and oyster density of 

27 96 ± 13 m-2, to 32 ppt salinity and oyster density of 3187 ± 233 m-2. The species richness 

28 of epifauna was greatest close to the estuarine mouth, where live oyster abundance was 

29 greatest. Epifaunal abundance, by contrast, generally increased with distance upstream, as 

30 oyster matrices were increasingly dominated by the shells of dead oysters. To ascertain 

3 l the role of live and dead oysters as habitat providers, maintaining salinity and flow 

32 constant, we carried out a manipulative experiment to test the hypothesis that the 

33 epifaunal assemblages that settle over a 4 mo period will significantly vary among 

34 constructed matrices comprised of live, whole dead and/or degraded (single valve) 

35 oysters, or sandstone oyster mimics. Treatments containing a component of half shells, 

36 which increase the availability of interstitial spaces and provide greater surface area for 

37 attachment, supported the greatest numbers of epibiota. Matrices comprised solely of live 

38 oysters supported fewest species and numbers of organisms. Oyster mimics supported 

39 their own array of species but with similar taxa richness and abundance to other 

40 treatments. Results demonstrate that both death and degradation of oysters alters the 

41 structure of associated communities, even where 100% cover of shell matrix is 

42 maintained. Whilst analogues may support communities of similar species richness to 

43 oysters, these communities are of differing composition to those supported by natural 
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44 populations. These results have important ramifications for management strategies and 

45 retaining estuary biodiversity in the event that disease such as QX causes local oyster 

46 extinctions. 

47 

48 Keywords: complexity, mimics, oysters, structure, Saccostrea glomerata 

49 
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50 1. Introduction 

51 

52 Oysters provide biogenic habitat in intertidal and subtidal marine environments 

53 world wide (e.g. Ruesink et al. 2005). Fouling organisms and meiofauna inhabit the pits, 

54 cracks and crevices of shell surfaces (e.g. Gutierrez et al. 2003 ; Wells 1961) and larger 

55 organisms, such as fish and invertebrates, occupy interstices in between (Breitburg 1999; 

56 Coen & Luckenbach 2000). The biodiversity supported by oysters may be a consequence 

57 of their physical structure, their biology or an interaction between these two factors . 

58 Oyster shells increase the availability of substrate for fouling organisms, create refuge 

59 from abiotic and predation stresses and modify hydrodynamic processes (Grabowski 

60 2004; Lenihan et al. 2001 ; Peterson, Grabowski & Powers 2003). Oyster suspension 

61 feeding improves water quality by reducing suspended solids, phytoplankton (Chl a) and 

62 organic carbon (Newell 2004; Newell et al. 2007) and directly affects community 

63 structure through larval predation (Tamburri & Zimmer-Faust 1996). Their biodeposition 

64 shunts energy to the benthos, providing nutrients for deposit feeders (Dame 1999; Haven 

65 & Morales-Alamo 1966) and submerged aquatic vegetation (Peterson & Heck 1999). 

66 Furthen11ore, oysters and associated fauna provide important prey resources for fish and 

67 crustaceans (Bishop & Peterson 2006). 

68 Oyster populations and the biota they suppo1t are increasingly under threat from 

69 over-harvest, habitat destruction, invasive species, disease and declining water quality 

70 (Jackson et al. 2001 ; Kirby 2004; Rothschild et al. 1994). Along the east coast of the 

71 USA, oyster populations, already reduced by over-harvest to 1 % of levels in the 1900s, 

72 are particularly threatened by the spread of the diseases MSX and Dermo (Ford & Tripp 

73 1996; Powell et al. 2008). QX disease, caused by the paramyxean protistan parasite, 

74 Marteilia sydneyi, has recently produced up to 99% mortality of the native oyster, 

75 Saccostrea glomerata in east Australian estuaries (e.g. Adlard & Ernst 1995; Adlard & 
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76 Lester 1996; Adlard & Wesche 2005). These diseases, although typically resulting in 

77 death of oysters, commonly leave behind oyster shell matrices which slowly degrade over 

78 time. The extent to which oyster disease impacts the facilitation by oysters of dense and 

79 diverse communities of organisms will therefore be dependent on the degree to which 

80 community structure is determined by biological and structural properties specific to live 

81 oysters. 

82 Several studies have assessed the importance of biological properties of live 

83 bivalves in determining the structure of associated macroinvertebrate assemblages. Many 

84 of these have documented similar colonisation of mimics, live and dead bivalves (Crooks 

85 & Khim 1999; Tolley & Volety 2005), although this is not always the case (Boudreaux, 

86 Stiner & Walters 2006; Norling & Kautsky 2007). How physical differences in the 

87 structure of entire and degrading oyster shells influences assemblage structure, however, 

88 remains relatively unknown. Oyster shells have a half life of 2-10 years, depending on 

89 rates of erosion, dissolution, breakage and disarticulation (Powell, Kraeuter & Ashton-

90 Alcox 2006). Thus, matrices may continue to provide structurally complex habitat Jong 

91 after oyster death. Nevertheless, because the left and right valves of oyster shells typically 

92 disarticulate within ,.., 12 mo of death (Ford, Cummings & Powell 2006), most dead 

93 oysters will differ structurally from live oysters. This change in shape of individual 

94 structural units and the increasing heterogeneity contained within matrices containing a 

95 mix of degradation states may result in changes to the assemblages supported by oysters. 

96 The Hawkesbury estuary, ,...,35 km north of Sydney, NSW, Australia, is among the 

97 waterways affected by QX disease (Adlard & \Vesche 2005; Butt & Raftos 2007). Within 

98 two years of first detection in this estuary in 2004, QX disease produced catastrophic 

99 losses of cultured S. glomerata (Nell 2007). Previous sampling within the estuary 

100 revealed a gradient of increasing mortality with distance upriver in wild populations of 

101 this native oyster (Summerhayes, Bishop & Kelaher In review). Here we assess the 
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I 02 ramifications of mortality upon habitat provision by S. glomerata. First, we utilised the 

I 03 estuarine gradient of increasing oyster % mortality to assess whether assemblages of 

104 epifauna varied spatially according to the ratio of live to dead oysters. Physical and 

I 05 chemical gradients occur horizontally and vertically within estuaries and can influence the 

106 nature and abundance of organisms. Gradients include wave exposure, tidal amplitude, 

107 current flow, temperature, salinity and turbidity (McClusky 1993). Studies have shown 

108 that the environment influences oyster populations which, in tum, interact with and 

109 influence the environment and its biota (e.g. Lenihan 1999). To separate the effects of 

110 oyster mortality from abiotic gradients including salinity and flow, we then carried out a 

1 l 1 manipulative field experiment to test the hypothesis that colonisation of epibiota varies 

112 with live, whole dead and/or disarticulated oysters. To ascertain the degree to which 

1 13 habitat provision is dependent on oyster shell biological properties, we also included 

114 sandstone analogues in the design. We hypothesised that in the event that effects of 

115 oysters on epibiota are predominantly a result of structure, live and whole dead oysters 

116 will supp01t similar assemblages of epibiota but that disarticulated oysters, which differ in 

117 structural complexity, will support different assemblages. Understanding the mechanisms 

118 by which oysters influence biodiversity is critical if we are to successfully manage 

119 ecological impacts of disease. 

120 
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121 2. Materials and Methods 

122 

123 2.1 Sampling of oyster assemblages 

124 

125 To test the hypothesis that assemblages of epibiota vary spatially according to the 

126 proportion of live to dead oysters, oysters and their associated epibiota were sampled at 

127 five rocky sites along the Hawkesbury River estuary, NSW, Australia (33 °34'S, 151° l 8'E; 

128 Fig. 1) in June 2006. Each site was characterised by steeply sloping sandstone (> 150°) 

129 that was oriented parallel to and along the southern side of the river. The sites had a tidal 

130 range of ~ 1.5 m and spanned salinities of ~25-34 ppt (Butt & Raftos 2007; Hornsby Shire 

131 Council, unpublished data 2008). 

132 At each site, all oysters and associated organisms were removed from within six 

133 0.25 x 0.25 m quadrats, randomly positioned within dense beds with I 00% oyster cover, 

l 34 at 0.5-1.0 m above ISL W. Standardising habitat characteristics and % .. over enabled 

135 among .. site analysis of faunal assemblages. Back at the laboratory, oysters were 

136 separated, washed and cleaned of epifaunal organisms. Oyster size was calculated from 

137 the product of anterio-posterior shell length, dorso-ventral shell height and shell width 

138 (e.g. Katkansky, Sparks & Chew 1967) using digital callipers (±0.02 mm). Organisms 

139 retained by a 1.00 mm sieve were fixed (10% formalin in seawater) and enumerated to the 

140 lowest practical taxon, namely species for molluscs and crabs, morphospecies for other 

141 crustacea, and Phylum for polychaetes. Use of a mixed taxonomic resolution was 

142 necessary due to the poorly documented taxonomy of much of Australia's invertebrate 

143 fauna and the poor condition of polychaetes which were easily damaged during scraping 

144 of the substrate in samples and separation of oysters. Previous studies indicate that such 

145 an approach does not compromise the detection of spatial patterns (Bishop 2007; 

146 Chapman 1998). Some sessile organisms (e.g. sponges, colonial ascidians and bryozoans) 
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14 7 were not enumerated due to their poor condition within the samples. The thick and tightly 

148 clustered nature of oyster cover required each sample to be sacrificed to reliably identify 

149 and count oysters and epifauna and, as a result, precise surface area measurements were 

150 not available. 

151 

152 2.2 Manipulative exp eriment 

153 

154 To test the hypothesis that along-estuary differences in the epibiota supported by 

155 oyster beds were at least, in part, due to differences in the ratio of live to dead oysters and 

156 not just a function of salinity, a manipulative experiment was deployed on a rocky 

157 sandstone shore of the Hawkes bury River (Fig. 1) in December 2007. To incorporate the 

158 various scenarios of mortality and subsequent shell degradation that might be experienced 

159 following a disease outbreak, the experiment included treatments with live oysters, dead 

160 but articulated oysters (shell), dead but disarticulated oysters (I-valve) and mixtures of 

161 these (Table 1 ). To hypothesise about the importance of biological characteristics of 

162 oyster shells, a treatment with oyster mimics fashioned from sandstone boulders sourced 

163 from the estuary was also included. This treatment mimicked the three-dimensional 

164 structure of whole dead oysters while altering surface complexity. Sandstone is abundant 

165 in the estuary. It has been used historically as an aquaculture substrate and is readily 

166 colonised by S. glomerata (Kesteven 1941 ; Malcolm 1987) and other organisms 

167 (Chapman 2002, 2003 ; Glasby 1998). Finally, a control, receiving only glue, allowed us 

168 to assess assemblages supported in the absence of oysters. 

169 Oysters were QX-resistant S. glomerata sourced from Hawkesbury aquaculturists 

170 with anterio-posterior shell lengths ranging from 17-44 mm (mean 27 mm± 0.15; 

171 n=l 050). QX-resistant oysters were necessary so that disease-induced mortality did not 

1 72 change structural characteristics of live oyster treatments by inflating dead oyster 
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173 proportions. Oysters were of sufficient size to survive handling and transplantation, whilst 

174 still representing the size range of wild populations. Whole dead oyster were obtained by 

175 freezing oysters then oven drying them at 40°C. Left valves of oysters were obtained 

176 using the 'heat-shock' method (Quayle 1988), by immersing live oysters in hot water 

177 until they gaped and then removing the right valve and soft tissue. Left valves were then 

178 oven dried at 40°C. 

179 Oysters were deployed in 15 x 15 x 2 cm plastic 12 mm mesh cages along a ~260 m 

180 length of gently sloping intertidal (0.5-1.0 m above ISLW) rocky shore (Fig. 1 ). The mesh 

181 size of cages was sufficiently large to allow colonisation of live and dead oysters and 

182 mimics by invertebrates and algae, whilst small enough to retain any loose oysters and 

183 exclude vertebrate predators of oysters (e.g. Anderson & Connell 1999; Whitlatch & 

184 Osman 1999). Eight rep Ii cate cages of each of the eight experimental treatments (Table 1) 

185 were bolted to the sandstone substrate within patches of 100% oyster cover. To facilitate 

186 attachment, the substrate below each oyster cage was first cleared of all organisms. Cages 

187 were placed 1-5 m apart to ensure spatial independence of replicates whilst minimising 

188 differences in recruitment due to local processes (e.g. Osman & Whitlatch 1999). 

189 Eighty S. glomerata of live, dead or mixed composition were added to each cage. 

190 This density was based on the mean oyster density observed at the study site (S. 

191 Summerhayes, unpubl. data.). Sandstone mimics were deployed at a slightly lower 

192 density (61 per cage, Table 1) as their slightly greater width meant fewer were required to 

193 occupy the same volume as the live and dead oysters. Dead oysters and mimics were 

194 glued to the mesh bases of the cages using a two part epoxy resin (Megapoxy H, Vivacity 

195 Engineering Pty. Limited) that was non-toxic to organisms and suitable for use in marine 

196 environments. To maintain surface rugosity and minimise any glue effects, glue joins 

197 were sprinkled with crushed oyster shell (oyster treatments) or crushed sandstone 

198 (mimics). Live oysters, held in place by the mesh, were allowed to naturally attach to the 
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199 mesh, with an equal amount of glue added to the cage so as to control for any glue effects. 

200 In addition, the experimental design included a control for gluing, where glue was added 

201 to cages as per the experimental treatments, but without the addition of oysters or mimics 

202 (Table 1 ). 

203 Cages were inspected bimonthly until retrieval 4 months later in April 2008. The 

204 presence of biofilms can influence larval settlement (e.g. Tamburri et al. 2008) and 

205 support microphagic herbivores (e.g. Harris et al. 1996). Biofilms had formed on all 

206 treatments within two weeks of first deployment. Upon retrieval, cages were transported 

207 back to the laboratory, where estimates of percentage cover of macroalgal species were 

208 obtained for each by counting occurrences beneath 100 evenly spaced intersection points 

209 on a grid marked on a transparent plastic sheet overlayed on each structural matrix of glue 

210 and oysters/mimics. Each matrix was then separated, washed and cleaned of organisms. 

211 Organisms retained by a 0.50 mm sieve (macrobiota, ·wolff 1987) were enumerated to the 

212 lowest practical taxon (as described above, but with polychaetes identified to family) and 

213 reported as densities. 

214 

215 2. 3 Statistical analyses 

216 

217 A combination of multivariate and univariate analyses tested for effects of oyster 

218 assemblage composition on epibiotic assemblages. To test hypotheses about multivariate 

219 differences in assemblage structure, we ran one-way Analyses of Similarity (ANOSIM, 

220 Clarke 1993) on Bray-Curtis dissimilarity matrices (Bray & Curtis 1957) calculated using 

221 (1) untransformed and (2) presence-absence transformed data. Comparison of results 

222 generated using untransformed data, which tend to give greater weighting to dominant 

223 taxa, and presence-absence transformed data, which highlight patterns due to differences 

224 in species identity, allowed us to ascertain important factors determining treatment 
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225 differences. Patterns among treatments were visualised using two-dimensional non-metric 

226 multidimensional scaling (nMDS, Clarke 1993) ordination. In the mensurative 

227 experiment, to test for a relationship between the abundance of live S. glomerata and 

228 epifaunal assemblage structure we used the program RELATE (Clarke & Warwick 1994) 

229 to determine the Spearman's rank correlation between Bray Curtis rank dissimilarity 

230 matrices of these data sets. 

231 We tested hypotheses about differences in the total abundance and species richness 

232 of taxa among oyster assemblages using one-way analysis of variance (ANOV A). Data 

233 were ln(x + 1) transformed where Cochran's test indicated variances were heterogeneous. 

234 Treatment means that significantly differed at a = 0.05 were compared using Student 

235 Newman Keuls (SNK) tests (Underwood 1997). Where transfotmation did not stabilise 

236 variances, a more conservative a = 0.01 was employed to minimise the probability of 

23 7 Type I en-or. 

238 The SIMPER routine (Clarke 1993) was used to identify taxa contributing most to 

239 multivariate dissimilarity among treatments. We considered taxa to be good 

240 discriminators if they possessed a dissimilarity to standard deviation ratio> 1.3 (Clarke & 

241 Warwick 1994) and characteristic if they contributed at least 10% of dissimilarity (e.g. 

242 Bulleri, Chapman & Underwood 2005). Differences among treatments in the abundance 

243 of species that were identified as good discriminators were examined using one-way 

244 ANOVA. 

245 
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246 3. Results 

247 

248 3.1 Sampling of oyster assemblages 

249 

2SO Live oyster abundance generally decreased with distance from the mouth of the 

2S 1 estuary, although the two sites (S4, SS) closest to the ocean were statistically 

2S2 indistinguishable from one another, as were the two sites (S 1, S2) furthest upstream (post 

2S3 hoc tests; ANO VA: F4,25 = 62.77, P < 0.01; Fig. 2). The site furthest from the ocean (S 1) 

254 contained oysters that were significantly larger than at any other site (ANOVA: F4,25 = 

2SS 14.89, P < 0.01; SNK: P < 0.01; Fig. 3J. Among the remaining sites, oyster size did not 

2S6 differ (SNK: P > O.OS; Fig. 3). 

257 Across the five sites, a total of 39 epifaunal taxa from eight major taxonomic groups 

2S8 were identified. There were three species of gastropod, nine species of bivalve, six 

259 crustacean orders, three species of chiton, one species each of arachnid, ascidian and fish, 

260 and polychaetes. On nMDS ordinations (Fig. 4), assemblages associated with oysters 

261 clustered according to the location of their source along the river (Fig. 1 ). ANOS IM 

262 generally supported a different assemblage structure at each of the sites, although 3 of the 

263 10 pair-wise comparisons did not yield statistically significant differences (Table 2). 

264 Along-estuary groupings of sites were more distinct when transformed data was analysed 

265 (Table 2, Fig. 4a, b ), suggesting that differences in epifaunal assemblages between sites 

266 were driven more by differences in species composition than differences in the abundance 

267 of dominant taxa. Among sites, dissimilarity in epifaunal assemblage structure was 

268 positively correlated with dissimilarity in the density of live S. glomerata (RELATE: Ps = 

269 0.297; df= 433;p = 0.001). 

270 Epifaunal richness was greater at the site closest to the estuarine mouth than at the 

271 other sites sampled (post hoc tests; ANOVA: F4,25 = 6.2S, P < 0.01; Fig. Sa). Epifaunal 
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272 abundance displayed the opposite pattern of greater numbers of organisms at the site 

273 furthest upstream than at the other sites (ANOVA: F4,25 = 4.11, P < 0.05; SNK: P < 0.05; 

274 Fig. 5b ). SIMPER analyses indicated that there were six characteristic and discriminating 

275 taxa which contributed to ~50% of the dissimilarity among sites. These were Xenostrobus 

276 securis, Bembicium auratum, Patelloida mimula, Siphonaria denticulata, Brachidontes 

277 rostratus and an amphipod. X securis and the amphipod species displayed the same 

278 pattern of greatest abundance at the site furthest from the estuary mouth (Fig. 6a, b; Table 

279 3), whereas with S. denticulata the reverse pattern was apparent (Fig 6c; Table 3). B. 

280 rostratus were most abundant in the lower reaches of the estuary (S3-S5) with mean 

281 values of 0 and <l in the two uppermost sites (SI, S2) respectively (Fig 6d; Table 3). B. 

282 auratum was least abundant close to the estuarine mouth, but with abundance increasing 

283 with distance upstream (Fig. 6e; Table 3). The abundance of P. mimula was similar across 

284 all sites (Fig 6f, Table 3). 

285 

286 3.2 Manipulative experiment 

287 

288 Over the 4 month experiment, 39 taxa colonised treatments. Among the colonists 

289 were 11 species of gastropod, nine families of polychaetes, five species of bivalve, three 

290 species of crab, two species each of chitons, algae, arachnids, and dipterans, one species 

291 each of collembolan and barnacles as well as amphipods which were not identified 

292 further. The most abundant of these groups were bivalves, gastropods and crustaceans, 

293 represented, respectively, by 70, 21 and 7% of individuals. 

294 In cage controls, settlement was confined to small numbers of barnacles and oyster 

295 spat which had attached to the mesh and glue. This indicates that the colonisation of the 

296 other treatments, among which much greater numbers and diversities of organisms were 
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297 detected, could not be attributed to the structure of the glue or the cage alone, and that our 

298 experimental treatments were successful in manipulating habitat. 

299 nMDS ordination of average assemblages of epibiota present in the other seven 

300 treatments indicated that mimics were colonised by very different assemblages to the 

301 other treatments (Fig. 7a). Among the treatments utilising live and dead oysters, those 

302 containing a component of half valves (I-valves) grouped together, and were distinct from 

303 treatments with only live oysters and/or whole empty shells. This result was supported by 

304 ANOSIM analysis where, despite significant differences among most treatments, several 

305 containing I-valves were statistically indistinguishable (Table 4). When presence-absence 

306 transformed data were analysed, many of the differences among treatments were retained 

307 (Fig. 7b; Table 4) and, in fact, some were strengthened. Thus, differences in the identities 

308 as well as the abundances of species drove differences in the assemblages colonising 

309 treatments. 

310 Matrices containing 100% live oysters had significantly fewer taxa than other 

311 treatments to which structure had been added (ANOV A: F\48 = 40.73, P < 0.05; SNK: P 

312 < 0.05; Fig. 8a). The sandstone mimics, of similar shape to the live oysters, had the next 

313 fewest taxa but were statistically indistinguishable from treatments with dead oysters 

314 (SNK: P > 0.05). Although a trend of increasing species richness with increasing shell 

315 degradation was apparent, treatments with at least some dead oysters similarly did not 

316 statistically differ (SNK: P > 0.05). The abundance of organisms was generally greater in 

317 treatments containing a component of half shells (I-valves), with matrices containing only 

318 mimics, live oysters and/or whole dead shells, of similar external morphology, 

319 statistically indistinguishable (ANOV A: F 7,48 = 13.80, P < 0.05; SNK: P < 0.05; Fig. 8b ). 

320 SIMPER analyses indicated that seven taxa accounted for 80% of the dissimilarity 

321 among treatments. These were unidentifiable oyster spat, the limpet P. mimula, native 

322 oyster S. glomerata recruits, the sea lettuce Viva lactuca, the gastropod B. auratum, the 
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323 macro brown alga Sargassum sp. and amphipods. The first four of these species were 

324 characteristic and discriminating species. Each taxa was less abundant in cage controls 

325 than in all other treatments (Fig 9). Several taxa, namely oyster spat and, to a lesser 

326 extent, P. mimula, displayed a general pattern of greater abundance in oyster treatments 

327 with a component of I-valves (Fig 9a, b; Table 5). S. glomerata abundance was lowest in 

328 100% live oyster treatments, intermediate in treatments with live oysters mixed with 

329 whole shell and greatest in treatments lacking live oysters, among which its abundance 

330 was indistinguishable (Fig 9c). The macroalgae, U lactuca was abundant on the 

331 sandstone mimics but was a poor coloniser of the other treatments (Fig. 9d; Table 5). 

332 
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333 4. Discussion 

334 

335 Oyster mortality and subsequent degradation of shell matrices has the potential to 

336 influence communities of associated epibiota (e.g. Nestlerode, Luckenbach & O'Beirn 

337 2007; Powell, Kraeuter & Ashton-Alcox 2006). Death of oysters removes processes of 

338 filtration and biodeposition which are important determinants of larval predation, 

339 availability of organic material and water quality (e.g. Coen & Luckenbach 2000). Loss 

340 of oyster tissue from shells and subsequent disarticulation of valves alters the availability 

341 of substrate for fouling organisms and the nature of interstices available for occupation 

342 between shell components. Our research found that both the loss of live oyster function 

343 and the degradation of oyster shells, that occurs following death of oysters influences 

344 communities of epibiota on and within oyster clusters. 

345 Along the Hawkesbury River estuary, epifauna inhabiting patches of 100% oyster 

346 shell cover varied according to the proportionate contribution oflive oysters to the matrix. 

34 7 The species richness of epifauna was highest close to the estuarine mouth, where live 

348 oyster abundance was greatest. Epifaunal abundance, by contrast, generally increased 

349 with distance upstream as oyster matrices were increasingly dominated by the shells of 

350 dead oysters. Among quadrats, dissimilarity in epifaunal community structure was 

351 strongly correlated to cover oflive oysters. 

352 Our spatial sampling could not separate effects of shell matrix composition from 

353 effects of salinity. The proportionate contribution of live oysters to shell matrices 

354 decreased with distance upstream and, consequently, salinity. Our observation of 

355 decreasing taxon richness with distance upstream was consistent with previously 

356 documented gradients in estuarine fauna (Jones 1987; Jones, Watson-Russell & Murray 

357 1986; Wells 1961). The absence of X securis at downstream sites was consistent with the 

358 inhibition of its feeding at salinities greater than 32.5 ppt (Wilson 1969). Low abundances 
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359 of B. rostratus at upstream sites may have been explained by the generally poor feeding 

360 efficiency of mytilids at salinities below 18-20 ppt, which leads to reduced growth 

361 (Bayne et al. 1976; Kautsky 1982; Navarro 1988) and, in some instances, mortality. 

362 A manipulative experiment performed at a single site enabled separation of effects 

363 of oyster matrix composition and salinity. The experiment confirmed that whether an 

364 oyster matrix contains live or dead oysters, whole or half shells influences its value as 

365 habitat. Oyster matrices containing some component of half shells were colonised by 

366 different epibiotic assemblages to those containing only whole live or dead oysters. 

367 Whole live and whole dead oysters also supported distinctly different assemblages to one 

368 another, indicating that the mechanism by which bivalves influence epibiotic assemblages 

369 extends beyond the simple provision of structure. 

370 Confinning results from the spatial sampling of the Hawkesbury, abundances of 

371 epibiota were generally more abundant in treatments containing half shel ls than in those 

3 72 with whole oysters. This may be due to more interstitial spaces affording additional 

3 73 refuge and habitat (e.g. Bartol & Mann 1999; Bartol, Mann & Luckenbach 1999; 

374 Nestlerode, Luckenbach & O'Beim 2007) and/or the greater surface area (McGuinness 

375 1984a, 1984b) provided by left valves than whole oyster shells. Further, the exclusion of 

376 large predators from the experiment may have masked larger differences in habitat value 

3 77 between live and dead oyster habitat. Yet, whereas the spatial sampling revealed greater 

378 taxon richness at the downstream sites dominated by live oysters, the manipulative 

3 79 experiment revealed an increasing diversity of epibiota as the proportionate contribution 

380 of live oysters to the matrix decreased. This suggests a role for filter feeding oysters in 

381 consuming algal propagules, larvae and/or limiting resources (Tamburri & Zimmer-Faust 

382 1996). Thus, patterns of taxon richness found during the mensurative sampling are likely 

3 83 a function of estuarine gradients rather than composition of the oyster matrix. 
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384 Oyster mimics fashioned from sandstone but of similar large-scale morphology to 

385 whole live and dead oysters supported distinctly different assemblages of epibiota. 

3 86 Whereas oyster shells were predominantly colonised by molluscs, the sandstone mimics 

387 supported dense cover of the alga, U. lactuca. In pre-empting space, the alga appeared to 

388 limit the area available for limpet grazing (see Johnson et al. 2008). With neither species 

389 richness nor abundance of epibiotic communities of oysters replicated by sandstone 

390 analogues, it appears important to accurately represent small scale microhabitat when 

391 providing artificial surface for habitat restoration. 

392 Among the other treatments, unidentifiable·oyster spat and S. glomerata recruits 

393 were the primary drivers of differences in epibiotic community structure. More oyster 

394 spat settled on matrices containing at least 50% half shells than matrices containing only 

395 whole oysters. The high recruitment of oysters to treatments containing only dead oyster 

396 shell is encouraging in suggesting that where spat are available, it may be possible for live 

397 oyster populations to re-establish following catastrophic mortality events, such as those 

398 associated with disease. It also supports the restoration practice of using dead shell as the 

399 basis of new oyster reefs (Luckenbach et al. 2005; Meyer & Townsend 2000). Among 

400 slightly larger S. glomerata recruits, however, there was no difference in abundance 

401 among treatments with a dead shell component, all of which supported greater S. 

402 glomerata abundance than matrices with 100% live oyster cover. This effect is perhaps 

403 due to adult oysters monopolising food resources or predators detecting the density of live 

404 oysters and selectively foraging there (Whitlatch & Osman 1999). Although oysters are 

405 known to play an instrumental role in structuring populations of the limpet P. mimula 

406 (Minchinton & Ross 1999) and other gastropods (Underwood & Barrett 1990), P. mimula 

407 was equally abundant among all treatments save for mimics. 

408 Our results demonstrate that both loss of live oysters from shell matrices and 

409 disarticulation of valves following death influences epibiotic community composition. 
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410 Thus, impacts of disease, non-native species and anthropogenic impacts on oyster 

4 11 populations (Jackson et al. 2001; Kirby 2004; Rothschild et al. 1994) will extend to the 

412 epibiotic communities they support. Our study assists in understanding the causal 

413 mechanisms of changes in estuarine biodiversity due to impacts upon oyster habitat. This 

41 4 information is critical for achieving effective management of valuable estuarine resources 

4 15 because it demonstrates the importance of maintaining live oyster populations to maintain 

416 associated communities of epibiota. 

417 
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432 Table 1 

433 Summary of biogenic habitat treatments. 

434 

435 

100% live oysters 80 oysters 

2 50% live oysters; 50% dead oysters with both valves intact ('shell') 40:40 oysters 

3 50% live oysters; 50% disarticulated - retaining only the left valve 40:40 oysters 

('I-valve') 

4 100% shell 

5 50% shell; 50% I-valve 

6 100% I-valve 

7 Sandstone oyster mimics ('mimics') 

8 Empty cage glue control ('control ' ) 

80 oysters 

40:40 oysters 

80 oysters 

61 mimics 

Nil 

55 
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436 Table 2 

437 Summary of one-way ANOSIM and post hoc tests assessmg spatial differences in 

438 epifaunal assemblages among five sites along the Hawkesbury River (S l-S5, labelled 

439 according to increasing proximity to the ocean mouth). Analyses were run on (a) raw 

440 abundance data and, (b) presence/absence transformed data. N = 6. 

441 R = R-statistic values; % = significance levels of Bray-Curtis dissimilarities; ns = non-

442 significant. 

443 

444 

Site 

Global test (999 permutations) 

Pairwise tests (462 permutations) 

SI VS S2 

Sl vs S3 

Sl vs S4 

Sl vs SS 

S2 vs S3 

S2 vs S4 

S2 vs S5 

S3 vs S4 

S3 vs S5 

S4 vs SS 

(a) Abundance 

R % 

0.484 0.1 

0.702 0.2 

0.669 0.2 

0.548 0.2 

0.991 0.2 

0.294 0.6 

0.113 12.8ns 

0.87 0.2 

0.036 3 l .2ns 

0.194 6.3ns 

0.491 0.9 

(b) Presence/absence 

R % 

0.560 0.1 

0.466 0.2 

0.973 0.2 

0.557 0.2 

0.996 0.2 

0.588 0.2 

0.245 1.3 

0.936 0.2 

0.026 33.Sns 

0.302 2.4 

0.233 1.3 



445 Table 3 

446 Analyses of variance testing for spatial differences in the abundances of characteristic and discriminating taxa (see Methods) in patches of 

447 100% oyster cover among the five sites (S l -S5, ordered according to increasing proximity to the ocean) sampled along the Hawkesbury 

448 River. 

449 * = P < 0.05 ; ** = P < 0.01 ; *** = P < 0.001; ns = significant~ s =significant: P > 0.05 ; n = 6. 

450 

X securis Amphipod sp. 1 S. denticulata B. rostratus B. auratum P. mimula 

Source df MS F MS F M S F MS F MS F MS F 

Site 4 5057.72 14.72*** 525.05 40.81 *** 8.92 40.83*** 11.56 20.69*** 1296.55 3.22* 277.75 0.75ns 

Residual 25 356.90 12.87 

Cochran's C 0.99** 0.99* * 

SNK Sl>S2=S3=S4=S5 Sl>S2=S3=S4=S5 

451 

0.22 0.56 

0.48ns 0.48ns 

S5>Sl =S2=S3=S4 S3=S5>Sl=S2=S4 

402.77 

0.37ns 

Sl>S5 

577.75 

0.38ns 

CJ1 
-...J 
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452 Table 4 

453 Summary of one-way ANOSIM analyses and post hoc tests assessing differences in 

454 colonisation of biogenic habitat treatments (8 levels: 100% live, live:shell, live: I-valve, 

455 shell, shell:l-valve, I-valve, mimics and control). Analyses were run on (a) raw abundance 

456 data and, (b) presence/ absence transformed data. N = 7. 

457 R = R-statistic values; % = significance levels of Bray-Curtis dissimilarities; ns = non-

458 significant. 

459 

Treatment (a) Abundance (b) Presence/absence 

R % R % 

Global test (999 permutations) 0.442 0.1 0.647 0.1 

Pairwise tests (999 permutations) 

100% Live vs Mimics 0.448 0.6 0.633 0.1 

100% Live vs Shell 0.185 3 0.784 0.1 

100% Live vs L-valve 0.407 0.2 0.730 0.1 

100% Live vs Shell:l-valve 0.373 1.2 0.657 0.1 

100% Live vs Live: shell -0.067 76.lns 0.517 0.2 

100% Live vs Live:l-valve 0.340 1 0.300 0.6 

100% Live vs Control 0.713 0.1 0.930 0.1 

Mimics vs Shell 0.421 0.3 0.434 0.1 

Mimics vs L-valve 0.521 0.1 0.716 0.1 

Mimics vs Shell:l-valve 0.428 0.558 0.1 

Mimics vs Live:shell 0.426 0.4 0.292 1.7 
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Mimics vs Live:l-valve 0.583 0.3 0.675 0.1 

Mimics vs Control 0.929 0.1 0.963 0.1 

Shell vs L-valve 0.402 0.3 0.410 0.4 

Shell vs Shell:l-valve 0.242 3.3 0.104 11.8ns 

Shell vs Live:shell 0.021 35ns 0.435 0.3 

Shell vs Live:l-valve 0.386 0.1 0.761 0.1 

Shell vs Control 0.926 0.1 1.000 0.2 

L-valve vs Shell:l-valve -0.031 59.3ns 0.046 30.2ns 

L-valve vs Live:shell 0.281 2.3 0.496 0.1 

L-valve vs Live:l-valve -0.002 42.4ns 0.505 0.1 

L-valve vs Control 0.992 0.1 1.000 0.1 

Shell:l-valve vs Live:shell 0.209 6.9ns 0.492 0.4 

Shell:l-valve vs Live:l-valve 0.128 7.3ns 0.555 0.2 

Shell:l-valve vs Control 0.974 0.1 0.998 0.1 

Live:shell vs Live:l-valve 0.269 1.8 0.425 0.2 

Live:shell vs Control 0.921 0.1 1.000 0.1 

Live:l-valve vs Control 0.986 0.1 1.000 0.1 

460 



461 Table 5 

462 Analyses of variance testing for differences in the abundances of the characteristic and discriminating taxa (see Methods) among biogenic 

463 habitat treatments (8 levels: 100% live, live:shell, live:l-valve, shell, shell:l-valve, I-valve, mimics and control). N = 7. 

464 * = P < 0.05; ** = P < 0.01; *** = P < 0.001; ns =significant; s =significant: P > 0.05 ; T =treatment number as per Table 1. 

465 

Spat S. glomerata U lactuca P. mimula 

Source 4f MS F MS F MS F MS F 

Treatment 7 25261.75 9.29*** 2920.45 2.51 * 2580.81 13.13*** 13.73 19.80*** 

Residual 48 2179.24 1162.24 196.60 0.69 

Cochran's C 0.24ns 0.26ns 0.99** 0.23ns 

Tl=T2=T4=T7=T8< Tl = T2 = T3 = T4 = Tl=T2=T3=T4= T7=T8<Tl=T2=T3= 
SNK 

T3=T5=T6 TS= T6 = T7 T5=T6=T8<T7 T4=T5=T6 

(j) 
0 
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466 Fig. 1. Map of the Hawkesbury River, New South Wales, Australia showing sites where 

467 oyster assemblages and infauna were sampled ( • ), and the location of the manipulative 

468 experiment ( ~ ). 

469 

470 Fig. 2. Mean (±1 SE) abundance of live S. glomerata in patches of 100% oyster cover. 

4 71 Sites are ordered from left to right according to increasing proximity to the ocean. Bars 

472 show sites that were statistically indistinguishable by one-way ANOVA. N = 6. 

473 

474 Fig. 3. Mean (±1 SE) size (mm) of S. glomerata (length x width x height) at each of the 

475 five study sites within the Hawkesbury River estuary. Sites are ordered according to 

476 increasing proximity to the ocean. Bars show sites that were statistically indistinguishable 

477 by one-way ANOV A. N = 6. 

478 

479 :Fig. 4. Two-dimensional n.MDS ordinations of cpifaunal assemblages associated with 

480 patches of 100% oyster cover collected from five sites a]ong the Hawkesbury River (S 1-

481 SS, ordered according to increasing proximity to the ocean). Plots use (a) raw abundance 

482 data and, (b) presence/absence transformed data. 

483 

484 Fig. 5. Mean (±1 SE) epifaunal (a) richness and, (b) abundance in patches of 100% oyster 

485 cover per site. Sites are ordered according to increasing proximity to the ocean. N = 6. 

486 

487 Fig. 6. Mean (±1 SE) abundance in patches of 100% oyster cover per site of (a) X 

488 securis, (b) Amphipod sp. 1, (c) S. denticulata, (d) B. rostratus, (e) B. auratum and (f) P. 

489 mimula. Sites are ordered according to increasing proximity to the ocean. Bars for (a), ( c) 

490 and (f) show sites that were statistically indistinguishable by I-way ANOV A. N=6. 



62 

491 Fig. 7. Two-dimensional nMDS ordinations companng mean epibiotic assemblages 

492 colonising biogenic habitat treatments. Plots use (a) raw abundance data and, (b) 

493 presence/absence transformed data. 

494 

495 Fig. 8. Mean (±1 SE) epibiota (a) richness and, (b) abundance colonising biogenic habitat 

496 treatments. Treatments are ordered from left to right according to increasing state of 

497 oyster degradation. N = 7. 

498 

499 Fig. 9. ·Mean (±1 SE) abundance of (a) spat, (b) P. mimula, (c) S. glomerata and (d) U. 

500 lactuca colonising biogenic habitat treatments. Treatments are ordered from left to right 

501 according to increasing state of oyster degradation. N = 7. 

502 
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CHAPTER 4 · DISCUSSION 

There are strong linkages between estuarine health, wild oyster populations and oyster mariculture 

(e.g. Gottlieb & Schweighofer 1996; NRC 2004) . An impact on any one of these elements can 

affect one or both of the others. This research improves understanding of the impact of QX disease, 

which devastated mariculture oysters within the Hawkesbury River estuary, upon nearby wild 

populations. It examines the status of both the native Sydney rock oyster, which is susceptible to 

the disease, and the invasive Pacific oysterl which is not. This research also illuminates how 

changes in oyster habitat structure resulting from oyster mortality can alter communities of 

associated organisms. Understanding the impact of disease upon wild oyster populations and the 

ecosystem services they provide is essential for developing management strategies for the long-

term sustainability of invaluable oyster and estuary resources. 

The results reveal that catastrophic Sydney rock oyster mariculture losses experienced in the 

Hawkesbury River estuary due to QX disease have not been replicated among wild oyster 

populations. Key habitats, rocky shore and mangroves, support up to 97% oyster cover, averaging 

82% live oysters. Populations were dominated by Sydney rock oysters which had recruited prior to 

the QX epizootic. Oysters are integral to maintaining the physical, chemical and biological functions 

of estuaries (Coen, Luckenbach & Breitburg 1999; Kirby 2004; NRC 2004). They play instrumental 

roles in substrate and resource provision, trophic dynamics, water filtration, nutrient cycling and 

water flow, supporting ecosystem services of vast commercial, biological and recreational value 

(Coen & Grizzle 2007; Coen & Luckenbach 2000; Coen, Luckenbach & Breitburg 1999; Costanza 

et al. 1997; Dame 1996; Grabowski & Peterson 2007; Newell 2004; NRC 2004). The persistence of 

large numbers of live native oysters in the Hawkesbury River estuary signals the continued 

provision of their invaluable ecosystem services. 

These results provide an insight into the status of the estuary's wild oyster populations which 

assists in determining interactions between QX and oysters. The results also provide information 

necessary to underpin management of estuarine resources. The research specifically examined 

oyster cover, abundance, size and condition. Whilst sizeable wild populations were found to exist, it 

is possible that, at the time of sampling, the disease-causing parasite was present within wild oyster 

populations but only at sub-clinical levels (Bezemer et al. 2006). Furthermore, environmental 

conditions necessary for expression of the disease may not then have been present. Alternatively, 

the confinement of pervasive mortality to mariculture may be due to stressors which are particular 



73 

to farming such as growing height (e.g. Smith, Nell & Adlard 2000) or stocking density (Heral & 

Deslous-Paoli 1991; Holliday, Maguire & Nell 1991 ; Honkoop & Bayne 2002). Although the QX-

causing parasite requires an intermediate host to move between oysters (Nell 2007), stocking 

density may allow the build-up of epizootics resulting in high mortalities (Adlard & Wesche 2005; 

Hind & Thorne 2000). 

Along the estuary, the native oyster dominated over the Pacific oyster in all habitats and, rather 

than a predicted increase in the abundance of the disease-resistant and invasive Pacific oysters, 

their percent contribution did not appreciably differ from previous estimates (MPR 2005). The 

recent removal of oyster lease infrastructure (NSW DPI 2006), made redundant after QX disease 

devastated the industry, may have modulated Pacific oyster abundance by alleviating propagule 

pressure from broodstock inhabiting this infrastructure (Cognie, Haure & Barille 2006; Holliday & 

Nell 1985; Reid & Smith 1999). Pacific oysters, whilst vigorous, demonstrate variable growth rates 

(Bayne 2000; Brown 1988) and large geographic and inter-annual seasonal variability in NSW 

estuaries (Reid & Smith 1999; Wolf & Medcof 1974). However, triploid C. gigas, which can disperse 

a small number of diploid offspring into the wild, have only recently been introduced by industry as 

an aquaculture restoration strategy. Therefore, whilst sampling revealed that Pacific oysters have 

not presently expanded their range, continued monitoring of these ecosystem engineers is crucial, 

especially because establishments are often irreversible (Medcof & Wolf 1975; NRC 2004) and 

changes in population structure are only apparent with routine sampling. Moreover, because 

oysters recruit to conspecifics, the presence of individuals in this estuary can facilitate the 

establishment of larger local populations (Diederich 2005). 

Oysters are biodiversity hotspots (e.g. Dame 1999; Dame & Patten 1981 ; McCormick-Ray 2005; 

Robinson 2001). Their processes of filter feeding and biodeposition mediate nutrient availability for 

organisms (e.g. Coen & Luckenbach 2000) and their complex biogenic structures (Gutierrez et al. 

2003; Tolley & Volety 2005) provide refuge and habitat (Bartol, Mann & Luckenbach 1999; 

Grabowski 2004) supporting rich assemblages (Wells 1961), which themselves form prey for higher 

trophic consumers (Zimmerman et al. 1989). Shell surfaces and the interstitial spaces between 

shells and within large, dead, articulated shells are imperative for recruitment of biota (Breitburg 

1999; Coen, Luckenbach & Breitburg 1999; Luckenbach et al. 2005), including conspecifics lost 

through natural mortality (Bartol & Mann 1999). The structure of habitat provided by oysters 

changes as individuals die and, further, as shells of dead oysters disarticulate and degrade (e.g. 

Nestlerode, Luckenbach & O'Beirn 2007; Powell, Kraeuter & Ashton-Alcox 2006). QX disease is a 
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significant oyster pathogen which can result in extensive mortality (Adlard & Wesche 2005; Peters 

& Raftos 2003). Thus, if there is a state change in natural oyster mortality, for example due to QX 

disease, oyster filtration and deposition will diminish and the number and nature of interstitial 

spaces will change (e.g . Coen & Luckenbach 2000), both of which can impact upon biota. 

This research establishes that in wild oyster assemblages along-estuary, as the proportion of live 

oysters in a matrix increases, the associated communities of biota change. Results demonstrate 

that species richness is greatest near the ocean, where live oysters are most numerous. 

Conversely, moving away from the ocean, epifauna abundance generally increases in parallel with 

matrices being dominated by dead oyster shells. These patterns may reflect dead oysters providing 

greater numbers of interstitial spaces and therefore surface area (Bartol & Mann 1999; Bartol, 

Mann & Luckenbach 1999; McGuinness 1984a; Nestlerode, Luckenbach & O'Beirn 2007), although 

estuarine salinity and flow gradients may also contribute to patterns. These gradients were 

addressed in the subsequent manipulative experiment. 

The manipulative experiment, which maintained salinity and flow constant, reveals that the habitat 

value of oysters is influenced by whether oysters are live or dead, whole or degraded. Constructed 

oyster matrices containing a component of half shells possessed distinct epibiotic communities in 

comparison to those composed of only live or whole dead oysters. Epibiota abundance was also 

generally higher in these treatments, which contained a greater abundance of interstitial spaces. 

Processes associated with live oysters also influenced epibiotic communities. Matrices containing 

live or whole dead oyster matrices possessed distinct communities and these distinctions became 

less diverse as the proportionate contribution of live oysters increased. This may be due to oyster 

filter feeding ingesting propagules, larvae or resources (Tamburri & Zimmer-Faust 1996). The 

experiment also examines whether biodiversity can be maintained utilising artificial oyster mimics 

hewn from Hawkesbury sandstone, a dominant oyster settlement substrate in the estuary. Whilst 

these matrices possessed large-scale morphology analogous to those fashioned from live or dead 

oysters, colonising epibiota were distinctly different from all other habitat treatments. This 

demonstrates that the small-scale surface topography and biology of oysters is relevant in 

structuring communities. 

Demands upon the resources of the Hawkesbury River are increasing in line with expanding human 

populations (NSW DUAP 1996a; NSW EPA 1993). Human activities impact upon all elements of 

the ecosystem including habitat, water quality and hydrology, which place further pressure on its 



75 

unique biota. Oysters are vulnerable to human activities, directly through habitat loss, and indirectly 

by changes in environmental parameters reducing fitness and increasing susceptibility to other 

stressors. Phenoloxidase activity in Sydney rock oysters can be inhibited by environmental 

stressors (Butt & Raftos 2007), impairing immunity and increasing the risk of QX disease (Butt & 

Raftos 2008; Peters & Raftos 2003) . Given the potential of ongoing human development within the 

Hawkesbury River catchment to impact water quality, there is a strong need for continued 

monitoring of wild oyster populations to ensure that environmental conditions do not reach a critical 

point where oyster resistance to QX disease is significantly weakened. Oysters assist in gauging 

human impacts by providing an early warning of the presence of environmental stressors (e.g. 

Coen, Luckenbach & Breitburg 1999; Lenihan et al. 2001; Volety et al. In press) and this 

information can be acted upon by estuary managers to avert widespread catastrophes. 

Oyster diseases are a major concern worldwide. In Australia, Winter mortality and QX disease have 

wiped out significant oyster populations. In the US, the protozoan parasites, Haplosporidium 

nelsoni and Perkinsus marinus, responsible for the diseases known as MSX (multinucleate sphere 

X) disease and Dermo respectively, have contributed to dramatic oyster declines along the east 

coast since the 1950s. Diseases caused by Bonamia spp. parasites have impacted oysters across 

the globe (e.g. Ford & Tripp 1996; Ruesink et al. 2005; Sparks 2005). The prevalence of these 

diseases is influenced by environmental factors such as salinity (e.g. Audemard et al. 2008; Butt, 

Shaddick & Raftos 2006; Gottlieb & Schweighofer 1996; Kennedy & Breisch 2001) which is altered 

by human modifications to freshwater flow. Therefore, unless the demands upon estuaries are 

carefully managed, wild oyster populations may be severely impacted. 

Oysters influence the ecological composition, structure, and functioning of estuaries (e.g. Ruesink 

et al. 2005). They serve as sources and sinks of genetic diversity, necessary to preserve the 

species against environmental perturbations such as disease. For example, wild oyster populations 

may have naturally-selected resistance to QX disease and this could help protect against local 

extinctions and represent a potential future source of spat for farmers. Oysters also provide a suite 

of ecosystem services. The loss of live oysters in the Hawkesbury River estuary due to disease or 

other disturbance can therefore have ecosystem-wide implications, affecting energy flow, 

geochemical and ecological processes. Ecosystem services can be curbed or reduced. It is 

therefore vital to safeguard populations of live oysters and augment depleted stocks. 
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This study reveals the status of wild oyster populations in two key habitats along the main reach of 

the Hawkesbury River estuary. Quantitative observations describe the distribution and abundance 

of live oysters and organisms associated with 100% oyster habitat. The manipulative study 

elucidates the role of oyster habitat components upon associated epibiota. It highlights that 

changes to the proportion of live oysters in a matrix modifies the structure of associated 

communities of organisms. Moreover, as the shells of dead oysters disarticulate and degrade, the 

physical oyster matrix changes, further modifying community structure. These modifications can 

have cascading effects, including on higher trophic levels such as commercially important finfish 

which depend upon unique prey resources. Results also show that the value of oyster habitat 

cannot simply be reproduced by substituting substrate with similar morphology. This information is 

important because the use of dead oyster shell as cultch to re-establish degraded or depleted 

habitat is a widely used restoration technique in the US. Notwithstanding, if wild oysters suffer 

widespread mortality, the use of artificial habitat as a functional replacement may be the only 

practical solution to support biota and commercial fisheries (e.g. Luckenbach et al. 2005; Meyer & 

Townsend 2000). 

Future studies can readily augment the information provided by this research. Repeated sampling 

of the study in Chapter 2 will capture changes to oyster populations, for example, seasonally, at 

different stages of QX disease epizootics, or as a result of other environmental perturbation such as 

climate change. Resuits can be compared against sampling in QX disease-free estuaries. The 

manipulative experiment demonstrates that both the loss of live oyster function and the degradation 

of dead oyster shell influences the structure of communities associated with oyster populations. A 

comparison of community structure and predator-prey interactions among matrices composed of 

different oyster species, size classes, condition, and stages of dead oyster shell degradation will 

enhance this knowledge. In addition, epibiota in oyster matrices exposed at low tide can be 

compared against those present during inundation at high tide. Future manipulative experiments 

can also assess how changes to oyster populations alter ecosystem services provided by other 

elements of the estuary such as associated habitats including seagrass and mudflats. 
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CONCLUSION 

This research defines, subsequent to a significant QX disease event in mariculture, the nature and 

magnitude of impacts upon wild oyster populations in the main reach of the Hawkesbury River 

estuary. Whilst to date, the impacts of QX disease upon Sydney rock oyster mariculture have not 

been reflected in wild populations and, concomitantly, the abundance of the invasive Pacific oyster 

has not significantly increased, this information provides a baseline against which future changes 

can be detected and assessed. Moreover, this research emphases the importance of live oysters in 

maintaining characteristic communities of associated organisms and confirms that this distinct 

biodiversity cannot be reproduced by artificial means. It exemplifies the richness and abundance of 

biota inhabiting oyster habitat and how this biodiversity is transformed along-estuary and with 

alterations to physical and biological elements of the oyster matrix following death of oysters and 

degradation of oyster shell following death. This information assists to unlock the causal 

mechanisms between impacts upon oyster habitat and changes in estuarine biodiversity. The value 

of this research is increasingly essential as anthropogenic pressures upon the estuary continue to 

escalate. It aids in the assessment of risks and in guiding long-term and sustainable management 

strategies for this unique estuary and its bountiful resources. 
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Appendix 1 · Estuaries and the Hawkesbury River 

Index 
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3.4 The Hawkesbury River estuary ...... ... ....... ... : ....... .. .... .. .. ... .............. ... .... 81 

1. Estuaries 
Estuaries are coastal indentations where rivers discharge into the sea. They are sculptured by 

natural and cultural intergrading landscape units (NSW DUAP 1996b) that form discreet 

physiographic, geologic and topographic forms (Conybeare 1976). Estuaries are complex 

heterogeneous systems comprising a number of interrelated habitats including seagrass meadows, 

rocky shores and reefs, saltmarshes, sand, and mud flats (Pollard & Growns 1993). Biologically, 

estuaries support some of the world's most productive habitats (Costanza, Kemp & Boynton 1993; 

Dye 2006; Kennish 2002). Primary productivity exceeds agricultural systems and other biomes 

because of the high rates of nutrient input into these systems. The nutrients are well cycled and 

retained by the landward flow of oceanic waters, shallow water depth and abundant suspension-

feeding bivalves (Costanza et al. 1993). The shallowness of estuaries also renders them 

susceptible to large magnitude variations that marine systems may otherwise buffer (Costanza et 

al. 1993). In addition, floods can instantly modify channels and floodplains whereas climate change 

and anthropogenic activities alter hydrological regimes over longer time frames (Warner 1999). 

Estuaries are dynamic systems (Barnes 1984) subjected to both vertical and horizontal physical 

and chemical gradients which vary at temporal and spatial scales (e.g. water flow and dissolved 

oxygen) (McClusky 1993), often unpredictably (Costanza et al. 1993). Vertical gradients exist in 

sediment composition, emergence and submergence. Horizontal gradients are found in relation to 

salinity, wave exposure, tidal amplitude and sediment composition (McClusky 1993). Oysters are 
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an example of an organism well adapted to life in these turbulent and stochastic environments 

(Kennedy 1996). Their widespread presence can bolster the resilience of estuarine systems to 

environmental perturbation (Costanza et al. 1993). 

2. Estuary ecosystem services 
Ecosystem services are the goods and services provided by ecosystem functions that directly or 

indirectly sustain or fulfil humans. Ecosystem functions include habitat, biological processes, and 

system properties and conditions resulting from the interactions between an ecosystem's biotic and 

abiotic components. Ecosystem services are essential to life (e.g. climate regulation and water 

purification), commerce and human well-being. They also confer intangible recreational, aesthetic, 

cultural and spiritual benefits (Bockstael et al. 2000; Costanza et al. 1997; Daily 1987; de Groot, 

Wilson & Boumans 2002; Kremen 2005; Limburg et al. 2002). 

Estuaries produce a battalion of renewable ecosystem services exceeding their simple 

consumptive value (Costanza et al. 1993, 1997; Middleton 1985). These include habitat (Middleton 

1985; Newell & Barber 1975; Pollard & Growns 1993), nursery sites (Beck et al. 2001) and conduits 

for fish (Costanza et al. 1993; Marsden & Gehrke 1996; Newell & Barber 1975; Ray 2005), feeding 

and nesting zones for birds {Moverley & Hirst 1999), transport corridors, and sites of waste disposal 

and anthropogenic amenity (Costanza el al. 1993; Robinson 2001; Smith et al. 2001}. Estuaries 

have also been shown to increase the genetic subdivision of inshore fish species {Watts & Johnson 

2004). Thus, estuaries play focal roles in recreation and tourism, primary production, commerce 

and industry (Moverley & Hirst 1999). 

Whilst estuaries have been estimated to generate many trillions of dollars in economic value 

(Costanza et al. 1997), they constitute one of the world's life support systems (Lubchenco 1998) 

and their value is therefore, in many ways, immeasurable (Pollard & Growns 1993). 

Notwithstanding, due to immense anthropogenic transformations and pressures, these ecosystems 

are the most degraded in the world (Edgar et al. 2000; Jackson et al. 2001 ; Lotze et al. 2006). In 

terms of fauna, oysters were the first invertebrates to be adversely affected (Lotze et al. 2006). 

Oysters are particularly susceptible to anthropogenic pressures (e.g. Roy et al. 2001) such as 

changes in freshwater input (Lenihan 1999; Livingston et al. 2000). More decisively, they are simple 

to harvest and retain high commercial value (Lotze et al. 2006), leading to overharvesting (Jackson 

et al. 2001; Kirby 2004). The loss of oyster populations can reduce water quality and the quantity of 
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complex biogenic substrate, hampering a system's ability to maintain structure, function and trophic 

dynamics (Lotze et al. 2006). 

3 Hawkesbury River estuary 

3.1 Introduction 

The Hawkesbury River estuary drains into Broken Bay, an open ocean embayment which is located 

-35 km north of Sydney, NSW, Australia (Martens 1993; NSW DUAP 1996b; Roy, Thom & Wright 

1980). It is part of the Hawkesbury River which, together with the Nepean River, forms the central 

axis of the Hawkesbury-Nepean River catchment system. The Hawkesbury River flows below the 

Grose River confluence for approximately 140 km to Broken Bay. The Nepean River is the 

mainstream section above the junction, and flows approximately 155 km to its headwaters (Brown 

et al. 1981; Conybeare 1976; Howell & Benson 2000; Howell, Benson & McDougall 1994; Jack 

1986; Scholer 1974; SPCC 1983; Wolanski & Collis 1976). 

3.2 Hawkesbury-Nepean River system 

The Hawkesbury-Nepean River is about 300 km long . It acts as a defining structural and functional 

element linking the estuary, river, montane and hinterland environments of the Sydney region 

(Burton 1992). The system's catchment drains an area of 21,000-25,800 km2, the second largest 

coastal river catchment in NSW (Growns & James 2005; Hughes, Harris & Hubble 1998; Pollard & 

Growns 1993; SPCC 1983). The catchment comprises an extensive network of freshwater rivers 

flowing through a mosaic of natural, rural and urban areas into an estuarine section. Its hydrological 

regime is the most highly modified river system in NSW (Harris 1984; Marsden & Gehrke 1996), 

regulated by dams and weirs, with the majority of flow abstracted to supply almost all of Sydney's 

needs (Gehrke, Astles & Harris 1999; Growns & James 2005; Milne 1980; NSW DUAP 1996a; 

SPCC 1983). Freshwater flows are therefore highly variable (Brown et al. 1981; Pollard & Growns 

1993; SPCC 1983) and are augmented by a large share of Sydney's sewage which is treated and 

discharged into the middle and lower reaches of the system (NSW EPA 1993; Growns & James 

2005; Milne 1980; NSW DUAP 1996a; Pollard & Growns 1993; Wolanski & Collis 1976). 

3.3 The Hawkesbury River 

The Hawkesbury River is one of the longest coastal rivers in eastern Australia. It is made up of 

many smaller river valleys, sub-catchments (Conybeare 1976) and the estuarine element of the 

Hawkesbury-Nepean system (Burton 1992; SPCC 1983). It has been described as 'sustaining the 
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region's quality of life' (NSW DUAP 1996a) by providing the majority of its drinking water as well as 

a myriad of commercial, industrial and recreational benefits (NSW DUAP 1996a; Laut, Marston & 

Cuddy 1995). It is characterised by a diversity of landscape elements of national significance (NSW 

DUAP 1996b) and untold value (Powell 1998). The river was named by Governor Phillip in 1789, 

although the Aborigines had already named it 'Deerubbin' (or 'Dyarrabin '; Burton 1992), meaning 

'wide deep water' (Powell 1998). 

3.4 The Hawkesbury River estuary 

The Hawkesbury River estuary is a drowned river valley with a single unconstricted mouth deeply 

incised into a Triassic Hawkesbury sandstone plateau (Cowell 1999; Digby et al. 1998; Oury 1970; 

Erskine 1999; Healy 1972; Milne 1980; NSW DUAP 1996b; Roy 1984; Roy, Thom & Wright 1980). 

The estuary is one of Sydney's four main estuaries (e.g. Clynick, Chapman & Underwood 2008), 

occupying an area of water of -100 km2 (OzCoasts 2009; Roy et al. 2001) with a reach of -120 km 

(Erskine 1999), although the limit of saline intrusion can reach as far as -170 km inland {Cowell 

1999). 

Along the estuary, remnant hi lltops appear as islands (NSW DUAP 1996b) and tributaries with off-

channel embayments branch from the main arm that, over time, has been infilled with sediments 

(Cowell 1999; OzCoasts 2009). Tides are semi·-diurnal and microtidal (Cowe!I 1999), with a range 

of 1.92 m (Hughes, Harris & Hubble 1998). Climate is humid temperate (Conybeare 1976) and 

rainfall episodic. 

The multiplicity of landscape elements, variable climate and estuarine gradients contribute to the 

diversity of habitat and resources available for plant and wildlife in the estuary (e.g. NSW DUAP 

1996a). The estuary is a 'reservoir of biodiversity' (Howell, Benson & McDougall 1994), possessing 

a 'rich and diverse biota' (Recher, Hutchings & Rosen 1998). Across the Hawkesbury-Nepean 

catchment, more than 2000 species of native plants have been recorded (Recher & Hutchings 

1992), including 130 species of native wetland plants (NSW DUAP 1996a). The waterway attracts 

96 species of waterbird (NSW DUAP 1996a) with at least 164 finfish species occurring along the 

estuarine and freshwater reaches, increasing from ten to 15 species in the upper freshwater 

reaches to approximately 90 species near the mouth of the estuary (Pollard & Growns 1993). Of 

these, 16 native species migrate between freshwater and saline habitats (Marsden & Gehrke 

1996). The majority of fish of commercial and recreational value are centred within the estuarine 

reach of the River (Pollard & Growns 1993). 
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The estuary falls within the Hawkesbury Shelf Marine Bioregion, one of 65 meso-scale bioregions 

classified by The Integrated Marine and Coastal Regionalisation of Australia framework (Breen, 

Avery & Otway 2005). This bioregion comprises 22 major estuaries. The Hawkesbury River is the 

largest of five tide dominated drowned river valley estuaries in this bioregion (Breen, Avery & Otway 

2005). 

The Hawkesbury River estuary and its flora and fauna are under constant pressure from human 

activities which impact upon habitat, water quality and hydrology (Gehrke, Astles & Harris 1999; 

Gehrke & Harris 1996; NSW DUAP 1996a; NSW EPA 1993; Pollard & Growns 1993). Extensive 

modification has occurred through habitat destruction and fragmentation, species introductions, 

alterations to flow regimes, eutrophication, pollution and siltation (e.g. Recher & Hutchings 1992; 

Pollard & Growns 1993; SPCC 1983; Warner 1999). 
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1. Oyster biology 

Oysters are filter-feeding bivalve molluscs (Mollusca: Bivalvia; Latin, molluscus - soft; Soanes & 

Stevenson 1984). They possess a soft visceral mass enclosed within a calcareous laterally 

compressed shell consisting of two dorsally-hinged valves, the left adhering to the substrate (i.e. 

pleurothetic) allowing the upper right valve to gape along the anterior, ventral and posterior margins 

for feeding and respiration. Oysters are inequivalve with the left being larger, deeper and more 

cupped than the right. Bivalves are oriented vertically along the dorso-ventral axis with the apex of 

the shell or umbo (plural, umbos or umbones), which conceals the resilient hinge/ligament, at the 

top, dorsal end (Carriker 1996; Galtsoff 1964; Leal 2002; Thomson 1954). 

Oyster species are either oviparous, external fertilisation of gametes in the water column, or 

larviparous, where gametes are fertilised in the gill cavity with larvae developing prior to release 

(Galtsoff 1964). Fertilised eggs develop into free-swimming planktotrophic pelagic larvae (veligers) 

enabling dispersal across wide areas. Larvae develop a shell and, later, a foot which enables 

movement upon and subsequent attachment to hard substrate (=cultch) in a process called 

'spatting', 'settling' or 'settlement' (Helm & Bourne 2004; Kennedy 1996; Kesteven 1941; Quayle 
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1988; Rodriguez, Ojeda & lnestrosa 1993). Whilst these 'pediveliger' larvae attach themselves to 

many types of hard and semi-hard substrate, they often preferentially settle, drawn to stimuli such 

as light, surface texture and conspecifics (Bonar et al. 1990; Galtsoff 1964; Glasby & Connell 2001; 

Kennedy & Breisch 2001; Pauley, Van Der Raay & Troutt 1988; Rodriguez, Ojeda & lnestrosa 

1993; Tamburri et al. 2008; Thomsen, Silliman & McGlathery 2007). Before metamorphosing into 

juvenile oysters, mature larvae secrete a small drop of cement from a gland in the foot to 

permanently affix themselves via the left valve to the substrate (Helm & Bourne 2004; Kennedy & 

Breisch 2001; Quayle 1988). Once larvae settle as spat they are considered recruits (Rodriguez 

Ojeda & lnestrosa 1993). Studies focussed on Sydney rock oysters have shown that environmental 

cues influence settlement of this species (Anderson 1996). 

Oysters are xenomorphic, whereby growth of the left valve follows the contours of the substrate 

(Quayle 1988). If physical barriers impede development, oysters display compensatory growth by 

developing in directions where growth is unrestricted (Pauley Van Der Raay & Troutt 1988). 

Moreover, oysters exhibit phenotypic plasticity (variability in the physical appearance/genotype of 

conspecifics; Sultan 2000), which introduces further variability in conchological characteristics 

(Bayne 2004; Thomson 1954). Because many factors determine an oyster's ultimate shape and 

shell thickness, the external gross morphology of oyster shell cannot be relied upon for accurate 

taxonomic identification (Carriker 1996; Galtsoff 1964; Kesteven 1941 ; Quayle 1988; Thomson 

1954). For example, Sydney rock oysters are morphologically cognate to Pacific oysters although 

distinguishable by the presence of denticles which are absent from Pacific oysters {Thomson 1954; 

Wolf & Medcof 1974; Medcof & Wolf 1975). Denticles are teeth around the hinge region of valves 

whereas chomata are teeth around the occlusion at the margin (Gunter 1955). Unfortunately, 

identification requires internal examination which sacrifices the organism. Despite morphological 

similarities, the Sydney rock oysters and Pacific oysters do not hybridise (Ferdinandus 1992). 

The expansion of oyster populations is often limited by available substrate (Soniat & Burton 2005). 

Competition for space (e.g. Paine 1966) forces stacked, vertical growth (Galtsoff 1964; Quayle 

1988). These dense gregarious clusters or hummocks (Bertness, Gaines & Yeh 1998; Wheaton 

2007) are appreciably different in relief from surrounding substrate (Bertness, Gaines & Yeh 1998), 

altering the physical structure of the environment. Communal attachment, although crowded, 

affords protection from predation and resistance to waves and other environmental forces (e.g. 

Bertness & Grosholz 1985; Mansour & Lipcius 1991 ). Populations exhibit a fragmented/patchy 

spatial structure (Whitlatch & Osman 1999), arranged hierarchically over scales ranging from 
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millimetres (individual spat) to kilometres (reefs) (Eggleston 1999). Subpopulations are 

interconnected by larval dispersal to form metapopulations (Whitlatch & Osman 1999) which can 

restore or revive depleted or impacted subpopulations (Ray 2005). Sydney rock oysters are known 

to gregariously settle (e.g. Anderson & Underwood 1994) and are notorious for forming thick 

clusters (Carriker & Gaffney 1996). 

The capacity of oysters to overgrow substrate, conspecifics and other species renders them 

dominant spatial competitors in estuaries and therefore instrumental in structuring communities 

(Anderson & Underwood 1994). Provided food and other resources can support settlement and 

growth, any solid object is capable of becoming fouled by oysters (e.g . Rhoads & Young 1970). In 

this way, oysters create and maintain their own habitat; shell lost through degradation and 

taphonomy is replaced by accretion . 

2. Oysters as ecosystem engineers 
Ecosystem engineers are organisms that create or shape habitat by structuring the physical and 

biological elements of their environment thereby influencing food web structure by directly or 

indirectly defining the resources available for other organisms. Autogenic ecosystem engineers 

modify their environment via their morphological forms (and thus comprise part of the engineered 

habitat), whereas allogenic ecosystem engineers do so through their actions, functions or 

processes (,Jones, Lawton & Shachak 1994, 1997). 

Oysters are ecosystem engineers (Coen, Luckenbach & Breitburg 1999; Gutierrez et al. 2003; 

Hastings et al. 2007; Wright & Jones 2006). They play pivotal roles in energy flow, nutrient cycling, 

trophic dynamics and species-species interactions (Coen & Luckenbach 2000; Gutierrez et al. 

2003; Newell 2004) . Through filtration, deposition and physical structure they mediate ecosystem-

wide resources and are thus both autogenic and allogenic ecosystem engineers (Jones, Lawton & 

Shachak 1994, 1997). 

The ecosystem-wide effects of oysters (e.g. Coen et al. 1999) position them as a keystone 

engineering species {Jones, Lawton & Shachak 1997; Paine 1966; Wright & Jones 2006) . They 

play a major role in generating biogeochemical heterogeneity (Gutierrez & Jones 2006) which, in 

turn, structures intertidal communities. Because they are ubiquitous, long-lived (Pauley, Van Der 

Raay & Troutt 1988; Richardson 2001) and slow-growing, especially the indigenous Sydney rock 

oyster (Honkoop & Bayne 2002), their importance is magnified (Crain & Bertness 2006). In addition, 
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their roles span large spatially heterogeneous areas (e .g. Kirby 2004) and long time scales. Their 

shells, with a half-life of up to ten years (Powell Kraeuter & Ashton-Alcox 2006), persist in the 

environment well after death (Gutierrez et al. 2003; Strayer & Malcom 2007). Oyster exoskeletons 

therefore continue as a legacy beyond individual life histories (Hastings et al. 2007). Impacts upon 

these 'quintessential' engineers (Luckenbach et al. 2005) can result in widespread cascading 

consequences for estuaries, associated biota and oyster ecosystem services (Coleman & Williams 

2002; Crain & Bertness 2006). 

3. The importance of oysters: oyster ecosystem services 
Healthy estuaries maintain vigorous oyster populations. Oysters are estuarine dependent (e.g. 

Pollard & Growns 1993; Robinson 2001) . They respond to environmental changes such as salinity, 

suspended matter, pH, temperature and flow. Oysters react to adverse conditions by closing their 

valves (e.g. Nell & Dunkley 1984). However, if conditions exceed their biokinetic zones (e.g Dame 

1996), decreased physiological condition and, potentially, death can result (e.g. Kesteven 1941). 

There is a decisive linkage and co-dependence between oysters and estuaries because, in turn, 

healthy oysters contribute to the wellbeing of estuaries (e.g. Gottlieb & Schweighofer 1996; 

Robinson 2001). 

Sydney rock oysters are prominent elements of the intertidal zone along the east coast of Australia 

(Malcolm 1987; Nell 2001 ). Their structural and functional roles are crucial to maintaining the 

ecological health and integrity of the estuaries in which they are found (Coen, Luckenbach & 

Breitburg 1999; Kirby 2004; NRC 2004). They also generate a plethora of economically, biologically 

and socially valuable ecosystem services (Coen et al. 2007; Coen & Luckenbach 2000; Coen, 

Luckenbach & Breitburg 1999; Costanza et al. 1997; Dame 1996; Newell 2004; NRC 2004) deriving 

from the mechanical process of filter feeding {=input of energy and materials) and consequential 

processes of biodeposition, sequestration and reproduction {=output of energy and materials). 

Oysters sequester materials filtered from the water column in soft tissue and shell. Shells form 

substrate, providing habitat and influencing estuary hydrodynamics. Grabowski & Peterson (2007) 

categorised the range of central oyster ecosystem services, namely (1) food, (2) water filtration, (3) 

biodeposition, (4) habitat, (5) carbon sequestration, (6) hydrodynamic and hydrographic influences 

{e.g. intertidal habitat stabilisation) and (7) landscape diversity. These were subsequently endorsed 

in the review of Coen et al. {2007) and are detailed in Fig. 1. Section 3 hereafter expands upon 

each service seriatim. 
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Oysters filter the water column utilising gills (ctenidia) and sequester extracted nutrients in the form 

of shell and soft tissue. Undigested and other waste materials are expelled as faeces or 

pseudofaeces (Galtsoff 1964; Haven & Morales-Alamo 1966). Ctenidia are cil iated structures, tiny 

vibrating hairs that beat in concert to create a current (Helm & Bourne 2004). Apart from feeding 1 

they are also used for respiration and particle transport and processing. Oyster populations can 

filter vast volumes of water. For example, Cloern (1982) estimated that the suspension feeders 

inhabiting South San Francisco Bay were capable of filtering its entire volume at least once per 

day. Galtsoff (1964) reported that an adult oyster can pump up to 457 litres per day, depending 

upon environmental factors (see also Kennedy & Breisch 2001; Shumway 1996). A Sydney rock 

oyster can filter -1 ML of river water. Farmed oysters in NSW are estimated to remove over 1 M 

tonnes of suspended material over their lifetimes (White 2001). 

The water column presents a wide array of suspended materials to suspension feeders. The seston 

(all floating or suspended material ; Kolkwitz 1913) in water bodies includes, in varying sizes and 

quality, mineral grains, phytoplankton and other organic matter such as detritus, faeces and 
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microorganisms. However, seston particles can be selectively accepted or rejected by filter feeders 

(Ward & Shumway 2004). Less nutritious and excess particles are pre-sorted and ejected from the 

mantle cavity, often by the forceful 'clapping' together of shell valves. Filter feeders may also ingest 

larvae of their own and other species (Tamburri & Zimmer-Faust 1996) - larviphagy (Troost, 

Kamermans & Wolff 2008). Seston quality has been shown to affect growth in Sydney rock oysters 

(Paterson, Schreider & Zimmerman 2003). 

Oysters are 'phytoplankton sinks', grazing primary producers when they filter the water column (Fig. 

2). This process exerts top-down control (Alpine & Cloern 1992; Cereo & Noel 2007; Dame 1999; 

Dame & Libes 1993; Kirby & Miller 2005; Newell 2004; Newell et al. 2007; Ulanowicz & Tuttle 1992) 

ameliorating the amount of suspended organic carbon, phytoplankton (Chi a) and solids. Further, if 

filtration clearance time is less than estuarine water mass residence time, oysters can reduce 

eutrophication and phytoplankton blooms (Cereo & Noel 2007; Cloern 1982; Cloern & Dufford 

2005; Dame 1999; Nelson et al. 2004; Newell et al. 2007; Officer, Smayda & Mann 1982). Oyster 

filtration can also improve water clarity by reducing turbidity, thereby increasing the penetration of 

light to benthic vegetation and microphytobenthos (Cereo & Noel 2007; Newell & Koch 2004; 

Peterson & Heck 1999; Porter et al. 2004) . The growth of aquatic vegetation can also be increased 

by oysters filtering epiphyte propagules and through the provision of habitat for grazers that feed on 

leaf epiphytes (Peterson & Heck 2001 ). 

3.2 Biodeposition (nutrient cycling and benthic-pelagic coupling) 

Oysters 'garden' their own food supply by remineralising N and P into the water column, modulating 

water column fluxes (e.g. Boucher & Boucher-Rodoni 1988; Dame, Spurrier & Wolaver 1989) and 

enhancing phytoplankton production (Mazouni, Gaertner & Deslous-Paoli 1998; Pufahl & James 

2006). This 'bottom-up' pressure (Fig. 2) can act as a positive feedback loop {Dame 1999; Dame & 

Libes 1993; Dame, Spurrier & Zingmark 1992; Newell 2004), counterbalancing phytoplankton 

biomass filtered from the water column and biodeposited onto the sediment (Asmus & Asmus 

1991 ). In addition, other excess and waste materials filtered from the water column are 

concentrated and biodeposited as faeces or pseudofaeces, thereby relocating energy to the 

benthos (Galtsoff 1964; Haven & Morales-Alamo 1966). Through these processes, oysters change 

the chemical makeup and particle size of ingested materials and create a couple between benthic 

and pelagic processes (Newell 2004; Fig. 2) . 
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Fig. 2. Oyster 'top-down' and 'bottom-up' control of community structure 

Biodeposits transfer energy from a food web dominated by phytoplankton, microorganisms and 

pelagic consumers to a biodeposit fuelled food web where these biodeposits are grazed upon by 

deposit feeders (Baird & Ulanowicz 1989; Dame 1999; Gergs & Rothhaupt 2008; Haven & Morales-

Alamo 1966) or taken up by submerged aquatic vegetation (Peterson & Heck 1999), both of which 

form a food resource for higher trophic predators (e.g. Peterson, Grabowski & Powers 2003; 

Zimmerman et al. 1999). Biodeposits which are not transported away by currents can have a 

physical effect by accumulating on the sea floor (Mitchell 2006). They can also influence benthic 

community structure (e.g. Nugues et al. 1996). Deposit feeders are major components of estuaries 

(Dye 2006) and are capable of creating negative feedback to oysters by reworking sediment which 
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can be resuspended by currents (Haven & Morales-Alamo 1966), clogging the gills of oysters and 

inhibiting larval settlement (Rhoads & Young 1970). 

3.3 Food/nutrition 

Oysters are nutritious (FRDC 2008; Galtsoff 1964; Jones 1926; Pauley, Van Der Raay & Troutt 

1988; Quayle 1988) and a bountiful food supply across life history stages, as gametes, planktonic 

larvae or in the visceral mass of sessile adults. They represent an important food for humans and a 

myriad of marine and terrestrial vertebrates and invertebrates such as crabs, fish and birds, many 

of which are commercially important (Breitburg 1999; Brumbaugh et al. 2005; Coen, Luckenbach & 

Breitburg 1999; Galtsoff 1964; Kennedy & Breisch 2001 ; Nell 1993; Wells 1961 ; Zimmerman et al. 

1989). Molluscs have been identified as a dietary component of dominant fish species in the 

Hawkesbury-Nepean River system (Harris et al. 1996). 

3.4 Structure 

Oysters accrete shell as they grow, accommodating expanding soft-tissue biomass and 

strengthening their own predator refuge (e.g. Gutierrez et al. 2003; Pufahl & James 2006; Tudor, 

Gryte & Harris 2006). Oysters restructure and augment substrate by providing physical relief in the 

form of shell. Vertical accretion (McCormick-Ray 2005) enhances spatial structure (Bertness, 

Gaines & Yeh 1998; Galtsoff 1964; Quayle 1988; Wheaton 2007) and enables oyster reefs to 

counteract the effects of sedimentation (Lenihan & Peterson 1998). 

Structure has been defined as the spatial composition and arrangement of objects and consists of 

complexity, the absolute abundance of structural components (=surface area), and heterogeneity, 

the relative abundance of those components (=diversity) (Downes et al. 1998; McCoy & Bell 1991 ; 

McGuinness & Underwood 1986). Apart from playing a physical role, structure plays an ecological 

role in community organisation because organisms interact with the abiotic environment (e.g. 

Bartol, Mann & Luckenbach 1999; Thomsen, Silliman & McGlathery 2007; Tolley & Volety 2005). 

Substrate also influences other abiotic environmental parameters such as water flow (Lenihan 

1999). 

Biogenic habitat is a construction of the accumulation of organisms (Brumbaugh et al. 2005; Holt et 

al. 1998). Oyster populations create complex biogenic habitat. The topographical relief fashioned 

by oysters is an estuarine biogenic habitat (e.g. Coen et al. 1999; Coen & Luckenbach 2000; 

Lenihan & Peterson 1998; Nestlerode, Luckenbach & O'Beirn 2007; Ruesink et al. 2005) that 
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increases structure (e.g. Bartol, Mann & Luckenbach 1999; Coen et al. 1999; Grabowski 2004; 

Kimbro & Grosholz 2006) at both horizontal and vertical scales (Kelaher 2003). Cracks, crevices 

and other topographical features can considerably contribute to surface area (Brumbaugh et al. 

2005). Significantly, ecosystem engineers (Jones, Lawton & Shachak 1994) such as oysters 

(Gutierrez et al. 2003) contribute to community organisation by increasing habitat heterogeneity 

and complexity, altering the chemical and biological characteristics of the environment (e.g. Coen, 

Luckenbach & Breitburg 1999; Gutierrez et al. 2003; Norling & Kautsky 2007; Tolley & Volety 

2005). 

3.4.1 Habitat 

Habitat is comprised of physical structure, resources such as food and other organisms, and 

environmental features such as temperature and salinity (e.g. Safriei & Ben-Eliahu 1991 ). Habitat 

structure is an important determinant of organism distribution and abundance because it alters the 

supply of resources and modifies ecological processes and interspecific interactions (e.g. Bell, 

McCoy & Mushinsky 1991 ; Byrne 2007; Kawai & Tokeshi 2006) . 

Oysters enhance biodiversity. Their physical structure mediates food web organisation directly, by 

providing physical resources, and indirectly, by attracting predators which feed on these organisms 

(e.g. Coen & Luckenbach 2000; Coen, Luckenbach & Breitburg 1999). In particular, oyster habitat 

provides substrate for attachment, recruitment and colonisation, refuge from abiotic stress, 

competition and predators, and sites for feeding, foraging, nesting and reproduction (e.g. Crain & 

Bertness 2006; Grabowski 2004; Hastings et al. 2007). 

The shell surfaces of live and dead oysters and the interstices within oyster clusters increase 

habitat complexity and heterogeneity, offering a suite of microhabitats (Beck et al. 2001 ; Coen, 

Luckenbach & Breitburg 1999; Gutierrez et al. 2003; Tolley & Volety 2005; Zimmerman et al. 1989) 

for resident, transient and seasonal organisms including parasites (Winstead, Volety & Tolley 

2004), microorganisms (Nocker, Lepo & Snyder 2004), algae (Thomsen, Silliman & McGlathery 

2007), macrofauna {Boudreaux, Stiner & Walters 2006; Hosack et al. 2006; Lenihan et al. 2001 ; 

Meyer & Townsend 2000; Meyer, Townsend & Thayer 1997; Minchinton & Ross 1999; Rodney & 

Paynter 2006; Underwood & Barrett 1990; Wells 1961), fish and crustaceans, many of which are 

valuable to industry (Breitburg 1999; Coen et al. 1999; Coen, Luckenbach & Breitburg 1999; 

Luckenbach et al. 2005; Peterson, Grabowski & Powers 2003; Posey et al. 1999). Forage 

resources amplify biodiversity by attracting prey (Peterson, Grabowski & Powers 2003; Zimmerman 
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et al. 1989). Oyster biology (e.g. shell composition, filtration and biodeposition) can support 

additional biodiversity (Boudreaux, Stiner & Walters 2006; Norling & Kautsky 2007). 

3.4.2 Hydrodynamics and hydrographics 

The three-dimensional structure of oysters (Commito & Rusignuolo 2000; Lenihan 1999; Soniat, 

Finelli & Ruiz 2004) as well as oyster processes of feeding and respiration (e.g. O'Riordan, 

Monismith & Kosff 1993; van Duren et al. 2006) influence water column hydrodynamics and 

hydrographics. In turn , changes to flow alter sediment deposition, delivery of seston and the 

dispersion and recruitment of biota (Coen, Luckenbach & Breitburg 1999; Dame & Patten 1981; 

McCormick-Ray 2005; Meyer & Townsend 2000; NRC 2004; Ruesink et al. 2005). For example, 

fish and larvae aggregate in the low-flow zones/shadows on the downcurrent sides of oyster reefs 

(Breitburg, Palmer & Laher 1995). Fauna can migrate vertically when dissolved oxygen 

concentrations at lower levels become life-threatening (Brietburg 1999). Moreover, the physical 

structure of biogenic habitat operates as a natural breakwater that modulates sedimentation rates, 

stabilises sediments and vegetation , and reduces wave energy and thus shoreline erosion (e.g. 

Crooks 1998; McCormick-Ray 2005; Meyer & Townsend 2000; Meyer, Townsend & Thayer 1997). 

This physical-biological coupling of oyster habitat (Lenihan 1999) is extended by linkages with 

adjacent estuarine habitats such as seagrass and their respective communities (Micheli & Peterson 

1999). 

3.5 Biomonitoring, biosorption and bioremediation 

Oysters can integrate independent and interactive effects of disturbance; responding directly to 

physical, chemical and biological changes in the environment (e.g. Coen, Luckenbach & Breitburg 

1999; Lenihan et al. 2001 ; Volety et al. In press) . Oysters display strong accumulation patterns for 

contaminants such as trace metals and organochlorides. They are also hardy, large and abundant 

components of estuaries and relatively easy to sample and manipulate. Their sedentary nature 

prevents them escaping environmental perturbation. Oysters are long-living and cosmopolitan and 

therefore able to provide time-integrated measures among geographical areas and across strata of 

trophic organisation (ranked ninth of 18 trophic components; Baird & Ulanowicz 1989), enabling 

disturbance to be predicted and measured without requiring an understanding of multiple trophic 

levels. As a result, oysters can offer an early warning sign of river health problems - the 'canaries of 

the estuary' (HRC NSW 2003). 
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Native oysters have been utilised in local bioaccumulation studies (Brown & McPherson 1992; 

Hardiman & Pearson 1995; Lincoln-Smith & Cooper 2004; Mackay et al. 1975; Phillips 1979; 

Robinson et al. 2005; Scanes 1996, 1997). By accumulating contaminants to levels greater than 

those in the surrounding environment, oysters operate as useful spatio-temporal proxies or 

biomonitors of the total ambient bioavailability (Gifford et al. 2005; Gunther et al. 1999; Quayle 

1988; Rainbow 1995; Rainbow & Phillips 1993; Rittschof & McClellan-Green 2005). The term 

'biomonitor' has been promoted as the best descriptor over a number of others, often used 

interchangeably, namely 'bio-indicators', 'sentinel organisms', and 'bioaccumulative indicators' 

(Rainbow & Phillips 1993). Oyster embryos and larvae have also been propounded as biomonitors 

(Quiniou et al. 2007). 

Bioremediation utilises organisms either to chemically break down toxic chemicals to safe products 

or to remove unwanted materials such as heavy metals from the environment by incorporating 

them into biomass for subsequent collection and processing. The bioaccumulative properties of 

oysters coupled with the ease with which they can be harvested render them ideal bioremediators 

(e.g. Gifford et al. 2005). Graczyk et al. (2006) found that oysters can bioaccumulate human 

pathogens, facilitating their extraction from the environment (see also Malcolm 1987; Scribner, Wolf 

& Auty 1981 ). Shells have also been posited as biosorbers of heavy metals to assist remediation of 

industrial effluents (Tudor, Gryte & Harris 2006). Ideally, the process is commercially self 

sustaining, with the metals recovered generating a financial return (Gifford et al. 2005). Oysters can 

also be combined with other species to form polycultures and create multiple benefits. For example, 

oysters can be paired with shrimp farming and used to filter shrimp organic and inorganic 

particulates. Later, the oysters, which have fed off shrimp biodeposits, can be sold when they attain 

market size (Jones, Preston & Dennison 2002; Maguire, Wisely & Skeel 1981 ; Shpigel & Blaylock 

1991 ). 

Oysters possess calcium-carbonate based biomineralised exoskeletons (Galtsoff 1964; Tudor, 

Gryte & Harris 2006) and can therefore play useful roles in global carbon budgets by cycling C02 

and Ca through biogenic calcification (Chauvaud et al. 2003; Gutierrez et al. 2003). In bivalves, 

calcium carbonate can comprise >95% of shell weight, which can be recovered and used in many 

commercial applications such as construction aggregates and fertilizer (Barros et al. 2009). Shell 

can also be used for cultch (Bonar et al. 1990; Kennedy & Breisch 2001; Nestlerode, Luckenbach & 

O'Beirn 2007), river stabilisation and erosion control (Meyer, Townsend & Thayer 1997). 
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3.6 Sedimentological records of change 

The lives of oysters are documented in their shells. Environmental and biological changes are 

etched in shell structures including external rings, internal bands and growth rings (Leal 2002; 

Quayle 1988; Richardson 2001 ). Enumerating annual growth lines provides an estimate of age 

(Richardson 2001 ; Richardson et al. 1992). In addition, the composition of molluscan death 

assemblages can reflect historical changes in molluscs and associated biota (e.g. Ferguson 2008). 

Oysters create biostroms (laterally extensive tabular beds of disarticulated oysters), bioherms (in 

situ accumulations of oysters that taper laterally into subtidal sediments) and sub-aqueous dunes 

(reworked oyster shell debris) which present important sedimentological records of community 

development (Edgar & Samson 2004; Pufahl & James 2006) . 
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Appendix 3 · Issues confronting oyster farming in the 

Hawkesbury River 
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1. Mari culture 
Mariculture is the farming of marine organisms (FAO 2008; Thomas & Goudie 2000), a word 

derived from the Latin mare, mari meaning sea combined with the word culture (Delbridge et al. 

2001 ). Aquaculture is the farming of marine and freshwater organisms and therefore includes . 

maricuiture (FAO 2008; Thomas & Goudie 2000). In NSW, aquaculture is afforded a statutory 

definition for the purposes of the Fisheries Management Act (NSW) 1994, a statute which 

administers the management of fish and fish habitat in NSW. Its stated objects 1are to conserve, 

develop and share the fishery resources of the State for the benefit of present and future 

generations' {s. 3(1 )). Section 142 defines aquaculture as '(a) cultivating fish or marine vegetation 

for the purposes of harvesting ... with a view to sale, or (b) keeping fish or marine vegetation in a 

confined area for a commercial purpose (such as a fish-out pond) ... ' The word 'fish' includes 

oysters (s.5(2)). 

Oyster cultivation commenced in Australia in about 1870 (Nell 2005). Techniques evolved from rock 

culture and bottom culture to stick and tray culture (Kesteven 1941; Malcolm 1987; Nell 1993) and, 

more recently, to high density plastic tube and longline systems (Nell 2005; NSW DPI 2007b). 

Sydney rock oyster production remains the most valuable fishery to the economy of NSW. 

However, in recent years, the value of total Australian oyster production ($90.5M) contributed by 

NSW has declined annually from 53% in 2002/03 to 30% in 2006/07 ($36.5M; ABARE 2006, 2007, 

2008). In 2002/03, the Hawkesbury River estuary was the second most productive estuary in the 
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State (NSW DPI 2004a). By 2004/5, oyster production in the Hawkesbury had decreased almost 

100% from 892,730 dozen (=$3.85M) in 2002/03 to 5,450 dozen (=$22k) in 2005/06. The decrease 

was attributed to QX disease outbreaks (NSW DPI 2004a, 2007b). In 2006/7, the overall value of 

the Sydney rock oyster industry rose by 6.1 % to $34.6M (NSW DPI 2008a). Production in the 

Hawkesbury River rose to 10,500 dozen (=$46k). 

2. QX disease 
Oysters are vulnerable to a range of anthropogenic and natural pressures including water quality 

(Scribner, Wolf & Auty 1981), pollution (Bayen, Lee & Obbard 2007; NSW EPA 1993), changes to 

freshwater input which alter salinity and flow (e.g. Livingston et al. 2000; Gehrke, Astles & Harris 

1999), habitat disturbance (Lenihan et al. 2001 ), the quality and quantity of seston (Paterson, 

Schreider & Zimmerman 2003; Soniat & Ray 1985), overfishing (e.g. Kirby 2004; Recher & 

Hutchings 1992; Rothschild et al. 1994), exotic species (e.g . Holliday & Nell 1985; Ruesink et al. 

2005), sedimentation (e.g . Coen Luckenbach 2000), disease (Lester 1989), predation (e.g. Handley 

& Bergquist 1997), climate change (e.g. Soniat et al. 2005) and interactions among these factors 

(e.g. Coen & Luckenbach 2000). Synopses of threats posed to oysters can be found in a number of 

commentaries (e.g . Galstoff 1969; Heral & Deslous-Paoli 1991 ; Kennedy & Breisch 2001; Malcolm 

1987; Nell 1993; NRC 2004: Pauley, Van Der Raay & Troutt 1988). 

A study conducted in relation to the Hawkesbury-Nepean catchment considered that the diversity 

and number of fish and shellfish are affected by many activities including water quality, habitat loss, 

impediments to passage, exotic species, over-harvesting and alterations to flow (NSW DUAP 

1996a). 

Disease is a prime threat to oysters and thus the ecosystem services they provide. Queensland 

Unknown ('QX') disease (Adlard & Ernst 1995; Nell 2005, 2007) is one of two major diseases 

suffered by Sydney rock oysters (Nell 2002, 2005, 2007). The other disease is Winter mortality 

which is caused by the haplosporidian Bonamia roughleyi (Cochennec-Laureau et al 2003). QX 

disease is caused by the paramyxean protozoan parasite, Martelia sydneyi (Perkins & Wolf 1976). 

QX disease was first identified in Queensland, Australia in 1972 (Wolf 1972) and has subsequently 

been detected throughout most east-Australian mariculture estuaries (Adlard & Wesche 2005). It 

only takes one season for QX to become established and epizootics can recur each year {Adlard & 

Wesche 2005; Nell 2005). Disease outbreaks are known to produce almost total crop losses 

(Adlard & Ernst 1995) in less than 60 days after infection (Adlard & Wesche 2005, Peters & Raftos 
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2003, Wolf 1979). In NSW, QX has resulted in the collapse of mariculture in the Georges River and 

Hawkesbury River estuaries (Bezemer et al. 2006; Nell 2007). Under the Fisheries Management 

(Aquaculture) Regulation (NSW) 2002, QX disease is a declared disease for the purpose of the 

Fisheries Management Act (NSW) 1994, prohibiting conduct such as the movement and sale of 

diseased oysters. 

3. Management of QX disease impacts 
The impacts of diseases such as QX and Winter mortality have forced oyster farmers to investigate 

alternative oyster varieties and methods of production (Hand & Nell 1997; Nell, Smith & McPhee 

2000). In the Hawkesbury River estuary, in an endeavour to re-establish the oyster industry, 

farmers are examining a number of strategies (MPR 2005; Nell 2007; NSW 01 2006). Firstly, 

Sydney rock oysters are being selectively bred for fast growth and resistance to QX disease (Nell, 

Smith & McPhee 2000). After a number of generations, crops are now being grown commercially in 

many NSW estuaries (e.g. Nell 2001 ; 2007; Nell & Hand 2003; Nell & Perkins 2006). Whilst oysters 

are nearly 1/3rd larger with mortality reduced to between 12 and 20% (NSW DPI 2007a), in the 

Hawkesbury River, production is still to reach numbers which are commercially sustainable (J. 

Stubbs pers. comm. 2008). Secondly, triploid Pacific oysters are being trialled . These oysters are 

'functionally sterile' (NSW 01 2006), do not express OX disease and grow faster than both Sydney 

rock oysters and diploid conspecifics (Nell 2002). In the event of catastrophic mortality of wild 

native stocks, non-native oysters may need further considc~ration by estuary managers as 

functional replacements {Fonseca & Ganade 2001; Micheli & Halpern 2005; Naeem & Wright 2003) 

to maintain the stability provided to estuarine ecosystems by oysters (NRC 2004). 

3.1 Non-native oysters 

The intentional introduction of non-native oysters is often justified as a means of diversifying 

mariculture or restoring oyster ecosystem services (Grabowksi & Peterson 2007) when populations 

have been lost through disease or anthropogenic activities such as overfishing (Gottlieb & 

Schweighofer 1996; NRC 2004). Introduced species can increase mariculture production and the 

number and abundance of associated organisms (Ruesink et al. 2005). For example, Pacific 

oysters have been found to provide habitat for associated organisms and thus food for local and 

migratory bird species (Escapa et al. 2004). There is, however, an attendant risk of homogenising 

the environment by diminishing the relative abundance of indigenous organisms (McKinney & 

Lockwood 1999; Olden et al. 2004). Exotic species are not inherently good or bad (Brown & Sax 

2004) and thus introductions should be considered on scientific merit (Gehrke 1996). However, 
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ecosystem engineers, such as Pacific oysters, modify ecosystems by shaping habitat and 

modulating resource availability (Jones, Lawton & Shachak 1994), therefore introductions require 

careful evaluation (Crooks 2002; Cuddington & Hastings 2004), especially because once 

established populations are irreversible (Medcof & Wolf 1975; NRC 2004). They can also represent 

a pest for aquaculture (e.g. Nell 2001), trophic competitors by pre-empting food, propagules and 

space by faster feeding and growth, and vectors for 'hitchhiking' invaders (Minchin 1996), including 

diseases (Ruesink et al. 2005). 

Estuaries and coasts are the most invaded of ecosystems worldwide (Grosholz 2002). Invasions 

are a significant stressor for biota (Ruiz et al. 1999) and the greatest threat to biodiversity after 

habitat destruction (Wilcove et al. 1998). The dispersal and colonisation of non-native marine 

species is increasing (Bax et al. 2001 ; Ruiz et al. 1997), mediated predominantly by human 

activities (Carlton 1998; Mack et al. 2000; Ruiz et al. 1997), deliberate or unwitting (Chew 1990). 

Invasive species can dominate over native competitors by exploiting resources in novel ways (Bax 

et al. 2001 ), modifying their immediate environment to suit themselves (e.g. Cuddington & Hastings 

2004) or because environmental changes, for example via anthropogenic activities, transform 

habitat thereby reducing the advantage of adaptations held by native species (Byers 2002). 

Non-native oyster introductions have received broad scrutiny. In 1996, Pacific oysters were 

assessed for introduction to Victoria (Coleman 1996). Loss of amenity and shoreline aesthetic were 

identified as serious concerns. Shatkin, Shumway & Hawes (199l} assess the relative merits of the 

introduction of Pacific oysters to The Gulf of Maine. The National Research Council (NRC 2004) 

summarise the ecological, social, economic and cultural risks of introduction of non-native oysters. 

The Secretariat of the Global Invasive Species Programme (GISP) has undertaken a review of 

literature and case histories to assist with invasive species management (GISP 2004). Ruesink et 

al. (2005) focus upon ecosystem effects of oyster species introductions, such as nutrient cycling 

and hydrodynamic influences. There have also been reviews of the implications of bivalve 

introductions relative to aquaculture (McKindsey et al. 2006; Naylor, Williams & Strong 2001). 

3.2 Triploid oysters 

Oysters that are 100% triploid are attractive to the aquaculture industry because their fast growth 

ensures a prompt return on investment and the inability of triploid oysters to reproduce eases 

ecological concerns. Triploidy can be induced by chemical or physical treatment or by crossing 

tetraploid males and diploid females. Whilst growth rates do not differ between oysters with 2n or 
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3n chromosomes, triploid oysters, with increased heterozygosity and less investment of resources 

in gamete production, can allocate greater energy to somatic growth (Nell 2002). However, 

production methods do not presently produce 100% triploid oysters (Guo & Allen 1994; Nell 2002; 

Shatkin, Shumway & Hawes 1997) and reproductively viable oysters can disperse larvae into the 

wild (e .g. McKindsey et al. 2006), posing a risk to wild populations (Dew et al. 2003). 

In 2005, a report was prepared by Marine Pollution Research Pty. Limited (MPR 2005) on behalf of 

the Hawkesbury River Oyster Farmers consortium in support of an application for the cultivation of 

triploid Pacific oysters in the Hawkesbury and Patonga Creek estuaries. The application sought 

permission to cultivate 2M Pacific oysters the first year and 5M for each of three years thereafter. 

Sampling estimated that the Hawkesbury estuary harboured at least 41 OM Pacific oysters. For the 

purpose of the report, triploids were assumed to be 96.9% sterile and therefore a crop of 5M Pacific 

oysters would produce 154,850 fecund Pacific oysters, an increase to wild assemblages of 3.1 %. It 

was contended that introduction of triploid Pacific oysters would not significantly increase wild 

population numbers. However, Guo & Allen (1994) estimated the relative fecundity of triploid 

females at approximately two percent. Pacific oysters are renowned for their high fecundity (20-

100M eggs in a single spawning; Heral & Deslous-Paoli 1991 ; Quayle 1988). Therefore, diploid 

Pacific oysters from aquaculture could produce 400,000-2M larvae in the first spawning. 
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