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Abstract 

The research presented in this thesis illustrates the process in exploring opportunities 

for diversifying crop options for the Pacific oyster aquaculture industry in New 

Zealand. This included an investigation of the potential for coculture of the snail, 

Lunella smaragdus, with Pacific oysters in baskets, by examining the possible 

reduction of biofouling of baskets, as well as improvements in survival and condition 

of oysters, and the growth and survival of the snails. The research also investigated the 

potential for native bivalve species (Paphies australis, pipi; Austrovenus stutchburyi, 

cockles), New Zealand sea cucumber (Australostichopus mollis) and seaweed 

(Hormosira banksii, Neptune’s necklace) as alternative commercial crop options to 

utilise oyster culture infrastructure left vacant following the loss of the oysters due to 

OsHV-1 µVar mass mortality episodes. The experiments were conducted on Pacific 

oyster farms in the Mahurangi and Kaipara Harbours in northern New Zealand operated 

by Biomarine Ltd. Coculture experiments were conducted with different starting snail 

biomass and sizes that also varied in relation to the plastic mesh size of the oyster 

aquaculture baskets. The oyster baskets supported a small number of snails, at 42 g 

biomass per basket. While not commercially viable as a crop, the snails reduced 

biofouling (p < 0.001, at 466 days of coculture). Snail treatment did not have a negative 

impact on oyster survival and growth but had a moderate effect on oyster meat 

condition (low and high starting snail biomass, M = 4.2 %, SE ± 0.1 and M = 4.3 %, SE 

± 0.1, respectively), which was higher compared to controls (M = 3.8 %, SE ± 0.1, p = 

0.005). The potential for the coculture of pipi, cockles, sea cucumber and Neptune’s 

necklace on the Pacific oyster farms were assessed experimentally, by investigating 

their growth and survival at different densities, and with Neptune’s necklace, assessing 
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the potential yield of fucoidan. The bivalves had moderate survival but slower growth 

than in the wild. Pipi: M = 95.4 %, SE ± 2.3; 308 days; cockles: Mahurangi: > 98 %, 93 

days and M = 46 - 78 %, 376 days; Kaipara: 88 – 100 %, 89 days). Sea cucumbers 

grown at high starting biomass showed moderate growth M = 10.6 g (SE ± 5.2, p = 

0.018) but did not survive beyond 73 days. The oyster baskets were not suitable for 

seaweed culture (200 and 149 days. However, fucoidan yield was comparable to 

commercial yield from other species (0.38 -0.77 % of wet biomass). Coculturing other 

native marine species to those examined in this current study, which are capable of 

utilising resources at different trophic levels to oysters, may contribute to more efficient 

use of the farm infrastructure and available nutrients, while potentially having a positive 

impact on the environment. This would also provide more economic security for 

farmers through diversifying their crop portfolio. Identifying and assessing the 

suitability of new species for aquaculture development is complex and challenging, and 

this thesis addresses the necessary questions that form the foundation to inform further 

development of native species with potential for culture on Pacific oyster farms in New 

Zealand.  
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 Introduction 

 Challenges and opportunities 

1.1.1 Global aquaculture 

 Aquaculture is one of the fastest growing food production sectors in the world 

with the volume of aquaculture production increasing on average 5.8 % a year from 

2011-2016 (FAO, 2018), faster than the world population growth of 1.6 % (FAO, 2012, 

2014, 2018). Fisheries and aquaculture employ about 10-12 % of the world’s 

population, with employment in the sector growing at a faster rate than for growth in 

the world’s population (FAO, 2014). Total landings from wild fisheries contributed 

more than 90 % of global fish consumption in the 1970s, but by 2016 aquaculture 

produced 46.8 % of total global fisheries and aquaculture (fish, shellfish and aquatic 

plants) production for human consumption (FAO, 2018). This indicates that the limit 

of production from global wild fisheries has been reached. 

 The world population is currently projected to reach 9.6 billion by 2050 (UN, 

2014). Growing income, population, urbanization, and a greater access to aquatic life 

as a food source has increased the average amount of fish and shellfish consumed per 

capita, from about 9.9 kg in the 1960’s to an estimated 20.2 kg in 2015, with demand 

and consumption levels, and hence farming intensity, projected to continue increasing 

(FAO, 2018).  
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1.1.2 Integrated multi-trophic aquaculture 

 There has been increasing attention towards reducing the impacts of intensive 

monoculture, and increasing the variety of crops used for coculture with species 

occupying different trophic levels (see many reviews, including Barrington et al., 2009; 

Buck et al., 2018; Chopin et al., 2001; Neori et al., 2007; Shi et al., 2013). This 

technique is not new, with rice farmers in China practicing integrated multi-trophic 

aquaculture (IMTA) for centuries, by growing carp in rice paddy fields: this increases 

the number of income streams for the farmer and recycles nutrients by using fish waste 

as fertilizer (Chopin et al, 2001). 

 More recent examples of IMTA include projects in Canada and Scotland, where 

kelp species like Saccharina latissima (sugar kelp) and bivalves (Mytilus edulis) are 

grown as commercial crops, in close proximity to salmon farms, reducing fish waste 

and water nutrient levels, while simultaneously enhancing bivalve and seaweed growth 

(Chopin et al., 2001; Lander et al., 2012). Coculture of bivalves with deposit feeders 

have also been explored using green-lipped mussels (Perna canaliculus) or Pacific 

oysters (Crassostrea gigas) with sea cucumbers (Australostichopus mollis) in New 

Zealand, and C. gigas with sea cucumbers (Parastichopus californicus) in Canada 

(Slater & Carton, 2007; Slater et al., 2009; Paltzat et al., 2008; Zamora et al., 2014). In 

addition to enhancing crop growth and alleviating environmental pressure, IMTA has 

also been identified as a possible approach towards reducing risks of disease that occur 

with intensive farming of single crops (Barrington et al., 2009; Buck et al., 2018; 

Chopin et al., 2001; Neori et al., 2007; Shi et al., 2013). 
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1.1.3 Aquaculture and oyster farming in New Zealand 

 The culture of molluscs collectively forms the second most productive type of 

aquaculture in the world by volume and value (FAO, 2012, 2014). The largest volume 

of farmed oysters is the Pacific oyster, Crassostrea gigas (Thunberg), which accounted 

for 97 % of the entire world’s oyster production (FAO, 2012, 2014). In New Zealand, 

molluscs are the basis of two of the three most important commercial marine 

aquaculture crops: the endemic green-lipped mussel (Perna canaliculus), which has 

been trademarked as Greenshell™, and the Pacific oyster (NZ Govt, 2012). 

Biomarine Ltd is a major oyster farming company that started in the 1970’s, not 

long after oyster cultivation in New Zealand switched from native rock oysters, 

Saccostrea glomerata, to Pacific oysters. The company operates intertidal oyster farms 

in the Mahurangi and Kaipara Harbours north of Auckland in the North Island. 

Biomarine Ltd’s farms are certified organic, and mostly use off-bottom hanging basket 

culture systems, which were originally developed in Australia. 

The company is a major exporter of Pacific oysters from New Zealand and 

produces around 4 million oysters annually of which over 90 % are exported. Biomarine 

Ltd has 24 ha of marine farm leases in the Mahurangi Harbour on the east coast of the 

North Island for cultivating Pacific oysters. Associated farmers from Parua Bay, in the 

Whangarei Harbour, contribute a further 50,000 dozen oysters to Biomarine Ltd’s 

annual production and exports. In 2007, Biomarine Ltd was granted consent for a new 

growing area of 75 ha near the mouth of the Kaipara Harbour on the west coast of the 

North Island. This area is well removed from land, being 4 km south of the Tapora 

Peninsula and 6 km from South Kaipara Head, which ensures water that is relatively 

unaffected by agricultural runoff which would otherwise compromise the quality and 
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food safety of the oysters. Biomarine Ltd has two shellfish processing plants: one is at 

Snells Beach, near the Mahurangi Harbour, and another in Warkworth, near the Kaipara 

Harbour. This ensures oysters are as fresh as possible when processed. As the new farm 

in the Kaipara Harbour develops, a new processing plant has been built near 

Warkworth, mid-way between each major growing area and is now processing oysters.  

1.1.4 Ostreid herpesvirus and mass mortalities in cultured oysters 

 Infectious diseases in bivalves are widespread, and have been attributed to a 

host of different disease-causing agents like parasites (Genera Perkinsus, Marteilia, 

Bonamia, Microcytos, Mytilicola), bacteria (Vibrio spp., Nocardia), and viruses 

(Iridoviridae, Papoviridae, Togaviridae, Reoviridae, Birnaviridae, Picornaviridae and 

Herpesviridae)(reviewed extensively in Bower et al., 1994). Viruses, especially herpes-

like viruses, have had a significant commercial and ecological effect on cultured marine 

bivalves in the past two decades (Davison et al., 2005; Farley, 1978; Farley et al., 1972; 

Tidwell & Allan, 2012; Vigneron et al., 2004; Webb, 2012). 

 Attrition of oysters in many populations over the warmer spring and summer 

months, has been observed since modern intensive oyster farming expanded 

significantly in the 1960s, especially in the United States and Japan, and has been 

associated with a number of possible causative disease organisms (Burge et al., 2006; 

2007; Farley, 1978; Farley et al., 1972; Friedman et al., 2005; Perdue et al., 1981; 

Renault et al., 2012).  
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1.1.5 Ostreid herpesvirus-1 microvariant (OsHV-1 µVar) 

 A relatively recent and widespread spate of epizootic mass mortalities in cultured 

oysters in many parts of the world has been ascribed to a viral aetiology which appears 

to be associated with what has become known as Ostreid Herpesvirus-1 microvariant or 

OsHV-1 µVar. Studies have been done on how the virus spreads (Schikorski et al., 2011), 

and under what circumstances oysters are the most susceptible, with many studies now 

looking at combinations of intrinsic and extrinsic factors, especially because the oysters 

appear to reach a threshold viral load before mortality occurs (Sauvage et al., 2009; 

Schikorski et al., 2011). Understanding what factors infer natural resistance (Dégremont, 

2011; Dégremont, 2013), combined with best husbandry and farming practices (Paul-

Pont et al., 2013a) form the crux of managing this disease (Castinel et al., 2013; Pernet et 

al., 2014). 

1.1.6 OsHV-1 and variants 

 The OsHV-1 is from the family Malacoherpesviridae and the genus Ostreavirus, 

of which OsHV-1 is currently recognised as the sole species (Burge et al., 2006, 2007; 

Davison et al., 2009, 2005; Renault et al., 1995). The virus has contributed to large-scale 

mortalities in various bivalve species (Arzul et al., 2001; Davison et al., 2005; Farley, 

1978; Farley et al., 1972; Paul-Pont et al., 2013; Perdue et al., 1981) but especially in 

Pacific oysters (Garcia et al., 2011; Renault et al., 1995). Since 2008 a variant of OsHV-

1: OsHV-1 microvariant (OsHV-1 μVar), has been the common causal factor in massive 

mortalities of Pacific oysters in many farming areas starting in France, and subsequently 

spreading to other areas in Europe, including United Kingdom (UK), Jersey (UK Channel 

Islands), Ireland, Spain, Netherlands, and the United States (Dégremont et al., 2010; 

Friedman et al., 2005; Lynch et al., 2012; Martenot et al., 2011; Mineur, et al., 2014; 
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Peeler et al., 2012; Renault et al., 2012; Roque et al., 2012; Sauvage et al., 2009; Segarra 

et al., 2014). By 2010 the damage from mass mortalities linked to OsHV-1 μVar had 

reached Australia and New Zealand (Cameron & Crane, 2011; Jenkins et al., 2013; 

Keeling et al., 2014; Paul-Pont et al., 2014). It is thought that OsHV-1 μVar was initially 

introduced into European waters when stock was obtained from East Asia with an 

intention to increase genetic diversity of the stock in Europe (Mineur et al., 2014). 

1.1.7 How OsHV-1 µVar spreads 

 The pathogenicity of OsHV-1 µVar has been demonstrated in studies where 

infection was induced in previously uninfected oysters, by immersion in close 

proximity to oysters which had been artificially infected with the virus (Schikorski et 

al., 2011). In the lead-up to mortality, there are no overt clinical signs or behavioural 

changes particular to an OsHV-1-type infection (OIE, 2013). 

 The OsHV-1 µVar typically first appears in discrete patches amongst oysters in 

the field (Garcia et al., 2011; Paul-Pont et al., 2013b; Pernet et al., 2014), and 

subsequent transmission is horizontal with the infection being spread from oyster to 

oyster (Paul-Pont et al., 2013b; Schikorski et al., 2011). Viral particles released into the 

water may remain infectious for 48 h, and are likely to be transported on particulate 

matter like plankton (Paul-Pont et al., 2013b; Schikorski et al., 2011). Dead oysters 

have also been shown to possibly remain infectious by releasing viral particles, thus 

proper waste management in the event of mortalities could prevent further 

contamination and spread of the virus (Cameron & Crane, 2011). The large-scale 

transfer of the virus has been linked to the movement of live oysters, as well as the 

movement of equipment that has come into contact with infected oysters (Cameron & 

Crane, 2011). It becomes clear that farming methods may play a key role in aiding the 
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rapid transmission of OsHV-1 µVar and also for the control of the spread of the disease 

(Normand et al.; 2014; Paul-Pont et al., 2013a; Pernet et al., 2014).  

1.1.8 OsHV-1 in New Zealand 

 In New Zealand, mass Pacific oyster mortalities were first observed and 

investigated in the Coromandel Peninsula in March 2010, and ascribed to a single viral 

strain highly-similar to OsHV-1 μVar (Castinel et al., 2013; Renault et al., 2012; Webb, 

2012). The virus was subsequently found in many oyster farming areas in the Auckland 

and Northland regions of North Island, including the Bay of Islands, and the Mahurangi 

and Kaipara Harbours. 

 New Zealand uses approximately 90 % wild-caught spat for seeding Pacific 

oyster aquaculture operations (Castinel et al., 2013; Webb, 2012). Most spat are caught 

on sticks in harbours on the west coast of the North Island that are subsequently moved 

to other areas for grow out (Forrest et al., 2009; Jeffs, 2003). The effect of OsHV-1 

µVar infections on wild-caught spat showed 50 % mortality whilst hatchery-reared spat 

had up to 100 % mortality (Keeling et al., 2014; Webb, 2012). High mortality from 

OsHV-1 µVar infections in larger juvenile and adult oysters have also been reported 

(Keeling et al., 2014; Webb, 2012). The impact of OsHV-1 µVar on the oyster 

aquaculture industry in New Zealand has been perceived as relatively low, compared 

to the situation in Europe, because the industry mostly uses wild-caught spat (Castinel 

et al., 2013; Webb, 2012). Regardless, the virus has had a significant effect on oyster 

farm production in New Zealand with a decrease of about 60 % of total production in 

2010, the year OsHV-1µVar mass mortalities were first reported in New Zealand 

(Castinel et al., 2013; Webb, 2012). New Zealand exports oysters to Australia (30 %), 

Asia (30 %), United States, Japan and the Pacific Islands (NZ Govt 2007), which may 
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also be experiencing greater demand due to the loss of Pacific oyster stocks in their own 

growing areas due to the impacts of viral infection (Castinel et al., 2013). Overstocking, 

as well as selective breeding for natural resistance to the virus, have been suggested as 

viable strategies to maintain oyster farm production levels in New Zealand, despite 

ongoing mortalities due to the virus (Castinel et al., 2013; Forrest et al., 2009; Webb, 

2012). However, focussing on simple changes in farming and husbandry techniques 

may have a positive effect on oyster health. 

1.1.9 Husbandry practices  

 While there are many efforts to further characterise the virus to help select and 

breed resistant stocks (Batista et al., 2015; Corbeil et al., 2014; Dégremont, 2011, 2013; 

Dundon et al., 2011; Keeling et al., 2014; Normand et al., 2014; Samain et al., 2007; 

Sauvage et al., 2009), there is also an increasing focus on manipulating husbandry 

techniques to reduce stock loss (Chávez-Villalba et al., 2010; Jenkins et al., 2013; 

Normand et al., 2014; Paul-Pont et al., 2013a; Pernet et al., 2014). 

Oysters are grown in high densities and the virus is transmitted from oyster to 

oyster (Paul-Pont et al., 2013b; Pernet, et al., 2014), thus growing them in lower 

densities may reduce the reach of the virus and incidence of disease in oyster farms 

(OIE, 2013; Paul-Pont et al., 2013b; Pernet et al., 2014). Growing Pacific oysters in the 

presence of other non-OsHV-1 vector bivalves also appears to reduce the infection 

pressure on Pacific oysters (Paul-Pont et al., 2013a; Pernet et al., 2014). Other relatively 

simple measures, like deploying sentinel Pacific oysters to detect infections (Paul-Pont 

et al., 2013a; Pernet et al., 2014), choosing culture locations with more water movement 

(Chávez-Villalba et al., 2010), moving oysters higher towards the shoreline (Peeler et 

al., 2012), and changing the height in the water column where the oysters are grown, 
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have had some success for reducing losses of adult oysters due to viral infection (Paul-

Pont et al., 2013a; Whittington et al., 2015). Pacific oysters growing in deeper water 

appeared to suffer from higher mortalities (Paul-Pont et al., 2013a). Incidentally, 

fouling of growing structures has also been found to be worse at deeper water levels 

(Rheault, 2012). 

1.1.10 Controlling biofouling at Biomarine Ltd 

 The use of aquaculture structures creates new habitats and growth surfaces for 

fouling organisms (Rheault, 2012). For Biomarine Ltd’s oyster farms this includes a 

build-up of unwanted ascidians, tunicates, barnacles, macroalgae and bivalves on the 

posts that support the hanging culture lines, as well as significant fouling of the surfaces 

of the oyster baskets. Leaving biofouling organisms to grow on the baskets could 

increase the competition for food resources with the oysters, restrict flow of water and 

particulate food through the baskets to the oysters, which together may also increase 

the susceptibility of the cultured oysters to disease (Rheault, 2012). 

Routine farming practices like cleaning oysters and growing structures could 

act as stressors and may facilitate the increase in susceptibility of the cultured oysters 

to pathogen-associated mortalities (Castinel et al., 2013; Forrest et al., 2009; Tidwell & 

Allan, 2012). The baskets of oysters are normally removed from the intertidal farm and 

brought into a land-based facility where the oysters are size graded, and the baskets 

cleaned. This process can contribute to physiological stress for the oysters and increase 

chances of triggering vulnerability to the virus. 

Biofouling has thus been identified as a potential factor contributing to 

increasing probability of OsHV-1 µVar infection and damage of Pacific oyster crops 

(Castinel et al., 2013; Forrest et al., 2009; Paul-Pont et al., 2013a). Developing ways to 
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keep oysters clean with minimal or no handling may help to reduce the incidence of 

disease in oysters, and potentially enhance the quality and growth performance of the 

cultured oysters. 

Coculturing marine herbivorous gastropods with cultured Pacific oysters is 

practised in France as a means of reducing biofouling on the oyster farm infrastructure 

(Jim Dollimore, Biomarine Ltd., pers. comm.). The gastropods are used to graze the 

fouling algae from the baskets and oysters, which has greatly reduced the need for the 

baskets to be brought in for cleaning. Furthermore, the presence of gastropods has 

reportedly increased the production of oysters as farmers are able to utilise all of their 

oyster growing baskets instead of having to rotate the baskets between cleaning cycles. 

Furthermore, the marine snails were also sold as an additional seafood crop. 

Other researchers have demonstrated that grazing and carnivorous gastropods 

can control biofouling in aquaculture. For example, some oyster growers reported some 

success with placing a few common mummichog (Fundulus heteroclitus) (Rheault, 

2012), or periwinkles (Littorina littorea) inside each culture tray or basket so they can 

graze on the fouling (Carman, 2009; CRAB Project). Fish species like Arabian killifish 

(Aphanius dispar) and redbelly tilapia (Tilapia zillii) have also been used as grazers to 

remove unwanted epiphytes and copepods from among cultivated seaweed (Friedlander 

et al., 1996). More examples of biocontrols for reducing structural fouling and 

unwanted invasive species include the use of the New Zealand sea urchin, Evechinus 

chloroticus, to graze down a population of an invasive kelp in parts of the South Island 

(Atalah et al., 2013). Other sea urchin species have also been used on tropical oyster 

farms to graze on unwanted pests (Lodeiros & Garcia, 2004). Grazing gastropods 

endemic to New Zealand, like the blackfoot abalone, Haliotis iris, and the Cook’s 



 

11 

 

turban snail, Cookia sulcata, have been shown to significantly reduce fouling 

organisms on wharf structures (Atalah et al., 2014). 

The first aim of this current study is to investigate the feasibility of using IMTA 

principles, by coculturing a native herbivorous gastropod with the Pacific oysters at 

Biomarine Ltd as a form of biocontrol for biofouling of the oyster baskets. An 

assessment of the biological attributes and tolerances of the range of available native 

herbivorous gastropods identified that Lunella smaragdus (Gmelin) is an ideal 

candidate for coculture with oysters. Commonly known as ‘cats eye’, this is a plentiful 

endemic intertidal gastropod found on rocky shores throughout New Zealand, feeding 

on a range of macroalgae (Alfaro et al., 2007; Morton, 1949; Walsby, 1977). 

Coculturing these gastropods with the oysters has the potential to keep the baskets and 

oysters clean of biofouling, reducing the need for cleaning of the baskets and thus 

reducing the susceptibility of oysters to disease, whilst potentially improving oyster 

condition and survival. 

1.1.11 Diversifying crop options at Biomarine Ltd 

 The widespread loss of farmed oysters in New Zealand due to the virus has 

resulted in aquaculture infrastructure being made available on oyster farms. This 

available space has the potential to be used to grow other bivalve and non-bivalve 

species. Growing other native bivalve species which are not vectors for the OsHV-1 

virus could provide buffering against future epidemics, as well as provide alternate crop 

options to help improve the economic viability of the aquaculture operation. Any native 

bivalve species considered as alternative crop options have to be able to thrive in the 

intertidal conditions at the oyster farms and be of commercial value. Further 

diversification of crop options for the farm could include growing native marine species 
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of different trophic levels, to enable more efficient use of available nutrients released 

by the culture of Pacific oysters. For example, the native brown sea cucumber, 

Australostichopus mollis (Hutton) can consume faecal material from Pacific oysters and 

in so doing reduce its organic content (see Appendix; Slater & Carton, 2007; Zamora 

et al., 2014). 

It has been suggested that coculture of Pacific oysters with bivalves of other 

species may reduce the risk of viral infection to the oysters (Paul-Pont et al., 2013a; 

Pernet et al., 2014). When the widespread devastation of Pacific oyster populations by 

OshV-1 µVar was first reported in parts of Australia, it was noted that the viral epidemic 

did not affect the sympatric native Sydney rock oysters (Saccostrea glomerata), 

although OsHV-1 µVar was found to be present in these oysters (Jenkins et al., 2013; 

Paul-Pont et al., 2013a). It was proposed that since the viral particles may travel through 

the water column by attaching to plankton, they may be ingested and processed as food 

by filter-feeding bivalves that do not appear to be affected health-wise by OsHV-1 µVar 

(Evans et al., 2014; Paul-Pont et al., 2013a). Therefore, utilising the presence of these 

bivalves in association with aquacultured Pacific oyster stock may help to reduce the 

viral load in the cultured oysters (Paul-Pont et al., 2013a; Paul-Pont et al., 2013b; Pernet 

et al., 2014). 

In a study comparing Pacific oyster mortality rates due to OsHV-1 µVar 

infections, in different oyster farm sites within the same location in New South Wales, 

Australia, the Pacific oysters at two sites suffered from large-scale OsHV-1 µVar-

linked mortalities while the Pacific oysters in the third site survived (Paul-Pont et al., 

2013a). The major difference at the third oyster farming site, was that Pacific oysters 

were growing in the vicinity of 900,000 farmed Sydney rock oysters (Paul-Pont et al., 
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2013a; Whittington et al., 2015). The Pacific oysters at the third site eventually 

succumbed to OsHV-1 µVar infection, a few weeks after the Sydney rock oysters were 

harvested (Paul-Pont et al., 2013a). Furthermore, a study investigating oyster survival 

and mortality rates in a French shellfish farming region found that survival rates in 

oysters were highest on farm sites where there was concurrent farming of 

Mediterranean mussels (Mytilus galloprovincialis) (Pernet et al., 2014). 

The OsHV-1 and its variants appear to be capable of infecting other bivalve 

species, and the OsHV-1 variant OsHV-1-SB was found to have caused mortalities in 

the blood clam, Scapharca broughtonii (Arzul, et al., 2001; Farley, 1978; Farley et al., 

1972; Xia et al., 2015). Therefore, any selected native bivalve candidates for coculture 

with Pacific oysters would have to be non-vectors of the virus (Webb et al., 2007). 

Even though the aquaculture of bivalve shellfish tends to generate less 

environmental concerns than fed aquaculture species, such as sea cage farmed salmon, 

improvements can be made by coculturing species that utilise nutrients from different 

trophic levels to the bivalves (Abreu, 2009; Forrest et al., 2009). If successful it can 

provide economic, societal and environmental benefits, including the recycling of waste 

nutrients from higher trophic-level species into production of lower trophic-level crops 

of commercial value. In New Zealand there are many species of bivalves, seaweeds and 

other marine invertebrates that not only have potential as commercial food crops but 

also as sources of useful materials, such as nutraceuticals (Jeffs, 2002, 2003; Jeffs et 

al., 1999).  

A review of previous literature and a detailed assessment of the biological 

attributes and tolerances of the range of available native species that could be cultured 

on oyster farms identified a number of species with commercial and biological potential 
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(see Table 1.1). Commercial oyster aquaculture in New Zealand began more than 60 

years ago with the native rock oyster (Saccostrea glomerata). This species should be 

considered for coculture with Pacific oysters in New Zealand because of its ability to 

act as a virus buffer for Pacific oysters (Paul-Pont et al., 2013a). However in this current 

study the aim was to explore native species that have not been previously known to be 

grown on oyster farming infrastructure. Hence, native bivalves with commercial 

significance, that have not yet been experimentally cultured on a Pacific oyster farm 

are the pipi, Paphies australis (Hooker, 1995; Jeffs, 2003; Pawley, 2012) and the 

cockle, or littleneck clam, Austrovenus stutchburyi (Jeffs, 2003; Marsden & Pilkington, 

1995; Pawley, 2012). An intertidal brown macroalgae, commonly known as Neptune’s 

necklace, Hormosira banksii, is endemic to Australia and New Zealand and has been 

suggested as a fodder crop for the blackfoot abalone aquaculture, a source of alginate 

chemicals, an ornamental plant for Japanese food tables, and as a potential source of 

fucoidan, which is a complex carbohydrate used in cosmetics and nutraceuticals (Chen 

et al., 2011; Kariya et al., 2004). A similarly shaped species of seaweed, Laurencia 

papillosa, is traditionally used in Japan, Hawaii, Scotland, Philippines, and India is in 

short supply and fetches high prices with potential applications in nanotechnology 

(Jeffs, 2002, 2003; Younes et al., 2016). The New Zealand sea cucumber, 

Australostichopus mollis, has been shown to ingest cultured mussel and oyster waste 

deposits and also has excellent prospects in Asian seafood markets (Slater & Carton, 

2007; Slater et al., 2009; Zamora et al., 2014). These species warrant initial 

investigation for their potential for coculture on intertidal Pacific oyster farms in New 

Zealand (Table 1.1). 
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This study aims to investigate if other valuable native marine species can be 

cultured within existing oyster farms, to diversify the production options for the 

industry and better utilise the aquaculture infrastructure made available through 

reduced capacity for oyster production due to viral infection (Table 1.1). Coculture of 

other bivalves with oysters may help to reduce the viral infection pressure and hence 

potentially lower mortality rates of the cultured oysters (Paul-Pont et al., 2013a; Pernet 

et al., 2014). Coculturing other native marine species, which utilise resources at 

different trophic levels to oysters, may also contribute to more efficient use of the farm 

infrastructure and available nutrients, while potentially having a positive impact on the 

environment. For this current study experiments were conducted in partnership with 

Biomarine Ltd on their Pacific oyster farm sites in the Mahurangi and Kaipara 

Harbours. While Pacific oyster farm sites elsewhere in New Zealand would not be 

subjected to exactly the same environmental conditions, the Mahurangi Harbour was 

where Pacific oyster farming began in New Zealand, and where other potential native 

marine crops have been tested for their aquaculture potential (Gribben et al., 2002; 

Slater et al., 2007; Zamora et al., 2014). 

Species for this current study were selected based on the following criteria: 

native; non-vector of the OsHV-1 virus; occurring in intertidal habitats similar to 

estuarine oyster farms, or the ability to occupy a range of intertidal habitats (e.g. rocky 

shore, mangrove, etc) that suggest adaptability and resilience; either occupying a 

different trophic level to Pacific oysters, or if in the same trophic level the species 

should have the potential to provide a beneficial service (e.g., ameliorate risk of 

disease); and high potential for marketability, if market and consumer demand has not 

been previously established (Table 1.1). 
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This research investigated the potential benefits of IMTA by experimentally 

coculturing the gastropod, Lunella smaragdus, with Pacific oysters in intertidal baskets 

in terms of reduced biofouling of baskets, improved survival and condition of oysters, 

and the growth and survival of the gastropods (Table 1.1). Coculture experiments were 

conducted with different densities and sizes of gastropods, varied in relation to the 

plastic mesh size of the oyster aquaculture baskets. The experiments were conducted 

on Pacific oyster farms in the Mahurangi and Kaipara Harbours in northern New 

Zealand operated by Biomarine Ltd. 

The research also investigated the potential for native bivalve, sea cucumber 

and seaweed species as commercial crop options, to utilise oyster culture infrastructure 

that has been left vacant due to loss of the oysters during previous OsHV-1 µVar mass 

mortality episodes (Table 1.1). The potential for IMTA via the coculture of pipi, 

cockles, New Zealand sea cucumber and Neptune’s necklace on Pacific oyster farms in 

the Mahurangi and Kaipara Harbours in northern New Zealand are also assessed 

experimentally, by investigating their growth and survival at different densities, and in 

the case of Neptune’s necklace, assessing the potential yield of fucoidan. 

Together the research presented in this thesis illustrates the process of species 

diversification, and IMTA for the Pacific oyster aquaculture industry in New Zealand 

and in doing so, potentially reducing the negative impacts associated with the recent 

disease on this industry.   
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Table 1.1 Candidate species and selection criteria for coculture with Pacific oysters in this study. 
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 Assessing potential for coculturing cats eyes, Lunella 

smaragdus, with Pacific oysters, Crassostrea gigas 

 Introduction 

2.1.1 Reducing biofouling with biocontrol 

 Biofouling is a major impediment to the efficiency of aquaculture production 

globally, especially in bivalve shellfish aquaculture. Biofouling impacts shellfish 

aquaculture production by physically damaging or interfering with the normal 

functioning of the bivalve shells or aquaculture infrastructure, directly competes for 

resources, such as food and space, and increases the weight loading on aquaculture 

structures (Fitridge et al., 2012; Sievers et al., 2013). Biofouling is particularly 

problematic in intertidal aquaculture of shellfish, e.g., Pacific oysters, in many parts of 

the world including New Zealand (Adams et al., 2011). For example, the biofouling of 

plastic mesh baskets, commonly used for the intertidal aquaculture of Pacific oysters, 

may compromise the quality of cultured oysters and increase the risk of disease and 

mortalities (Paul-Pont et al., 2014; Sievers et al., 2013; Watson et al., 2009). 

 Unwanted organisms growing on oyster baskets compete directly with the 

oysters for food, and restrict the flow of water that supplies the oysters with food and 

removes their waste (Cigarria et al., 1998). It has also been suggested that any 

restriction in water movement around oysters growing in baskets may prevent effective 

flushing of pathogenic viral particles away from the oysters, hence increasing infection 

(Pernet et al., 2012). Normally the effects of the biofouling on cultured oysters are 

reduced by regularly transporting the culture baskets in from the farm to be cleaned at 

land-based facilities before being returned to the farm. This laborious movement of 
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oysters and baskets increases physiological stress on the oysters, especially during the 

warmer months, and thereby increases their susceptibility to disease. 

 Common approaches to controlling biofouling in aquaculture include intensive 

and consistent manual cleaning, using harsh or toxic chemicals, soaking in freshwater, 

aerial exposure as well as biocontrol: using other organisms to feed on the fouling 

species (Atalah et al., 2013, 2014; Mallet et al., 2009; Rheault, 2012; Sievers et al., 

2017). Studies have assessed the use of herbivorous and carnivorous gastropods, 

echinoderms and fishes, to control biofouling in aquaculture systems. For example, 

some oyster and mussel growers reported some success with placing a few mummichog 

(Fundulus heteroclitus) (Rheault, 2012), or periwinkles (Littorina littorea) inside each 

shellfish culture tray or basket so they could feed on the biofouling (Carman, 2009; 

Cigarria et al., 1998). A range of fish species, such as the Arabian toothcarp (Aphanius 

dispar) and redbelly tilapia (Tilapia zillii), have also been used as biocontrol agents to 

remove unwanted epiphytes and copepods from among cultivated seaweed (Friedlander 

et al., 1996). Sea urchins (Lytechinus variegatus and Echinometra lucunter) have also 

been used on tropical oyster farms (Pinctada imbricata) to graze down unwanted 

biofouling (Lodeiros & Garcia, 2004). 

 Natural biocontrol agents have also been used outside of aquaculture systems 

for removing biofouling on underwater structures and for controlling unwanted 

invasive marine species. For example, the common New Zealand sea urchin (Evechinus 

chloroticus), has been used to graze down the population of the invasive kelp (Undaria 

pinnatifida) in one location in the South Island (Atalah et al., 2013). Grazing gastropods 

endemic to New Zealand, like the blackfoot abalone (Haliotis iris), and the Cook’s 

turban snail (Cookia sulcata), have also been shown to significantly reduce fouling 
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organisms on wharf structures (Atalah et al., 2014). Therefore, the aim of this study is 

to investigate the control of biofouling on oyster aquaculture baskets by deploying an 

endemic intertidal gastropod, Lunella smaragdus (Gmelin), with cultured Pacific 

oysters on a farm in northern New Zealand. 

2.1.2 Lunella smaragdus as biocontrol agents in oyster culture 

 The common names for Lunella smaragdus are pupu (Maori), emerald moon 

turban shell, and cat’s eye. The colloquial names arose from the distinct emerald green 

markings on the operculum of these snails, which are reminiscent of feline eyes. This 

species is abundant throughout intertidal areas of New Zealand, from a depth of 5 m 

and up to the mid-littoral zone and in rock pools in sheltered areas (Walsby, 1977). 

Juveniles appear distinct from mature adults and have pronounced shell ridges which 

smooth out as the snails grow in size (Cook & Archer, 2010). Spawning in this species 

has been observed to occur from January to February and may be induced by rough 

water conditions (Grange, 1976). There has also been historical evidence in Maori 

middens of Lunella smaragdus being consumed as food (Davidson, 2013; Smith, 2013). 

Furthermore, a recent study showed the suitability of a similar intertidal turbinid species 

in Australia, Lunella undulata, as a food source with significant nutritional benefits (Ab 

Lah et al., 2017). 

 Lunella smaragdus is a good candidate for culturing with Pacific oysters in the 

hanging basket culture systems as these gastropods appear to have a flexible diet, 

feeding on detritus (Morton, 1949) and a variety of seaweed including crustose coralline 

algae (Corallina officinalis), coralline turf, such as Jania spp., free-living coralline 

algae (Lithothamnion crispatum) (Morton, 1949), Carpophyllum spp. (Walsby, 1977), 

the sea potato (Leathesia marina), kelp (Ecklonia radiata), Neptune’s necklace 
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(Hormosira banksii), filamentous algae and microalgae (Alfaro, 2006b; Alfaro et al., 

2007; Morton, 1949). Furthermore, due to their natural habitat this gastropod appears 

to be highly tolerant of environmental extremes, including regular aerial exposure, as 

well as large changes in temperature, salinity and wave conditions (Alfaro, 2006b; 

Walsby, 1977). The presence of a hard shell and operculum in this gastropod provides 

protection from potential lacerations by the sharp Pacific oyster shells, especially when 

there is intensive water movement during storms. 

 The aim of this study was to assess the effectiveness of L. smaragdus stocked 

at varying densities for controlling the biofouling on plastic baskets used for culturing 

Pacific oysters. The corresponding condition of cultured oysters subjected to coculture 

with varying densities of L. smaragdus will also be assessed. It was hypothesized that 

when grown with Pacific oysters, cats eyes, L. smaragdus, can: graze fouling algae and 

clean oyster baskets; improve oyster survival, growth, and meat quality; survive and 

grow at a commercially viable rate, while being stocked in commercially viable 

quantities.  
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 Methods 

 

2.2.1 Coculture of oysters with L. smaragdus 

Matching snail size to the mesh size of culture baskets 

 Hanging basket culture of Pacific oysters in New Zealand uses baskets of three 

different plastic mesh sizes (6, 12, 18 mm diagonal mesh opening) for culturing oysters 

of different graded sizes. To ensure that L. smaragdus were retained in the culture 

baskets of different mesh sizes, a random sample of 50 snails of a wide range of sizes 

that had previously been collected from the wild, were placed inside each of three oyster 

aquaculture baskets, each with a different mesh size (Table 2.1). Each basket was 

submerged in a tank held in flowing seawater at ambient temperature for seven days, 

and the size of snails escaping from each bag was determined by measuring their shell 

size. The shell size was recorded by measuring the width of the opercular opening, 

because initial examination indicated that other dimensions, such as shell height, were 

unreliable indicators of animal size due to erosion at the apex of the spire (Figure 2.1). 

The opercular opening dimension was taken from the shell lip on the left side of the 

operculum to the longest distance to the opposite outer shell surface. From the snails 

held in baskets in tanks over a week it was determined that 6 mm plastic mesh could 

retain snails down to 7 mm in opercular opening, 12 mm plastic mesh could retain snails 

of 14 mm opercular opening, and 18 mm plastic mesh could retain snails with an 

opercular opening of 19 mm or more. 
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Table 2.1 Size range of snails within each oyster basket mesh size type 

 

 

 

Table 2.2 Initial starting snail biomass 

 

 

 

 

 

 

 

 

Oyster basket mesh size Snail size (opercular diameter, OD) 

Small, 6 mm (n = 11) 7 – 13.9 mm 

Medium, 12 mm (n = 12) 14 – 18.9 mm 

Large, 18 mm (n = 12) > 19 mm 

Starting snail biomass n 

Low (200 g) 3 

Medium (350 g) 3 

High (500 g) 3 (Small, n = 2) 
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Setup of coculture experiment 

 The coculture experiment used baskets of the three different mesh sizes (6, 12, 

18 mm diagonal) containing Pacific oysters and snails at sizes previously determined 

to ensure the mesh size would reliably retain the snails. For baskets of each mesh size, 

three total biomasses of snails per basket (Low = 200 g, Medium = 350 g, High = 500 

g total wet weight per basket) were cultured (Table 2.2). There were three replicate 

baskets for each snail biomass within each mesh size class. However, due to the very 

high numbers of snails required for the experiment, there were only two experimental 

baskets for high snail biomass in the small mesh basket treatments (Table 2.2). 

 The oysters originated as wild-caught spat caught in the Mahurangi Harbour, 

which is standard practice on the farms run by Biomarine Ltd which runs Pacific oyster 

aquaculture operations in this harbour. The oysters used in this experiment were 

randomly selected from a large batch of pre-graded oysters that had been cultured in 

the Mahurangi Harbour, to match the mesh size of the baskets they were going into. 

Thirty oysters were randomly selected from each size class, and their shell height and 

length was measured, before being placed in each of the oyster culture baskets of 

respective mesh sizes. 

 The number of oysters in each basket for each mesh size class were the standard 

stocking numbers used by Biomarine Ltd. For 6 mm mesh baskets each basket 

contained a mean of 139.2 Pacific oysters (SE ± 2.9), with a mean shell height of 21.4 

mm (SE ± 0.87; n = 32), and shell length of 50.3 mm (SE ± 1.2). For 12 mm mesh 

baskets each basket contained a mean of 133.6 Pacific oysters (SE ± 4.3), with mean 

shell height of 24.8 mm (SE ± 0.75; n = 29), and mean shell length of 58.9 mm (SE ± 

1.0). For 18 mm mesh baskets each bag contained a mean of 162.7 Pacific oysters (SE 
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± 4.0), with a mean shell height of 28.9 mm (SE ± 0.63; n = 33), and mean shell length 

of 68.9 mm (SE ± 1.1). In addition, three replicate baskets for each mesh size containing 

only Pacific oysters at the same size and number, were deployed as controls for 

biofouling and oyster growth, survival and condition. 

 The experiment was set up on 21 February 2014 using L. smaragdus collected 

from shores at the nearby Leigh township. The snails were all measured and size-

matched to the different mesh sizes of the oyster baskets, before being randomly 

allocated to their different individual baskets, by pooling sufficient animals to make up 

the required wet weight of snails for each replicate within each treatment. Within each 

basket 30 - 60 snails were selected at random and tagged using individually marked 

shell tags (Hallprint 8 × 4 mm tags for snails > 15 mm and 4 × 4 mm circular tags for 

small snails) glued to the outer shell with cyanoacrylate glue (Loctite 406, Henkel). An 

opercular diameter (OD), and wet weight (after blotting dry) were recorded for each 

tagged snail. All 35 experimental oyster baskets were placed in random positions on 

one oyster farm block in the Mahurangi Harbour (Brownes Bay, Block C Row 8) 

operated by Biomarine Ltd. 

Census of coculture experiment 

 Every four to five weeks all 35 oyster baskets were removed from the farm and 

taken to a nearby oyster processing facility overnight for census. All tagged snails were 

wet weighed and the OD measured. The total number of surviving snails in each basket 

were counted. On day 27, at the first census event after commencing the experiment, 

around 20 additional snails across the small mesh baskets were tagged, to increase the 

overall number of tagged snails. 



 

26 

 

 From February 2014 to May 2014, only tagged snails were weighed and 

measured. At six months into the experiment, high snail mortalities meant there were 

few living tagged snails remaining in the baskets. Consequently, census events 

switched to weighing and measuring at least 20 to 30 randomly selected snails in each 

basket where there were sufficient surviving individuals, or all remaining snails, e.g., 

in large mesh baskets with lower snail numbers. The total number of Pacific oysters 

surviving in each basket was only counted every six months. 

 At census events the emptied baskets were photographed, and a visual index 

was developed to describe the amount of biofouling present on the oyster baskets; 

where 0 = completely clean basket, 1 = patchy light fouling, 2 = light fouling on the 

surface of the mesh, mostly algal film, 3 = medium biofouling, including thick algal 

film and occasional presence of other fouling organisms such as barnacles, 4 = heavy 

biofouling, including dense algal film at times occluding plastic mesh, and extensive 

presence of other fouling organisms (Figure 2.2). The baskets were not cleaned before 

returning them to the farm the next day. The experiment ran until 1 June 2015, 466 days 

from the day of deployment on 21 February 2014. 

2.2.2 Assessing oyster growth and condition 

 To assess oyster condition, 10 - 12 oysters were randomly selected from each 

basket, the outside shells scrubbed clean, rinsed and air-dried for up to 2 h before being 

weighed (whole weight). Oysters were shucked, and the meats were extracted and 

blotted on lint-free paper towels before weighing and drying at 60 °C for five days. 

Dried meat weights were recorded and used to calculate condition indices (Lawrence 

& Scott, 1982; Pridmore et al., 1990). Dry shell weights were obtained by weighing 

both oyster valves after the meat was extracted, and valves were cleaned and air-dried. 
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 Oyster meat condition was assessed using a dry weight index (Davenport & 

Chen, 1987; Pridmore et al., 1990). A dry meat weight index was chosen over a wet 

weight index (Baird, 1953) as dry weight indices have been most widely used in a range 

of shellfish studies and found to provide more consistent estimates of condition 

(Lawrence & Scott, 1982; Lucas & Beninger, 1985; Pridmore, 1990). Wet weight 

condition indices have a risk of error due to loss of fluid from evaporation, and care 

needs to be taken to keep methods standardized and systematic (Baird, 1953). The dry 

weight index was calculated by finding the ratio of dry meat weight (g) to dry shell 

weight (g) (Davenport & Chen, 1987; Pridmore et al., 1990). 

Seawater temperature 

 Seawater temperature was obtained to observe any possible seasonal effects in 

the appearance of biofouling, snail and oyster survival and growth. The sea surface 

temperature in the Mahurangi Harbour during the L. smaragdus – oyster coculture 

experiment averaged 21 °C in February 2014 when the experiment was established, and 

18 °C in May 2015 when the experiment ended after the final census (Table 2.3). The 

lowest recorded water temperature over the duration of the experiment, was 13 °C in 

August 2014; the highest recorded water temperature was 23 °C in February 2015. 

Water temperature data were obtained from the water quality monitoring site, at the 

head of Mahurangi Harbour, located 2 km from the oyster farm site, via the public 

Auckland Council GeoMaps service. 
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Table 2.3 Monthly temperatures of seawater collected at a site at the entrance of the  

               Mahurangi Harbour by Auckland Council. 

 

 

 

 

 

 

 

 

 

 

 

Coculture period (days) Date Temp (°C) 

0 Feb-14 21 

27 Mar-14 21 

62 Apr-14 21 

91 May-14 19 

128 Jun-14 16 

173 Aug-14 13 

210 Sep-14 15 

259 Nov-14 17 

295 Dec-14 19 

330 Jan-15 22 

368 Feb-15 23 

412 Apr-15 21 

466 May-15 18 
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Figure 2.1. Photograph showing the measurement of opercular diameter (OD) on Lunella 

smaragdus. 
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Figure 2.2. Photographs of oyster baskets showing different levels of biofouling: 1 = patchy light 

fouling; 2 = light fouling on the surface of the mesh, mostly algal film; 3 = medium biofouling, 

including thick algal film and occasional presence of other fouling organisms such as barnacles, 4 = 

heavy biofouling, including dense algal film at times occluding plastic mesh, and extensive presence 

of other fouling organisms. 
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2.2.3 Statistical Analyses 

Graphs were plotted using SigmaPlot 13.0, and data were analysed using IBM 

SPSS 25. Data were tested for homogeneity of variance, normality, and outliers to meet 

the assumption criteria for performing ANOVAs. When data were presented in 

proportions (e.g., percentages), they were arcsine transformed to correct for non-

normality. The alpha value of 0.05 was used to determine if the differences in mean 

values were significant, with the null hypothesis of differences in means occurring due 

to chance, rejected when p < 0.05. 

Main effects were described for ANOVAs with no significant interactions. 

When interactions between independent variables were statistically significant, the 

differences in group means (i.e. pairwise comparisons of estimated marginal means), 

were further tested with Tukey HSD. In addition to finding out if the experimental 

factors had a significant interaction or main effects on the response variable, these 

effects were further quantified by reporting the estimated effect size, partial eta squared: 

partial η2. It shows what proportion of the variance and the associated error of the effect 

(or interaction) can be explained by the variable (or interaction) itself (Brown, 2008; 

Cohen, 1965, 1973 as cited in Richardson, 2011). Main effects were also described on 

the infrequent occasions when interaction effects were significant but required further 

elucidation of which of the experimental factors had a larger effect on the response 

variable. Effect sizes were interpreted as: small, partial η2 = 0.01; medium, partial η2 = 

0.06; large, partial η2 = 0.14, (Cohen, 1988). 

To test the hypothesis that snails survived at a commercially viable rate, snail 

survival at different total biomass, for oyster baskets of different mesh sizes, was 

calculated using the percentage of surviving snails at each census, relative to the total 
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number of snails placed in each basket at initial deployment. Data on final percentage 

survival of snails were arcsine transformed and used in a two-way ANOVA analysis 

using snail biomass and mesh size as fixed categorical factors. 

The remaining snail biomass in oyster baskets at the end of the experiment, were 

used to determine if the baskets could be stocked at commercially viable quantities. The 

total snail biomass in each basket from the final census were analysed with a two-way 

ANOVA with starting snail biomass and basket mesh size as fixed categorical factors. 

Snail growth was assessed using measurements of mean wet weight and 

opercular diameter for surviving tagged snails throughout the experiment. The same 

measurements were also taken for each remaining untagged snail at each census event 

from Day 173 to 466. There were very few tagged snails left by Day 173 of the 

experiment, due to loss of both tagged and untagged snails (Figures 2.9 – 2.11). It was 

hence not possible to use only tagged snail data to statistically determine if initial 

biomass and mesh size had an effect on overall snail growth. Since snails in each basket 

had been randomly selected for tagging before the start of the experiment (n = 30 - 60 

per basket), it was assumed that the loss of the majority of tagged snails was simply due 

to being a subset of a larger total snail mortality that was much higher than predicted, 

not due to tagging. Hence, mean wet weight and opercular diameter values were 

obtained from remaining untagged snails during census from Days 173 to 466. The 

effect of mesh size on change in wet weight and opercular diameter between days 210 

– 466 were analysed by two-way repeated measures ANOVA, using basket mesh size 

as a between-subjects categorical factor, and time as a within-subjects factor. 

The limited data that was available from tagged snails was still deemed useful, 

and utilised to possibly provide insight to the mass mortalities, and any growth that may 



 

33 

 

have occurred, at the individual snail level (Figures 2.12 – 2.14, 2.18 – 2.20). This was 

done by plotting the wet weight and opercular diameter for each tagged snail over total 

number of days from the start of the experiment, to visualise any possible trends to 

explain snail loss (e.g., sudden drop in wet weight), or mortality of snails of specific 

size ranges. 

To determine if tagged snail survival between Days 27 – 173 was different 

between snail size classes within each mesh size class, a chi-square goodness of fit test 

was used to compare percentage snail survival in each size class at Day 27 versus Day 

173, with the null hypothesis that snail survival was the same in each size class (See 

2.3.4). A chi-square goodness of fit test was also used to see if initial snail biomass in 

each basket made a difference in percentage snail survival at Day 27 compared to Day 

173. 

Oyster survival data were obtained using the percentage of surviving oysters 

(original number minus the clackers) every six months. Final oyster percentage survival 

data were arcsine transformed for use in a two-way ANOVA analyses using snail 

biomass and mesh size as fixed categorical factors. Oyster growth was assessed using 

mean shell length and height data obtained at the beginning and end of the snail 

coculture experiment. The data were analysed using a three-way repeated measures 

ANOVA using time as a within-subjects factor, starting snail biomass and basket mesh 

size as between-subjects categorical factors. The repeated measures approach provides 

the ability to partition out variability due to individual differences from multiple 

measures of the same variable taken on the same subjects over time. 

 The effects of snail biomass treatment and oyster basket mesh size on oyster 

meat condition index were also examined. The meat condition index was calculated as 
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a proportion with an upper limit of 1 (i.e., dried meat weight / total dry shell weight), 

so data were arcsine transformed, before undertaking a two-way ANOVA using snail 

biomass and mesh size as fixed categorical factors. The amount of biofouling on the 

oyster baskets at the end of the experiment was also compared among treatments using 

a nonparametric comparative measure, Somers’ delta. This analysis assessed the 

strength and direction of the association between the ordinal independent variable, 

starting snail biomass (i.e., snail treatment; Control, Low, Medium, High), and an 

ordinal dependent variable, biofouling score (1 - 4), at each basket mesh size level.  



 

35 

 

 Results 

2.3.1 Cats eyes graze fouling algae and clean oyster baskets. 

 

Basket fouling levels were visibly different from the first census, 27 days after the 

culture experiment began (Figures 2.3 & 2.4) with lower scores for baskets with snails 

compared to control baskets with no snails across all mesh size and starting snail 

biomass treatments (Figure 2.4). While baskets with snails showed some fluctuation in 

fouling levels over the duration of the study, overall the baskets with snails tended to 

be cleaner, showing lower fouling scores at every census except for days 0 – 173 for 

the medium size mesh baskets (Figure 2.4). 

 At the end of the study there was a significant negative correlation between snail 

treatment and the amount of biofouling on baskets, for small (d = - 0.5683, p < 0.001), 

and large (d = - 0.533, p = 0.001), mesh baskets. There was no correlation between snail 

treatment and the amount of biofouling on baskets, for medium mesh baskets (d = -

0.389, p = 0.108). Across all baskets, there was a significant negative correlation 

between snail treatment and basket biofouling levels (d = -0.484, p < 0.001), with 

control baskets and low density baskets being associated with proportionately higher 

biofouling scores. 
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Figure 2.3. Oyster mesh basket appearance at the first census, i.e., 27 days. A. Control small mesh 

basket with no snails. B. Small mesh basket with 200 g snails. C. Large mesh basket with 350 g 

snails. The limits of snail radula reach are visible as the boundary between clean and dirty areas of 

the mesh (arrow). D & E. Snail radula wrapping around basket mesh and fouling algae. 
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Figure 2.4. Mean basket fouling scores over the duration of experimental coculture with snails  

(L. smaragdus) in baskets on a Pacific oyster farm in Brownes Bay, Mahurangi Harbour, over 466 days 

in baskets with three mesh sizes. Baskets had three mesh sizes.  A. Small - 6 mm, B. Medium – 12 mm, 

C. Large – 18 mm. At each census event, baskets were visually graded on a scale of 1 to 4. Grade 1 

baskets had the least visible biofouling, and grade 4 baskets were the most fouled. Error bars indicate 

standard error. Each coculture treatment combination had n = 3 replicate baskets, except for the Small 

mesh × 500 g biomass treatment which had n = 2 replicate baskets. Error bars indicate standard error. 
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Table 2.4 Basket fouling scores at the end of the experiment for Somers’ d analysis. 

Basket Mesh Size Starting snail 
biomass (g) 

Biofouling score 

  1 2 3 4 Total 

Small Control 0 0 0 3 3 

 200 0 3 0 0 3 

 350 0 2 0 0 2 

 500 0 2 0 0 2 

Total  0 7 0 3 10 

Medium Control 0 0 0 3 3 

 200 0 2 1 0 3 

 350 0 1 2 0 3 

 500 0 1 2 0 3 

Total  0 4 5 3 12 

Large Control 0 0 0 3 3 

 200 0 3 0 0 3 

 350 0 2 0 0 2 

 500 0 3 0 0 3 

Total  0 8 0 3 11 

Note: Baskets were visually graded on a scale of 1 to 4. Grade 1 baskets had  
the least visible biofouling, and grade 4 baskets were the most fouled.   
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2.3.2 Oyster meat quality in small and large mesh baskets showed moderate 

improvement  

 

Oyster meat condition at the end of the experiment was affected by the presence of 

snails and basket mesh size (Table 2.5; Figure 2.5). There was a significant interaction 

effect between basket mesh size and snail treatment biomass (F(6, 343) = 5.20, p < 0.001, 

partial η2 = 0.083). Overall mean oyster meat condition in the control baskets with no 

snails added (M = 3.8 %, SE ± 0.1) was 4.4 % (SE ± 0.1, p < 0.020) and 4.5 % (SE ± 

0.2, p < 0.011) lower than the oyster meat condition in baskets with low and high 

starting snail biomass, (M = 4.2 %, SE ± 0.1) and (M = 4.3 %, SE ± 0.1), respectively. 

 In small mesh baskets, oyster meat condition in baskets with high starting snail 

biomass (M = 4.5 %, SE ± 0.2) was 1.0 % (SE ± 0.3, p = 0.011) and 0.8 % (SE ± 0.3, p 

= 0.032) higher than oyster meat condition in baskets with medium starting snail 

biomass (M = 3.6 %, SE ± 0.2) and controls without added snails (M = 3.7 %, SE ± 0.2). 

There was no difference in oyster meat condition for oysters cultured in medium mesh 

baskets with different starting snail biomass (p > 0.05). In large mesh baskets, mean 

oyster meat condition in baskets with low (M = 4.5 %, SE ± 0.2) and medium (M = 4.2 

%, SE ± 0.2) starting snail biomass was 1.1 % (SE ± 0.2, p < 0.001) and 0.8 % (SE ± 

0.3, p = 0.028) higher than oyster meat condition in control baskets with no snails added 

(M = 3.4 %, SE ± 0.2).  
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Figure 2.5. Mean oyster meat condition index after experimental coculture with snails  

(L. smaragdus) in baskets on a Pacific oyster farm in Brownes Bay, Mahurangi Harbour, over 466 

days in baskets with three mesh sizes.  A. Small - 6 mm, B. Medium – 12 mm, C. Large – 18 mm, 

containing three starting total biomasses of snails. Low – 200 g per basket (n = 3 baskets per mesh 

size), Medium – 350 g per basket (n = 3 baskets per mesh size), High – 500 g per basket (n = 3 

medium and large mesh baskets; n = 2 small mesh baskets baskets), and Control - baskets with no 

snails added (oysters only, n = 3 baskets per mesh size). Error bars indicate standard error. 
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Table 2.5 Means (M) and standard errors (SE) of oyster condition index 

according to starting snail biomass and basket mesh size. 

Basket Mesh Size Starting Snail 
Biomass (g) 

Mean Oyster Condition 
Index (%) 

            M        SE 

Small 0 3.8 0.2 

 200.9 4.3 0.2 

 355.0 3.6 0.2 

 479.4 4.5 0.2 

Medium 0 4.2 0.2 

 200.9 3.8 0.2 

 351.2 4.3 0.2 

 502.3 4.3 0.2 

Large 0 3.4 0.2 

 200.1 4.5 0.2 

 352.4 4.2 0.2 

 502.2 3.9 0.2 
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2.3.3 Oyster survival and growth not impacted by snail presence. 

 

Oyster survival 

 Survival of oysters in mesh baskets from February 2014 to June 2015, after 466 

days of coculture, decreased in all snail biomass treatments for all three basket mesh 

sizes, with final survival of oysters for individual baskets ranging from 31.3 to 78.2 % 

(Table 2.3, Figure 2.6). 

 Oyster survival at 173 days was not affected by the interactive effect of basket 

mesh size and snail biomass treatments, (F(1.3, 23) = 1.26, p = 0.31, partial η2 = 0.25). 

However, starting snail biomass and basket mesh size both independently had an effect 

on oyster survival at day 173 (F(3, 23) = 4.2, p = 0.017, partial η2 = 0.35) and (F(2, 23) = 

118.6, p < 0.001, partial η2 = 0.91), respectively. At day 173, oysters in large mesh 

baskets had higher survival (M = 93.7 %, SE ± 1.4), than oysters in medium mesh (M 

= 69.4 %, SE ± 1.4), and small mesh (M = 63.1 %, SE ± 1.5) baskets, by 24.3 % (SE ± 

2.0, p < 0.001), and 30.7 % (SE ± 2.1, p < 0.001), respectively. Among the four different 

snail biomass treatments, baskets with medium snail biomass (M = 79.5 %, SE ± 1.7) 

had 9.7 % (SE ± 2.4, p = 0.014) higher oyster survival than control baskets with no 

snails added (M = 69.8 %, SE ± 1.7). There was no difference in oyster survival among 

the other snail biomass treatments, including the control, at 173 days into the 

experiment (p > 0.05, Figure 2.6). 

 At the end of the experiment at 466 days, there was an interactive effect of 

starting snail biomass and basket mesh size on oyster survival (F(6, 21) = 3.2, p = 0.022, 

partial η2 = 0.48). Overall, oysters in large mesh baskets had higher survival (M = 66.4 

%, SE ± 3.8), than oysters in medium mesh (M = 50.9 %, SE ± 3.6), and small mesh (M 
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= 36.5 %, SE ± 4.0) baskets, by 15.5 % (SE ± 5.2, p = 0.016), and 29.8 % (SE ± 5.5, p 

< 0.001), respectively. Oyster survival in control versus snail treatments, in baskets 

with small and medium mesh sizes was not different (p > 0.05, Figure 2.6). However, 

there was a difference in oyster survival for large mesh baskets, with the medium 

biomass snail treatment having significantly lower oyster survival than the control (p = 

0.007), low (p = 0.003), and high (p = 0.002) biomass snail treatments (Figure 2.6). 

There was no difference in oyster survival between the control, low and high snail 

biomass for the large mesh basket treatment (p > 0.05, Figure 2.6).  
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Figure 2.6. Mean proportion survival of oysters experimentally cocultured with snails  

(L. smaragdus) in baskets on a Pacific oyster farm in Brownes Bay, Mahurangi Harbour, over 466 

days in baskets with three mesh sizes.  A. Small - 6 mm, B. Medium – 12 mm, C. Large – 18 mm, 

containing three starting total biomasses of snails. Low – 200 g per basket (n = 3 baskets per mesh 

size), Medium – 350 g per basket (n = 3 baskets per mesh size), High – 500 g per basket (n = 3 

medium and large mesh baskets; n = 2 small mesh baskets baskets). Error bars indicate standard 

error. 
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Table 2.6 Means (M) and standard errors (SE) of oyster percentage survival  

according to initial total snail biomass and basket mesh size. 

 

Basket Mesh 
Size 

Starting Snail 
Biomass (g) 

Oyster Survival  
(%) 

 

 

M SE M SE 

Small 0 0 34.4 4.5 

 200.9 0.2 35.2 5.9 

 355.0 3.1 43.2 5.1 

 479.4 21.9 33.3 6.7 

Medium 0 0 49.7 4.7 

 200.9 0.8 49.7 5.7 

 351.2 1.0 51.5 5.9 

 502.3 1.9 52.6 9.2 

Large       0 0 74.7 11.4 

  200.1 0.7 78.2 12.5 

 352.4 1.1 31.3 3.3 

 502.2 1.1 81.3 6.3 
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Oyster growth: shell height and length 

 Overall oyster mean shell height and mean shell length increased over 466 days 

of the coculture experiment (Figures. 2.7 & 2.8). Oyster shell height was not affected 

by a third order interaction effect of time, basket mesh size and snail biomass treatments 

(F(1, 18) = 2.60, p = 0.124, partial η2 = 0.13). There was no interaction effect between 

basket mesh size and starting snail biomass (F(1, 18) = 2.52, p = 0.13, partial η2 = 0.12), 

or between snail biomass and time (F(1, 18) = 0.769, p = 0.392, partial η2 = 0.41). 

However, there was a significant interaction effect between time and basket mesh size 

on oyster shell height (F(1, 18) = 12.5, p = 0.002, partial η2 = 0.41). Starting snail biomass 

independently had no significant effect on shell height (F(1, 18) = 0.81, p = 0.381, partial 

η2 = 0.043). 

 At the start of the experiment oyster shell height in large mesh baskets was 

highest (M = 28.3 mm, SE ± 0.43), 6.8 mm (SE ± 1.7, p = 0.002) more than the mean 

oyster shell height in small mesh baskets (M = 24.9 mm, SE ± 0.55), and 3.9 mm (SE ± 

2.1, p < 0.001) more than the mean oyster shell height in medium mesh baskets (M = 

26.9 mm, SE ± 0.47, Figure 2.7). There was no difference in mean oyster shell height 

for oysters in small versus medium mesh baskets (p > 0.05). By the end of the 

experiment, there was no significant difference in mean oyster shell height for the 

different mesh size baskets (p > 0.05, Figure 2.7). 

 Oysters in medium and small mesh baskets had a significant increase in shell 

height (M = 4.3 mm, SE ± 0.86, p < 0.001), and (M = 6.1 mm, SE ± 1.5, p = 0.001), 

over the 466 days of the experiment. Oysters in large mesh baskets had no significant 

change in shell height over the 466 days (p > 0.05). 
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 Oyster shell length was not affected by the third order interactive effect of time, 

basket mesh size and snail biomass (F(1, 18) = 2.36, p = 0.142, partial η2 = 0.116). There 

was no interaction effect between basket mesh size and starting snail biomass (F(1, 18) = 

2.59, p = 0.125, partial η2 = 0.126), and snail biomass and time (F(1, 18) = 0.027, p = 

0.872, partial η2 = 0.001). There was a large and significant interaction effect between 

time and basket mesh size on oyster shell length, (F(1, 18) = 49.3, p < 0.001, partial η2 = 

0.73). Starting snail biomass had no independent effect on oyster shell length (F(1, 18) = 

0.049, p = 0.827, partial η2 = 0.003) while time and basket mesh size each independently 

had a significant effect on shell length (F(1, 18) = 558.04, p < 0.001, partial η2 = 0.97), 

and (F(2, 36) = 34.3, p < 0.001, partial η2 = 0.66), respectively. 

 At the start of the experiment mean oyster shell length in large mesh baskets 

was highest (M = 69.6 mm, SE ± 1.5), 19.7 mm (SE ± 2.3, p < 0.001) more than mean 

oyster shell length in small mesh baskets (M = 50.0 mm, SE ± 1.4), and 10.7 mm (SE ± 

2.1, p < 0.001) more than mean oyster shell length in medium mesh baskets (M = 58.9 

mm, SE ± 1.4, Figure 2 17). Mean oyster shell length in medium mesh baskets was 8.9 

mm (SE ± 1.7, p < 0.001) greater than oyster shell length in small mesh baskets. By the 

end of the experiment, there was no significant difference in mean oyster shell length 

between oysters in the different mesh size baskets (p > 0.05, Figure 2.8). 

 Oysters in all mesh baskets had a significant increase in shell length over the 

466 days of experimental coculture with snails. Oysters in small mesh baskets had a 

34.4 mm (SE ± 1.6, p < 0.001) increase in shell length, those in medium mesh baskets 

had a 25.0 mm (SE ± 1.9, p = 0.001), shell length increase, and large mesh basket 

oysters increased by 16.5 mm (SE ± 1.8, p = 0.001) in shell length. 
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Figure 2.7. Mean oyster shell height when experimentally cocultured with snails (L. smaragdus) 

in baskets on a Pacific oyster farm in Brownes Bay, Mahurangi Harbour, over 466 days in baskets 

with three mesh sizes.  A. Small - 6 mm, B. Medium – 12 mm, C. Large – 18 mm, containing 

three starting total biomasses of snails. Low – 200 g per basket (n = 3 baskets per mesh size), 

Medium – 350 g per basket (n = 3 baskets per mesh size), High – 500 g per basket (n = 3 medium 

and large mesh baskets; n = 2 small mesh baskets baskets), and Control - baskets with no snails 

added (oysters only, n = 3 baskets per mesh size). Error bars indicate standard error. 
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Figure 2.8. Mean oyster shell length when experimentally cocultured with snails (L. smaragdus) in 

baskets on a Pacific oyster farm in Brownes Bay, Mahurangi Harbour, over 466 days in baskets with 

three mesh sizes.  A. Small - 6 mm, B. Medium – 12 mm, C. Large – 18 mm, containing three starting 

total biomasses of snails. Low – 200 g per basket (n = 3 baskets per mesh size), Medium – 350 g per 

basket (n = 3 baskets per mesh size), High – 500 g per basket (n = 3 medium and large mesh baskets; 

n = 2 small mesh baskets baskets), and Control - baskets with no snails added (oysters only, n = 3 

baskets per mesh size). Error bars indicate standard error. 
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Table 2.7 Means (M) and standard errors (SE) of initial oyster shell length, initial oyster shell 

height, final oyster shell length and final oyster shell height according to initial snail growout 

biomass and basket mesh size. 

Basket  
Mesh 
Size 

Starting 
Snail 

Biomass 
(g) 

Mean Starting 
Oyster Shell 
Length (mm) 

 Mean Final 
Oyster Shell 
Length (mm) 

 Mean Starting 
Oyster Shell 
Height (mm) 

 Mean Final  
Oyster Shell  
Height (mm) 

 

 

  M    SE  M      SE   M       SE  M  SE 

Small  0 50.3 1.1  89.8 1.5  21.4 0.9  29.9 0.9 

 200.9 50.3 1.1  84.9 1.7  21.4 0.9  27.6 0.6 

 355.0 50.3 1.1  89.1 1.7  21.4 0.9  26.8 0.7 

 479.4 50.3 1.1  85.7 2.3  21.4 0.9  28.4 0.6 

Medium   0 58.7 1.0  81.1 1.4  24.8 0.7  28.7 0.7 

 200.9 58.7 1.0  86.8 1.5  24.8 0.7  28.3 0.5 

 351.2 58.7 1.0  82.4 1.6  24.8 0.7  27.6 0.5 

 502.3 58.7 1.0  86.0 1.7  24.8 0.7  27.7 0.7 

Large 0 68.9 1.1  84.8 1.6  28.9 0.6  27.6 0.7 

 200.1 68.9 1.1  80.9 1.4  28.9 0.6  27.7 0.7 

 352.4 68.9 1.1  82.0 1.5  28.9 0.6  28.6 0.6 

 502.2 68.9 1.1  86.8 1.7  28.9 0.6  29.6 1.9 
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2.3.4 Cats eyes cannot be stocked at commercially viable quantities 

Tagged snail data 

 Snail mortalities between Days 0 – 27 were very low in all experimental baskets 

(Figures 2.9 – 2.11). However, snail numbers in all baskets were reduced drastically by 

census day 173 in August 2014 (Figure 2.15), and most of the tagged snails were a part 

of total mortalities (Figures 2.9 – 2.11), including the additional snails from small mesh 

baskets that were tagged on Day 27 (n = 20). Tag loss was considered to be low as dead 

tagged snails were found in the baskets, and snails with patches of remaining 

cyanoacrylate glue from tagging were rarely found. 

 Plots of size (weight and OD) of individual tagged snails indicated size-

dependent mortality with larger snails within each basket mesh size class, being less 

likely to survive for the duration of the experiment (Figures 2.12 - 2.14; 2.18 – 2.20). 

Therefore, tagged snails were sorted by size across all basket mesh size classes using 

wet weight measurements from Day 27. Small mesh baskets (Small: 0.5 – 0.9 g, 

Medium: 1 – 1.99 g, Large: 2 – 4 g). Medium mesh baskets (Small: 2.5 – 3.9 g, Medium: 

4 – 5.9 g, Large: ≥ 6 g), and large mesh baskets (Small: 5 – 9.9 g, Medium: 10 – 19.9 

g, Large: ≥ 20 g). These size classes were then used in a chi-square goodness of fit 

comparison of the percentage survival of tagged snails alive at Day 27 versus their 

status at Day 173 of the experiment, for the three size classes of snails (χ2 = 30.66, p < 

0.001). Also, a chi-square goodness of fit comparison of the percentage survival from 

Day 27 to Day 173 of the experiment, for three starting experimental biomasses of 

snails found that the starting experimental biomass of snails did not affect the 

subsequent survival of tagged snails over this period (χ2 = 5.88, p = 0.053).  
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Survival: snail numbers and proportions 

 Overall snail survival remained close to 95 % across all treatments over the first 

62 days, after which the number of surviving snails decreased markedly over the next 

five months (Figure 2.15). Total snail numbers stopped declining in all treatments 

between Days 259 to 466 (Figure 2.11). 

 Final numbers of surviving snails and the corresponding proportion of surviving 

snails appeared to reach similar levels for the large and medium mesh size classes, 

regardless of starting snail biomass (Table 2.8 & Figure 2.15). 

 A two-way ANOVA showed that at the end of the experiment, baskets with low 

experimental snail biomass treatment had a higher proportion of snail survival, than the 

medium and high biomass treatments, for all basket mesh size classes (Figure 2.16). 

There was no interaction effect of mesh size and snail starting biomass on final survival 

(F(4, 15) = 2.51, p = 0.086, partial η2 = 0.40), while both factors independently had a 

significant effect on snail survival (F(2, 15) = 4.05, p = 0.039, partial η2 = 0.35, and (F(2, 

15) = 31.9, p < 0.001, partial η2 = 0.81 respectively). 

 Large mesh baskets (M = 22.7 %, SE ± 1.7) had 7.9 % (SE ± 2.5, p = 0.037) 

higher snail survival than small mesh baskets (M = 14.8 %, SE ± 1.8) (p < 0.05). Low 

snail biomass baskets (M = 29.7 %, SE ± 1.6) had 13.8 % (SE ± 2.4, p < 0.001), and 

18.7 % (SE ± 2.4, p < 0.001) higher snail survival than medium snail biomass (M = 

14.8%, SE ± 1.8), and high snail biomass (M = 11.0 %, SE ± 1.7) baskets, respectively 

(p < 0.05).  
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Table 2.8 Means (M) and standard errors (SE) of initial and final snail biomass and snail 

numbers, and overall percentage survival according to initial biomass and basket mesh size. 

 

Basket 
Mesh Size 

Initial  
Biomass  

(g / basket) 

Final Biomass  
(g / basket) 

Initial Snail     
Number 

Final Snail 
Number 

Snail 
Survival  

(%) 

    M    SE M    SE M   SE M SE M SE 

Small 200.9 0.2 33.1 8.0 74.3 8.8 13.3 0.7 18.6 3.0 

 355.0 3.1 38.4 1.6 171.7 4.3 27.0 5.0 15.9 3.6 

 479.4 21.9 50.6 10.9 288.0 12.0 28.5 5.5 9.8 1.5 

Medium 200.9 0.8 52.6 0.7 38.7 1.5 12.7 0.9 32.8 2.4 

 351.2 1.0 43.89 3.5 73.7 5.0 10.3 1.5 14.3 2.5 

 502.3 1.9 42.9 5.2 99.7 1.9 10.3 1.9 10.3 1.7 

Large 200.1 0.7 51.1 6.7 17.7 0.9 6.7 0.7 37.7 2.5 

 
352.4 1.1 27.3 9.6 33.7 2.0 6.5 2.5 20.4 9.6 

 502.2 1.1 35.9 1.8 50.7 3.9 6.3 0.7 12.8 2.1 
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Figure 2.9. Mean tagged and total snail (L. smaragdus) numbers experimentally cocultured 

with Pacific oysters in small mesh baskets (6 mm) at three starting total biomasses of snails. 

A. Low – 200 g per basket (n = 3 baskets), B. Medium – 350 g per basket (n = 3 baskets), C. 

High – 500 g per basket (n = 2 baskets). Error bars indicate standard error. 
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Figure 2.10. Mean tagged and total snail (L. smaragdus) numbers cocultured experimentally with 

Pacific oysters in medium mesh baskets (12 mm) at three starting total biomasses of snails. 

A. Low – 200 g per basket (n = 3 baskets), B. Medium – 350 g per basket (n = 3 baskets), C. 

High – 500 g per basket (n = 2 baskets). Error bars indicate standard error. 
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Figure 2.11. Mean tagged and total snail (L. smaragdus) numbers cocultured experimentally with 

Pacific oysters in large mesh baskets (18 mm) at three starting total biomasses of snails. 

 A. Low – 200 g per basket (n = 3 baskets), B. Medium – 350 g per basket (n = 3 baskets),  

C. High – 500 g per basket (n = 2 baskets). Error bars indicate standard error. 
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Figure 2.12. Wet weight of individually tagged snails (L. smaragdus) experimentally cocultured 

with Pacific oysters in small mesh baskets (6 mm) at three starting total biomasses of snails.  

A. Low – 200 g per basket (n = 3 baskets), B. Medium – 350 g per basket (n = 3 baskets),  

C. High – 500 g per basket (n = 2 baskets). Approximately n = 20 more snails in small mesh baskets 

were tagged on Day 27. Error bars indicate standard error. 
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Figure 2.13. Wet weight of individually tagged snails (L. smaragdus) experimentally cocultured  

with Pacific oysters in medium mesh baskets (12 mm) at three starting total biomasses of snails. 

A. Low – 200 g per basket (n = 3 baskets), B. Medium – 350 g per basket (n = 3 baskets), C. High – 

500 g per basket (n = 2 baskets). Error bars indicate standard error. 
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Figure 2.14. Wet weight of individually tagged snails (L. smaragdus) experimentally cocultured with 

Pacific oysters in large mesh baskets (18 mm) at three starting total biomasses of snails. 

A. Low – 200 g per basket (n = 3 baskets), B. Medium – 350 g per basket (n = 3 baskets), C. High – 

500 g per basket (n = 2 baskets). Error bars indicate standard error. 
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Figure 2.15. Mean snail survival as a proportion of starting snail (L. smaragdus) numbers when 

experimentally cocultured with Pacific oysters in baskets with three mesh sizes. A. Small - 6 mm,  

B. Medium – 12 mm, C. Large – 18 mm, containing three different starting total biomasses of snails. 

Low – 200 g per basket (n = 3 baskets per mesh size), Medium – 350 g per basket (n = 3 baskets per 

mesh size), High – 500 g per basket (n = 3 medium and large mesh baskets; n = 2 small mesh baskets 

baskets). Error bars indicate standard error. 
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Final snail biomass 

 A two-way ANOVA to analyse the effects of basket mesh size and starting snail 

biomass on final snail biomass showed a significant interaction effect for starting snail 

biomass and basket mesh size (F(4, 14) = 3.35, p = 0.040, partial η2 = 0.489, Table 2.9; 

Figure 2.16). Overall, there was no significant difference in final snail biomass between 

small, medium and large mesh baskets with the same starting biomass (p > 0.05). There 

was also no difference in final snail biomass between small mesh baskets with low, 

medium and high starting snail biomass (p > 0.05); or between medium mesh baskets 

with low, medium and high starting snail biomass (p > 0.05). However, in large mesh 

baskets, final snail biomass in baskets with low starting biomass (M = 51.1 g, SE ± 4.6), 

was 23.8 g (SE ± 7.3, p = 0.017) higher than final snail biomass with medium starting 

biomass (M = 27.3 g, SE ± 5.7).  
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Figure 2.16. Mean total snail biomass per basket for snails (L. smaragdus) when experimentally 

cocultured with Pacific oysters in baskets with three mesh sizes. A. Small - 6 mm,  

B. Medium – 12 mm, C. Large – 18 mm, containing three starting total biomasses of snails. Low 

– 200 g per basket (n = 3 baskets per mesh size), Medium – 350 g per basket (n = 3 baskets per 

mesh size), High – 500 g per basket (n = 3 medium and large mesh baskets; n = 2 small mesh 

baskets baskets). Error bars indicate standard error. 
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2.3.5 Cats eyes did not grow at a commercially viable rate 

Mean final weight and OD 

 The two-way ANOVA identified a significant interaction effect between 

starting biomass and mesh size on final mean snail weight (F(4, 255) = 4.56, p = 0.001, 

partial η2 = 0.067). Analysing the main effects, which were statistically significant, 

suggested that basket mesh size had a larger contribution to mean final snail weight: 

starting biomass (F(2, 14) = 5.14, p = 0.006, partial η2 = 0.039), and basket mesh size (F(2, 

14) = 879.63, p < 0.001, partial η2 = 0.873). 

 There was no significant difference in mean final snail weight, between baskets 

of different starting biomass within the same basket mesh size class, for medium and 

large mesh baskets (p > 0.5). Snails in small mesh baskets with low starting biomass, 

had a higher final mean weight (M = 2.55 g, SE ± 0.16), than snails in small mesh 

baskets with medium (M = 1.71 g, SE ± 0.12) and high (M = 1.69 g, SE ± 0.10) starting 

biomass, by 0.84 g (SE ± 0.19, p < 0.001) and 0.86 g (SE ± 0.19, p < 0.001), 

respectively. 

 There was a significant interaction effect between starting biomass and mesh 

size on final mean snail OD (F(4, 255) = 7.82, p = 0.001, partial η2 = 0.11). Again, 

analysing the main effects to further elucidate if starting biomass and mesh size 

contributed equally to variability of final mean snail OD, which were statistically 

significant, suggested that basket mesh size had a larger contribution to mean final snail 

OD: starting biomass (F(2, 14) = 13.64, p < 0.001, partial η2 = 0.097), and basket mesh 

size (F(2, 14) = 804.34, p < 0.001, partial η2 = 0.863). 
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There was no significant difference in mean final snail OD, between baskets of 

different starting biomass within the same basket mesh size class, for medium and large 

mesh baskets (p > 0.5). Snails in small mesh baskets with low starting biomass, had 

higher final mean OD (M = 11.9 mm, SE ± 0.2), than snails in small mesh baskets with 

medium (M = 10.4 mm, SE ± 0.1) and high (M = 10.1 mm, SE ± 0.1) starting biomass, 

by 1.5 mm (SE ± 0.2, p < 0.001) and 1.8 mm (SE ± 0.2, p < 0.001), respectively. 

Mean weight and OD change 

 Examination of plots of weight and OD of individual tagged snails showed no 

apparent growth during the first 210 days, however, the small number of tagged 

individuals surviving beyond this period showed subsequent consistent increases in 

both dimensions (Figures 2.12 – 2.14; 2.18 – 2.20). 

 Tagged snail mortalities were size-dependent, and overall mortality of snails 

increased between days 62 and 210 (Figures 2.9 – 2.11; 2.15). Surviving snails from 

day 210 onwards were from the small size class (i.e., 0.5 – 0.9 g, 2 – 3.9 g, 5 – 9.9 g), 

within each basket (small, medium and large mesh), and snail numbers subsequently 

remained at a steady level until day 466 (Figures. 2.9 – 2.11; 2.15). Surviving snail size 

(weight and OD) measurements from Day 201 to 466 showed very little variation across 

starting biomass treatments, for each basket within each mesh size treatment (Figure 

2.15). Thus, snail growth was assessed by analysing pooled snail wet weight and OD 

from days 210 - 466, as these measurement changes were indicative of growth (Figure 

2.17).  
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 Mean snail weight and mean OD for days 210 – 466 were analysed using two-

way repeated measures ANOVA, using time (Day 210 and Day 466), and basket mesh 

size as categorical within-subjects factors. There was a statistically significant and large 

interaction effect of time and basket mesh size on snail weight (F(1.1, 41.1) = 7.52, p = 

0.007, partial η2 = 0.17). 

 There was no change in mean snail weight from day 210 – 466 for medium and 

large basket treatments (p > 0.05). In contrast, snails in small mesh baskets had a mean 

increase in snail weight of 1.12 g (SE ± 0.13, p < 0.001) between days 210 (M = 1.25 

g, SE ± 0.09), and 466 (M = 2.37 g, SE ± 0.07). 

 There was a statistically significant interaction effect of time and basket mesh 

size on mean snail OD (F(1.8, 64.7) = 22.9, p < 0.001, partial η2 = 0.39). Mean snail OD 

changed significantly from day 210 – 466 for all basket mesh size treatments (p < 0.05). 

Snails in small mesh baskets had an OD increase of 1.7 mm (SE ± 0.3, p < 0.001) 

between days 210 (M = 9.8 mm, SE ± 0.2), and 466 (M = 11.5 mm, SE ± 0.1). In medium 

mesh baskets, mean snail OD showed a decrease of 0.7 mm (SE ± 0.2, p = 0.005) from 

day 210 (M = 14.9 mm, SE ± 0.2), to 466 (M = 14.3 mm, SE ± 0.2). In large mesh 

baskets, snail OD also decreased by 1.3 mm (SE ± 0.4), from 19.5 mm (SE ± 0.4) to 

18.2 mm (SE ± 0.2).  
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Table 2.9 Means (M) and standard errors (SE) of initial and final snail weights according 

to initial densities and basket mesh size. 

 

Basket 
Mesh  
Size 

Initial Biomass   
(g / basket) 

Final 
Biomass 

(g / basket) 

Initial Mean  
Snail Weight 

(g) 

Final Mean  
Snail Weight  

(g) 

  M     SE M    SE    M     SE     M    SE 

Small 200.9 0.2 33.1 5.6 2.80 0.55 2.43 0.06 

 355.0 3.1 38.4 1.1 3.04 0.97 1.70 0.04 

 479.4 21.9 50.6 7.7 2.35 0.76 1.53 0.05 

Mediu

m 

200.9 0.8 52.6 0.7 4.92 0.20 4.37 0.14 

 351.2 1.0 43.9 3.5 5.07 0.15 4.39 0.12 

 502.3 1.9 42.9 5.2 5.22 0.13 4.13 0.13 

Large 200.1 0.7 51.1 6.7 12.11 1.30 8.52 0.41 

 352.4 1.1 27.3 9.6 10.06 0.60 8.41 0.51 

 502.2 1.1 35.9 1.8 9.66 0.66 8.29 0.39 
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Figure 2.17. A. Mean wet weight and, B. mean OD for snails (L. smaragdus), when experimentally 

cocultured with Pacific oysters in baskets with three mesh sizes. Small - 6 mm, Medium – 12 mm, 

Large – 18 mm, containing three starting total biomasses of snails. Low – 200 g per basket (n = 3 

baskets per mesh size), Medium – 350 g per basket (n = 3 baskets per mesh size), High – 500 g 

per basket (n = 3 medium and large mesh baskets; n = 2 small mesh baskets baskets). Error bars 

indicate standard error. 
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Figure 2.18. Individual operculum diameter of tagged snails (L. smaragdus) experimentally 

cocultured with Pacific oysters in small mesh baskets (6 mm) at three starting total biomasses of 

snails A. Low – 200 g per basket (n = 3 baskets), B. Medium – 350 g per basket (n = 3 baskets), 

C. High – 500 g per basket (n = 2 baskets). Approximately n = 20 more snails in small mesh 

baskets were tagged on Day 27. 
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Figure 2.19. Individual operculum diameter of tagged snails (L. smaragdus) experimentally 

cocultured with Pacific oysters in medium mesh baskets (12 mm) at three starting total 

biomasses of snails A. Low – 200 g per basket (n = 3 baskets), B. Medium – 350 g per basket 

(n = 3 baskets), C. High – 500 g per basket (n = 2 baskets).  
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Figure 2.20. Individual operculum diameter of tagged snails (L. smaragdus) experimentally 

cocultured with Pacific oysters in large mesh baskets (18 mm) at three starting total biomasses 

of snails A. Low – 200 g per basket (n = 3 baskets), B. Medium – 350 g per basket (n = 3 

baskets), C. High – 500 g per basket (n = 2 baskets).  
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 Discussion 

 

Cats eyes cleaned oyster baskets 

Basket fouling levels in all baskets with snails were lower than control baskets 

with no snails for most of the experimental period, except for the winter period when 

the biofouling on all baskets declined, including for the controls without snails. Also, 

there was a strong negative correlation between starting snail biomass and biofouling 

levels for small and large mesh baskets, but not for medium mesh baskets. Prior to the 

full experiment on the oyster farm, pieces of oyster basket mesh covered with fouling 

algae were placed in an experimental tank with the snails, to confirm that L. smaragdus 

would consume the biofouling. Algae covering the mesh was observed to be removed 

by the grazing snails in just three days indicating their ability to rapidly graze down 

fouling on the plastic mesh used for oyster culture baskets (Figure 2.3 D & E, data not 

included). 

 There was a seasonal effect of biofouling appearance, with fouling algae 

reappearing after winter (Table 2.3; Figure 2.4). The experiment was extended beyond 

a year, even though the results indicated that the baskets were overstocked with snails 

(Figures 2.15 & 16). This was done because the snail biomass in baskets appeared to 

have stabilised during winter when biofouling production could be expected to be at its 

lowest, and it was possible that an increase in spring growth of biofouling would trigger 

growth in the lower biomass of remaining snails the in baskets (Table 2.3; Figures 2.4, 

15-16). 
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Medium mesh baskets had higher fouling levels than the small and large mesh 

baskets. They did not have the initial decrease in fouling at Day 27, as seen in the small 

and large mesh baskets. Instead, there was slightly higher fouling levels, although they 

did show the same pattern of increasing fouling over spring and then reaching a steady 

level of fouling later in summer (Figure 2.4). The fouling of plastic mesh of baskets 

used to culture Pacific oysters in a previous study in Spain, was also observed to be 

reduced when periwinkles were included in the baskets (Cigarria et al., 1998). 

However, the extent of fouling was not quantified in this previous study, and the snails 

were cultured at only one starting biomass of approximately 800 g per oyster basket 

(Cigarria et al., 1998). The same species of periwinkles have also been found to be 

ineffective at controlling fouling by the colonial tunicate, Didenum vexillum, on 

cultured blue mussels (Mytilus edulis) in a laboratory setting (Carman, 2009). 

 Lunella smaragdus, and two other native New Zealand gastropods Haliotis iris 

and Cookia sulcata, have been used previously to effectively remove biofouling when 

introduced onto wharf and pontoon structures (Atalah et al., 2014). The abalone, H. iris, 

had high mortality of over 30 %, C. sulcata had virtually no mortalities, while L. 

smaragdus had < 10 % mortality on structures physically cleared of biofouling before 

their introduction, but 40 – 50 % mortality on fouled structures (Atalah et al., 2014). 

However, the established fouling species were more diverse than for the oyster baskets 

in the current study, including a range of algae, sponges and ascidians (Atalah et al., 

2014). The study duration was also shorter, at three months, and unfortunately no 

growth data were reported for the gastropods (Atalah et al., 2014). 

 

 



 

73 

 

Oyster meat quality 

Overall, for small and large mesh baskets, the condition of oysters was higher 

in snail treatments compared to the control baskets with no added snails, except for 

small mesh baskets with medium biomass of snails, and medium size mesh baskets with 

low biomass of snails (Table 2.5; Figure 2.5). Oyster meat condition in the other small 

mesh baskets was likely to have been higher due to increased water flow into the small 

6 mm diameter mesh as a result of the reduced biofouling on the plastic cages from 

snail grazing, compared to highly fouled and occluded mesh in the control small mesh 

baskets. Surprisingly, higher meat condition in snail-treated versus control baskets was 

also evident in large mesh baskets, where there was no observed mesh occlusion at any 

census, but oyster meat quality was clearly higher in baskets with snails than without. 

These differences in oyster meat condition were significant and have the potential to 

translate into improved commercial returns for the oysters, especially in markets where 

oyster condition is critical for meeting quality criteria, such as the Japanese export 

market for New Zealand oysters (Jim Dollimore, Biomarine Ltd, pers. comm.). 

 Previous studies on cultured Pacific oysters have also showed a positive effect 

on oyster meat condition as a result of controlling biofouling in culture baskets using 

periwinkles (Sievers et al., 2017). In this previous study, the overall oyster wet weight 

was higher where periwinkles had been added to culture baskets, however, no oyster 

meat condition indices were calculated to allow direct comparisons between the two 

studies (Cigarria et al., 1998). In other studies mussel meat condition has also been 

shown to be negatively impacted by the presence of fouling (Sievers et al., 2013), so it 

seems likely this would have been the cause of the higher wet weight of the oysters 

grown with periwinkles. 
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Oyster survival and growth  

At the end of the experiment oyster survival was found to be affected by both 

basket mesh size and starting biomass of snails, with basket mesh size contributing the 

most to variability in oyster survival. Large mesh baskets had the highest overall 

average survival of 66.4 %, and small mesh baskets had the lowest average oyster 

survival of 36.5 %, regardless of snail biomass treatment (Figure 2.6). However, large 

mesh baskets with medium snail biomass treatment had lower oyster survival than the 

control, low and high snail biomass treatments. There were no obvious signs of parasite 

infections, or OsHV-1 µVar mortalities, observed during the experiment. 

 Reduction in biofouling using gastropods cocultured with Pacific oysters was 

also shown in a study in Spain where periwinkles were added to baskets of cultured 

Pacific oysters. In this current study, pairwise comparisons showed no difference in 

snail survival amongst treatment and control baskets within both small and medium 

mesh sizes, despite a significant interactive effect of both starting snail biomass and 

basket mesh size. The Spanish study used a single basket type, and found oyster 

survival was not different between treatments with and without snails added (Cigarria 

et al., 1998). The basket dimensions used were 1.0 × 0.5 m, 6 mm mesh; with about 

240 oysters and 800 g ( ~ 3.2 g per snail, n = 250) starting snail biomass (Cigarria et 

al., 1998). The Spanish study concluded it was unlikely that there was any direct 

competition for food resources between the filter feeding oysters and the surface 

grazing activities of the gastropods, which would also be likely for the current study 

(Cigarria et al., 1998). Other studies have effectively used selective predators to control 

animals competing with aquaculture species. For example, the dogwhelk (Nucella 

lapillus) was introduced to control blue mussels (Mytilus edulis) that were fouling 

cultured oysters (Ostrea edulis) and scallops (Pecten maximus), which resulted in much 
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higher survival of both cultured species due to reduced smothering by mussels (Minchin 

& Duggan, 1989). 

 Oyster shell growth was not affected by the presence of snails: there was no 

difference in the growth of oysters among any of the snail biomass treatments including 

the control without added snails (Figures 2.7 & 2.8). The oysters were size-matched to 

the basket mesh sizes at the beginning of the experiment, with small mesh baskets 

containing smaller oysters, i.e., smaller shell height and length. However, by the end of 

the experiment the oysters in the different basket treatments had reached similar mean 

shell lengths and heights, with the smaller oysters in small mesh baskets growing faster 

than the larger oysters placed in the medium and large mesh baskets. 

 The removal of biofouling associated with bivalve aquaculture has previously 

been observed to both affect (Cigarria et al., 1998; Minchin & Duggan, 1989; Sievers 

et al., 2013), and not affect the growth of cultured bivalves (Mallet et al., 2009). Pacific 

oysters cultured intertidally in plastic baskets in Spain in a similar manner to the current 

study (i.e., 6 mm mesh), reached marketable size much earlier in baskets where 

periwinkles had been added versus those without. This difference was attributed to the 

periwinkles removing fouling algae allowing seawater to more easily circulate through 

the baskets and providing improved feeding for the oysters (Cigarria et al., 1998). The 

control of fouling by turning oyster (Crassostrea virginica) culture bags periodically 

for air-drying found no significant effect on oyster growth, even though competing filter 

feeding mussels and barnacles which were fouling the bags were effectively removed 

by the drying treatment (Mallet et al., 2009). Reduced growth in oysters (O. edulis) was 

observed when high densities of dogwhelks (50 per basket) were included in culture 

baskets to remove fouling blue mussels (Minchin & Duggan, 1989), and the response 

for scallops (P. maximus) cultured in the same experimental manner was not reported. 
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While the dogwhelks selectively preyed upon the fouling mussels and only very 

occasionally on the cultured oysters and scallops, the presence of a significant number 

of predators might act a stressor to the bivalves and constrain their growth. 

 

Low snail stocking biomass and slow growth 

The starting biomass affected the subsequent survival of snails in the 

experimental baskets. The mortality of snails began to increase towards the end of 

winter, three months into the start of the experiment (Figures 2.9 – 2.11). However, by 

late spring - early summer (i.e., Day 259, November 2014), snail numbers in all baskets 

appeared to have reached a stable biomass of around 42 g per basket (Figure 2.15). 

Snail mortalities over the winter months, coincided with the lowest water temperature 

levels, and a reduction in biofouling levels, especially of ephemeral algae (Table 2.3; 

Figure 2.4). Fouling algae only started to reappear on baskets in spring, i.e., Day 210, 

September 2014 (Table 2.3; Figure 2.4). This was also reflected in the scores for basket 

biofouling which declined in the first three months of the experiment, and increased 

over August – December 2014 (i.e., Days 173 – 295), and was particularly pronounced 

in the small and large mesh baskets (Figure 2.4). 

 The availability of fouling ephemeral algae was the limiting factor for how 

much snail biomass each basket could support. Tagged and total snail numbers in 

baskets appeared to reach a steady level in spring (Table 2.3; Figures 2.9 – 2.11). This 

pattern was also observed in the proportion of snails surviving (Figure 2.15). At this 

time the basket biofouling scores began to increase and reached a steady level over 

summer (Table 2.3; Figure 2.4). Subsequently, biofouling levels and snail numbers 
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(tagged and total) remained constant over the remainder of the summer period leading 

into early winter, when the experiment ended (Figures 2.4, 2.9 – 2.11). 

 The overall survival of snails was size-dependent, with a higher proportion of 

smaller snails surviving until the end of the experiment. At Day 466 of the experiment 

the remaining total biomass of snails in each basket was similar, regardless of mesh 

size or starting biomass of snails, i.e., on average 41.8 g (SE ± 2.9) of snails per basket 

(Table 2.8; Figure 2.16). This result suggests that oyster baskets may only be able to 

support a limited biomass of snails, possibly because of the extent of overall food 

availability. 

 The viable snail density for each oyster basket is lower than snail densities 

commonly encountered in the wild. In this study the floor area of the basket is about 

0.21 m2 (oyster basket bottom length x width, ~ 0.7 × 0.3 m), with final snail numbers 

(Small: M = 22.9, SE ± 4.8; Medium: M = 11.1, SE ± 6.5; Large: M = 6.5, SE ± 0.1, 

Table 2.8). The estimates for snail density would be lower if the sides of the basket 

were also included as available surfaces for the snails to graze on. However, the basket 

was made of plastic mesh grids, so the actual surface area available for grazing consists 

only of the grid surfaces. Hence, the snail density would be estimated to be about 520 

m-2 for small mesh baskets, 252 m-2 for medium mesh baskets, and 148 m-2 for large 

mesh baskets. 

 In the North Island of New Zealand, L. smaragdus has been found in natural 

habitats at varying densities, from 11 – 1120 snails m-2, with large snails occurring at 

the lowest densities, and small to medium snails occurring at higher densities (Alfaro, 

2006b; Alfaro et al., 2007). Snail density in the wild has also been found to be 

dependent on water movement, breeding season, tidal zones, habitat substrate, food 
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type and food availability (Alfaro, 2006a; Alfaro et al., 2007; Grange, 1974; Morton, 

1949; Smoothey, 2013; Walsby, 1977). A similar intertidal turbinid species, Lunella 

(Subninella) undulatus (Lightfoot, 1786) found on the sub-tropical to temperate 

Australian coast, has been recorded at densities of up to 1936 m-2 (Smoothey, 2013; 

Worthington & Fairweather, 1989). 

 The survival rate of L. smaragdus in the wild has not been reported for 

comparison with the results of the current study. However, large numbers of empty 

shells at post-settlement to juvenile stages have been observed in intertidal areas during 

the peak of summer (Walsby, 1977). This was presumed to be due to exposure and high 

temperatures with low spring tides occurring during the day (Walsby, 1977). In this 

study snail numbers declined over autumn and winter (Days 91 - 210; May – September 

2014, see Table 2.3; Figure 2.15). Total and tagged snail numbers were steady over 

both summer seasons, during the first three, and last five months of the experiment 

(Figure 2.9 – 2.11). This seasonal pattern of mortality suggests changing availability of 

food as a more likely cause for seasonal changes in snail survival. 

 The data on the survival of tagged snails showed that only the smaller snails 

from each basket mesh size class survived (Figures 2.12 – 2.14). For tagged snails, large 

individuals were more likely to die. Only the smaller surviving tagged snails in the 

small mesh baskets grew significantly, and many of them were found in the treatment 

with low starting biomass (Figure 2.12, Low). Age-dependent survival would not 

explain this observation, since in the absence of catastrophic events it is usually 

juveniles that have higher mortality rates due to lower reserves to draw upon. It could 

be that the smaller snails were able to reach the algae growing on the mesh and on the 

oyster shells more easily than the larger snails. In rocky intertidal habitats larger 

individuals have been found in low intertidal to shallow subtidal areas in association 
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with macroalgae, indicating a possible preference for feeding on macroalgae among 

larger snails (Alfaro, 2006b; Alfaro et al., 2007; Walsby, 1977). However, L. 

smaragdus have also been shown to have a highly variable diet and will utilise whatever 

food is available (Alfaro et al., 2007). 

 The smaller sized tagged snails within the small mesh size baskets showed the 

highest growth over days 210 – 466 (May 2014 – June 2015, Figure 2.12). In the wild, 

L. smaragdus were estimated to grow to 4.5 mm in shell width within the first 11 

months after settlement, and up to 5.9 mm year-1 over the next three years (Walsby, 

1977). However, it is not possible to compare these growth rates to those in the current 

study, given the different morphometric measures used and the lack of a conversion 

between the two. 

 There was some weight loss for snails over the first 173 days of the experiment 

for all basket mesh and snail biomass treatments. This is consistent with the lack of 

growth and high mortality of snails over this period, indicating unsuitable 

environmental conditions, most likely a shortage of food due to overstocking. At the 

end of the study, due to high mortality there was half the number of snails in the low 

starting biomass small mesh baskets, compared to the medium and high biomass 

baskets of the same mesh size (Table 2.8). However, the mean snail weight was 

significantly higher, by 0.7 – 0.9 g, than the mean snail weight in the medium and high 

biomass baskets (Table 2.9). This may be due to snails in the low starting biomass 

basket having access to proportionately more food due to lower feeding competition, 

and thus leading to more growth as measured by their increasing wet weight (Figure 

2.12, Low). 
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 Biofouling levels increased over days 210 – 259 (Figures 2.4). This coincided 

with the period over which tagged snails began showing an increase in wet weight 

(Figures 2.12 & 2.13). This was more pronounced among the small snails in the small 

mesh baskets, and to a lesser extent, snails in the medium mesh baskets (Figures 2.12 

& 2.13). A previous study using periwinkles to control biofouling on Pacific oysters 

found that oyster bags (1 × 0.5 m, 6 mm mesh) supported 250 periwinkles per basket 

of 240 oysters, with a mean snail weight of 3.2 g (Cigarria et al., 1998). This was similar 

to the average size of the large snails in small mesh baskets used in the current study 

(Figure 2.12). The periwinkles grew to 3.8 g over 15 months, which is a similar duration 

to the present study. However, this periwinkle growth rate was less than growth rates 

for this species found in the wild (Cigarria et al., 1998). In the present study the larger 

tagged snails of this class size did not survive beyond 173 days, during which time they 

did not grow. Collectively these results suggest that food limitation from overstocking 

of oyster baskets with periwinkles or L. smaragdus is likely to cause reduced growth, 

and increased mortality, especially of larger snails. 

 The coculture experiment ended in late May 2015 (i.e., Day 466), which was 

within the known spawning period for adult L. smaragdus (Walsby, 1977). While snail 

mortality was size dependent in this study, the baskets were overstocked so likelihood 

of spawning and reproductive activity was low and not investigated. 
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2.4.1  Conclusion 

 Snail survival in the experiment was poor and the growth rate of the surviving 

snails was low. The pattern of mortality of the snails in all baskets suggests they were 

initially overstocked into baskets, with biomass in all baskets declining to around 42 g 

per basket after 210 days of culture whereupon they remained stable for the latter half 

of the experimental period. This low stocking biomass and slow growth is unlikely to 

be commercially viable for culturing to produce snails as a target product. While the 

addition of snails to baskets assisted with reducing fouling on the plastic culture 

baskets, there was no corresponding benefit in terms of improved oyster survival and 

growth. However, snail treatment did produce moderate improvement in oyster meat 

condition in small and large mesh baskets with snails added compared to the controls 

without snails. 

 Biocontrol of fouling is considered more environmentally friendly and among 

the most effective compared with alternative methods which are harsher and more 

laborious (Sievers et al., 2017). Other methods of biofouling removal, such as using 

chemical washes, are not necessarily beneficial for the cultured shellfish, are often not 

very effective, can be costly, in addition to having high associated environmental and 

labour costs (Sievers et al., 2017). Biofouling control methods also have different levels 

of effectiveness on different species of shellfish, and have been found to be the least 

effective on mussels, most effective on scallops, with moderate effectiveness on oysters 

(Sievers et al., 2017). 

Based on the results of this current study, L. smaragdus are effective at 

removing fouling algae on oyster basket mesh and can provide some improvement in 

meat condition in cocultured oysters. Even though this native gastropod is a known 



 

82 

 

food, it is not suitable to be grown as a commercial coculture crop with Pacific oysters 

due to slow growth and low stocking biomass. However, only a small number of L. 

smaragdus (i.e., ~ 42 g per basket) is required for effective algae removal from Pacific 

oyster culture baskets (see Tables 2.1, 2.8 & 2.9). 

For this means of biofouling control to be feasible at a large scale, oyster farmers 

will need to develop a hatchery supply of these snails. Large-scale removal of this 

species from the wild is not recommended. 

Overall, the addition of these native snails to oyster culture baskets could 

provide a low-maintenance approach to reduce the extent of the existing manual basket 

cleaning regime, and in doing so, reduce labour, basket, fuel and water use substantially 

for oyster farmers.  
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 Assessing the potential for native bivalve species 

culture on Pacific oyster farm infrastructure  

 Introduction 

3.1.1 Coculture of native bivalve species with Pacific oysters 

 Between 2010 and 2012, substantial crop losses occurred in New Zealand 

Pacific oyster farms that were the result of infection by the ostreid herpesvirus, OsHV-

1 µVar (Keeling et al., 2014; Webb et al., 2007). The crop losses increased the 

availability of intertidal aquaculture infrastructure with the potential to be used for 

alternative aquaculture species. Other bivalve species may have the potential to be 

cultured in the otherwise unused oyster basket aquaculture systems. 

 Coculturing oysters with other bivalves on the same farm could provide 

alternative sources of revenue for the aquaculture operator whilst helping to reduce 

disease infection and mortalities of the Pacific oysters (Paul-Pont et al., 2013a; Pernet 

et al., 2012; 2014). For example, Pacific oysters growing in the vicinity of Sydney rock 

oysters, Saccostrea glomerata, were found to be less likely to succumb to OsHV-1 

µVar infection, while neighbouring farm sites with Pacific oysters only, suffered high 

mortalities (Paul-Pont et al., 2013a; Pernet et al., 2014). Furthermore, the removal of 

the Sydney rock oysters triggered mortalities in the Pacific oysters (Paul-Pont et al., 

2013a). It was suggested that the population of Sydney rock oysters, which have 

previously been found to be unaffected by neighbouring Pacific oyster OsHV-1 µVar-

related mortalities (Cameron & Crane, 2011), was acting as a possible infection buffer 

by processing significant amounts of viral particles present in the water, thus reducing 

the infection load on the Pacific oysters (Paul-Pont et al., 2013a). 
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 In another study which examined OsHV-1 µVar-related mortality differences 

between Pacific oysters growing in the presence, or absence, of mussels (Mytilus 

galloprovincialis), it was found that the risk of Pacific oyster mortality was significantly 

lower within sites where the mussels were also being farmed (Pernet et al., 2014). The 

virus had previously been detected in the mussels which had shown no signs of 

infection or mortality, even though Pacific oysters around them were dying and 

exhibiting high viral loadings (Pernet et al., 2014). 

 While the Sydney rock oysters and mussels in these studies have not been shown 

to be vectors for the OsHV-1 µVar virus (Cameron & Crane, 2011; Paul-Pont et al., 

2013a; Pernet et al., 2014), OsHV-1 µVar has been found to infect other bivalve species 

(Arzul et al., 2001; Batista et al., 2007). However, of the bivalve species which have 

been reported to be infected with the virus, mortality events have only been reported in 

Pacific oysters (Paul-Pont et al., 2013a; Pernet et al., 2014). To date there is no evidence 

of OsHV-1 µVar-related infections in cockles and pipi in New Zealand (Webb et al., 

2007). Consequently, in the current study they will be assessed for their potential for 

coculture on the vacant infrastructure available on two Pacific oyster farm sites 

operated by Biomarine Ltd. 

Apart from an established and expanding aquaculture industry that focused on 

the endemic green-lipped mussel (Perna canaliculus), very little is known about the 

commercial aquaculture potential of other species of edible native bivalves in New 

Zealand. Therefore, two native bivalve species were chosen for growout assessment in 

this current study; Austrovenus stutchburyi, also known as cockle, littleneck clam and 

tuangi (Māori) (Jeffs, 2003; Marsden & Pilkington, 1995), and Paphies australis 

(Gmelin), commonly known as the pipi (Hooker, 1995; Pawley, 2012). These two 

bivalve species were selected for their popularity with both commercial and non-
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commercial harvesters (Adkins, 2012; Berkenbusch & Neubauer, 2016; Ferreira et al., 

2007; Pawley, 2014). Cockles and pipi are traditionally harvested by Maori, and remain 

as species of importance for customary and domestic harvest in New Zealand. 

3.1.2 Pipi and cockles as potential candidates for coculture with Pacific oysters

 Pipi and cockles are both filter feeders that are normally found intertidally and 

subtidally in relatively sheltered and shallow waters, such as estuaries and harbours 

throughout New Zealand (Hooker, 1994; Pawley, 2012). They bury in sediment close 

to the surface and extend their siphons just above the sediment to facilitate water 

exchange. There have been small scale studies looking into culturing pipi, with 

successfully induced spawning, larval metamorphoses and post-settlement growout, 

when the bivalves were placed in nets suspended 2 m above the sediment bed in the 

wild (Hooker, 1995; Hooker, 1997). 

 Pipi can form dense beds, sometimes occurring in densities up to 1000 - 4000 

m-2 and grow up to a shell length of 90 mm (Hooker, 1995; Pawley, 2014). Pipi have 

been induced to spawn in captivity and cultured juveniles were grown to 13 mm shell 

length in the laboratory, and later transferred to the wild where they continued to grow 

to 37 mm in 17 months, with faster growth in summer (Hooker, 1997). The sexes are 

separate, with a higher incidence of females than males, and reach sexual maturity at 

40 mm shell length (Hooker, 1995; Mamat, 2010). Adult pipi in the Whangateau 

Harbour reach 55 – 60 mm shell length (Hooker, 1995), with individuals above 50 mm 

shell length being classed as ‘large’ (Berkenbusch & Neubauer, 2016). Pipi are known 

to be reasonably physiologically tolerant and have been shown to be able to tolerate 

reduced salinity for up to twenty days (McLeod & Wing, 2008). 



 

86 

 

 Cockles frequently form tightly packed beds on intertidal sandflats throughout 

New Zealand reaching densities of up to 3500 to 4000 m-2 (Dobbinson et al., 1989; 

Kainamu, 2010; Larcombe, 1971). They grow up to about 35 mm in shell length, and 

maturity has been found to be related to size rather than age, with cockles reaching 

sexual maturity by about 18 to 20 mm in shell length (Larcombe, 1971). Histological 

analyses have found cockles smaller than 18 mm in shell length to be sexually mature 

(Adkins, 2012). In the wild, cockles have been estimated to take 6 - 12 years to grow 

up to a marketable size of 30 - 35 mm in shell length, although growth rates can vary 

greatly depending on growing densities, latitude and water temperatures where the 

cockles are living (Irwin, 2004; Larcombe, 1971; Sandwell et al., 2009). There is no 

available information on the aquaculture of cockles, although this species has been 

identified as having potential for aquaculture development (Jeffs, 2003). 

 Pipi and cockles both appear to be good potential candidates for aquaculture in 

intertidal hanging oyster basket systems. In the wild both species tolerate high densities, 

and because of their natural intertidal habitat, have reasonable physiological tolerance 

to the range of environmental variables likely to be experienced on an intertidal Pacific 

oyster farm. 

3.1.3 Research aims and hypotheses 

The aim of this study was to assess the potential for culturing pipi and cockles 

in hanging basket aquaculture systems in vacant spaces on intertidal oyster farms in the 

Mahurangi and Kaipara Harbours. The two farm sites are operated by Biomarine Ltd., 

and have different conditions, with Kaipara Harbour considered to be among the largest 

harbours in the world and having larger tidal movements, a different seasonal regime 

of water temperatures and primary productivity (Hepi et al., 2018). The recent 
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development of a significant area of Pacific oyster farming in the Kaipara Harbour by 

Biomarine Ltd has demonstrated high growth and survival of oysters cultured in this 

harbour (Jim Dollimore, Biomarine Ltd, pers. comm.) indicating the suitability of this 

harbour for bivalve culture. Previous studies with native bivalves (A. stutchburyi and 

Ruditapes largillietti) have shown that bivalves grow at different rates based on location 

(Adkins et al., 2016; Gribben et al., 2002; McKinnon, 1996; Stewart & Creese, 2002). 

The performance of wild juvenile pipi, and cockles were assessed after being 

transferred into oyster farms. Varying experimental densities were also tested for the 

experimental culture of juvenile cockles on the oyster farms in the Mahurangi and 

Kaipara Harbours. It was hypothesised that when cultured in suspended oyster baskets: 

pipi, Paphies australis, and cockles, Austrovenus stutchburyi, can survive and grow at 

commercially viable rates. These growth rates would differ based on where they are 

placed.  
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 Methods 

3.2.1 Pipi culture experiment 

A pipi culture experiment was set up using 6 mm mesh oyster aquaculture 

baskets (BST Oyster Supplies, Cowell, South Australia) which are tubular with a 

triangular-shaped cross-section with flat ends and forming a flattened floor of (180 mm 

width × 700 mm length = 0.13 m2 ) on which the shellfish were held (Table 3.1; Figure 

3.1). A total of 80 pipi were randomly allocated to each oyster basket after the pipi were 

divided into three size classes, and pipi from each class size were tagged, i.e., Small = 

28 - 40 mm (n = 6 per basket), Medium = 40 - 45 mm (n = 3 - 4 per basket), Large = 

45 - 50 mm (n = 5 - 6 per basket). 

Three baskets, each containing 80 pipi were deployed on 27 May 2014 at each 

of two Pacific oyster farm locations, i.e., Brownes Bay, Mahurangi Harbour, and in the 

central Kaipara Harbour (Table 3.1). As pipi have been shown to tolerate intertidal 

conditions and prefer shallow subtidal conditions (Hooker, 1994), these baskets were 

placed in areas of the farms where the conditions were thought to be suitable, which 

were 0.1 m below the water surface and less than 2 m deep at low tide. 

The pipi used in the experiment were collected from Buckleton Beach on the 

Tawharanui Peninsula which is 9.5 km from the Mahurangi Harbour oyster farm site. 

A total of 15 pipi from each basket were randomly selected for tagging with 8 × 4 mm 

plastic tags (Hallprint) which were glued to one valve of each pipi using cyanoacrylate 

glue (Loctite 401). Each tagged pipi was blotted dry before being weighed and 

measured (Figure 3.1)
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               Table 3.1 Experimental design 

 

 

 

Species Pipi Cockles 

Size range 28 – 50 mm shell length 15 – 30 mm shell height 

Duration 308 days 386 days 

Dates May 14 – Mar 15 Mar 14 – Mar 15 

Location(s) Mahurangi Harbour 

 (whole experiment), 

Kaipara Harbour  

(first 28 days) 

Mahurangi Harbour  

(whole experiment), 

Kaipara Harbour  

(first 93 days) 

Fixed 
variables 

Time Stocking density 

(Low = 50, n = 3;  

Med = 150, n = 3;  

High = 300, n =3) 

Dependent 
variables 

Pipi numbers, 

Shell length (mm),  

weight (g) 

Cockle numbers, 

Shell height (mm),  

Shell length (mm) 

Measurement 
frequency 

Every four weeks, then  

every 10 – 12 weeks 

Every four weeks, then 

every 10 – 12 weeks 
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Figure 3.2. Pipi within 6 mm mesh oyster basket. Each basket contained 80 pipi, of 

which 15 were tagged. 

 

Figure 3.1. Pipi with Hallprint shellfish tags attached using cyanoacrylate glue. Shell 

length and wet weight was measured to assess growth. 
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Assessing pipi growth 

 All three experimental baskets containing pipi in the Kaipara Harbour were lost 

after 28 days due to storms, so only data from the Mahurangi Harbour site were 

available for this study. Initially pipi were re-measured every four weeks. However, 

initial length and weight measurements showed very little change over four weeks 

(Figure 3.4), so census intervals were extended to 10 - 12 weeks (Table 3.1). At each 

census, the baskets containing pipi were removed from the farm and taken to the oyster 

facility on the same day for measurement. All tagged pipi were weighed, and their shell 

length measured with callipers. The total number of surviving pipi in each basket were 

counted. The experiment ended on 30 March 2015 after 308 days.

3.2.2 Cockle culture experiment 

 An experiment to culture cockles was set up using oyster baskets made of 16 

mm plastic mesh. Wild cockles of 15 - 30 mm in shell height were collected from the 

Whangateau Harbour located some 9 km from the oyster farm site in the Mahurangi 

Harbour (Figure 3.3). The cockles were randomly selected and placed in oyster baskets 

at three densities: 50, 150, and 300 individuals per basket with three replicate baskets 

for each cockle density (Table 3.1). Twenty five cockles from each basket were 

randomly selected, tagged in a similar manner as pipi, and their shell length and shell 

height measured. The tags used were 4 × 4 mm circular plastic tags (Hallprint) and 

glued to one valve of each cockle using cyanoacrylate glue (Loctite 401). The baskets 

were deployed in Brownes Bay in the Mahurangi Harbour on 23 April 2014. Baskets 

were randomly arranged within a single line on the oyster farm. As cockles are found 

in both intertidal and shallow subtidal conditions (Pawley, 2012), these baskets were 

placed in areas of the farm at less than 1 m depth at low tide.  
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Assessing cockle growth 

 Every 10 to 12 weeks the baskets containing cockles were removed from the 

farm and taken to the oyster facility on the same day for measuring. All tagged cockles 

were measured (shell height and length). The total numbers of surviving cockles in each 

basket were counted. The experiment ended on 31 March 2015 after 343 days (Table 

3.1).  

Figure 3.3. Cockles with circular Hallprint shellfish tags attached using cyanoacrylate glue. 

Individual bivalve shell length and shell height were recorded as measurements to assess 

growth. Shell height = the longest distance from the umbo to the most distant ventral edge 

of the valves; shell length = the longest lateral distance across one valve perpendicular to 

the axis of the shell height. 
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3.2.3 Statistical analyses 

 Statistical analyses using general linear models and polynomial regression were 

carried out with SPSS 25 (IBM), and graphs were produced using SigmaPlot 13.0. Data 

were tested for homogeneity of variance and normality to ensure the data met the 

assumption criteria for performing ANOVAs. When data were proportions (e.g., 

percentages), they were arcsine transformed to correct for non-normality. The alpha 

value of 0.05 was used to determine if the differences in mean values were significant, 

with the null hypothesis of differences in means occurring due to chance, rejected when 

p < 0.05. 

Main effects were described for ANOVAs with no significant interactions. 

When interactions between experimental factors were statistically significant, the 

differences in group means (i.e. pairwise comparisons of estimated marginal means), 

were further tested with Tukey HSD. In addition to finding out if the experimental 

factors had significant interaction or main effects on the response variable, these effects 

were further quantified by reporting the estimated effect size, partial eta squared: partial 

η2 (see 2.2.3). 

Survival of the pipi in suspended baskets was assessed by calculating the 

percentage of surviving pipi at each census in relation to the number placed in each 

basket at the outset of the experiment. Wet weight and shell length data were analysed 

with one-way ANCOVA, defining initial weight and initial shell length, respectively, 

as continuous covariates to control for variation in starting sizes, to determine pipi 

growth over time. Polynomial regression analyses were carried out to determine the 

relationship between starting pipi weight and overall change in pipi weight, and 

between starting pipi shell length and overall change in pipi length. The relationship 
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between pipi shell length and weight of all tagged pipi on the final day of culture was 

also explored with quadratic regression. 

 Cockle survival in the oyster baskets was calculated using the percentage of 

surviving cockles at each census relative to the total number of cockles placed in each 

basket at initial deployment. Cockle percentage survival data were arcsine transformed 

for one-way ANOVA analyses. Shell height and length data were used to determine 

cockle growth over time. The effect of cockle density and time on cockle growth was 

analysed using two-way ANCOVA, with initial height and length defined as continuous 

covariates. 

 Cockle percentage survival in the first 89 - 93 days in the Mahurangi and 

Kaipara Harbours respectively, was analysed using two-way ANOVA on arcsine 

transformed data to determine the effect of density and location on final live cockle 

numbers. To determine the effect of cockle density and experimental culture location 

on cockle growth, two-way ANCOVA was performed on cockle shell height and shell 

length data, with initial shell height and initial shell length as continuous covariates, 

respectively. 
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 Results 

3.3.1 Pipi 

The three experimental baskets with pipi deployed in the Kaipara Harbour were 

missing from the farm site at the time of the first census, most likely due to storm 

damage experienced at the oyster farm during the period. Consequently, only the data 

from pipi deployed to the Mahurangi Harbour oyster farm were available. 

High survival rate when cultured in oyster baskets 

 Survival of pipi from May 2014 to January 2015 (i.e., 232 days) was high with 

the mortality of only one individual in this period (> 95 %). A further 10 pipi died 

before the experiment concluded on 30 March 2015 (i.e., 308 days), with a final mean 

survival of 95.4 % (SE ± 2.3) pipi per basket. All pipi tags (n = 45) remained attached 

throughout the experiment. The single pipi mortality in January 2015 was untagged. Of 

the 10 dead pipi found at the end of the experiment in March 2015, five were from each 

of two baskets, with the third basket having 100 % survival and tag retention. Half of 

the 10 dead pipi had tags on. Dead tagged pipi were all from the smallest class size 

(39.5 mm, SE ± 1.5). The 6 mm oyster mesh baskets used for pipi growout were free of 

biofouling until January 2015, when baskets started to become fouled with algae. There 

was no noticeable fouling of pipi shells at the end of the experiment. 

Slow growth when cultured in oyster baskets 

 Overall pipi showed very slow growth when grown in suspended oyster baskets 

in the Mahurangi Harbour. (i.e., < 1 g, < 2 mm shell length in 308 days). A one-way 

ANCOVA comparing mean pipi wet weight among census dates and using initial wet 

weight of tagged pipi as a covariate showed a significant increase in overall mean pipi 
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weight over the course of the experimental culture (F(5, 244) = 21.9, p < 0.001, partial η2 

= 0.31) (Figure 3.5). Adjusted mean wet weight of tagged pipi was 10.83 g (SE ± 0.07) 

at the end of experiment, significantly higher compared to initial wet weight of adjusted 

mean 10.17 g (SE ± 0.07), by a mean difference of 0.66 g (SE ± 0.10, p < 0.001). Initial 

wet weight of pipi was shown to significantly affect the final weight (F(1, 244) = 18553.4, 

p < 0.001, partial η2 = 0.99). 

 There was a significant cubic regression between starting and final wet weight 

for tagged pipi in the experiment (F(3, 36) = 3.18, p = 0.035, R2 = 0.21). Change in pipi 

weight = 3.77 - 0.95 (initial weight) + 0.10 (initial weight) 2 – 0.0033 (initial weight)3 

(Figure 3.5). 

 A one-way ANCOVA comparing mean shell length among census dates and 

using initial shell length of tagged pipi as a covariate showed a significant increase in 

overall mean pipi length over the course of the experimental culture (F(5, 248) = 22.11, p 

< 0.001, partial η2 = 0.31) (Figure 3.6). Adjusted mean length of tagged pipi was 43.81 

mm (SE ± 0.17) at the end of the experiment (i.e., 308 days), significantly greater 

compared to initial tagged pipi length of adjusted mean 41.85 mm (SE ± 0.15), by a 

mean difference of 1.96 mm (SE ± 0.23, p < 0.001). Initial length of pipi was shown to 

significantly affect the final length (F(1, 248) = 7399.2, p < 0.001, partial η2 = 0.97). 

There was a significant quadratic regression between starting and final shell 

length for tagged pipi in the experiment (F(2, 36) = 36.9, p < 0.001, R2 = 0.67) with 

smaller pipi of less than 35 mm in shell length tending to show greater growth over the 

experimental period. Change in pipi length = 25.56 -1.15 (initial length) + 0.01 (initial 

length)2 (Figure 3.6). 
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Figure 3.4. Adjusted mean size of tagged pipi cultured in oyster baskets on a Pacific oyster farm 

at Brownes Bay in the Mahurangi Harbour for six sampling events over 308 days. Mean pipi 

weight and shell length were adjusted for initial length and wet weight as continuous covariates 

(i.e., estimated marginal means). A) Adjusted mean wet weights of pipi; B) Adjusted mean shell 

length of pipi. Each basket contained N = 80 pipi, of which n = 15 were tagged. Error bars 

indicate standard error. 
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Figure 3.6. Polynomial regression for initial shell length versus measured increase of shell 

length of tagged pipi after 308 days of being cultured in hanging oyster baskets in the 

Mahurangi Harbour. Blue lines indicate 95 % confidence limits around the mean. 

Figure 3.5. Polynomial regression for initial wet weight verses increase of wet weight for 

tagged pipi after 308 days of being cultured in hanging oyster baskets in the Mahurangi 

Harbour. Blue lines indicate 95 % confidence limits. 
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There was a significant quadratic regression between pipi shell length and wet 

weight for tagged pipi in the experiment (F(2, 260) = 2393.9, p < 0.001, R2 = 0.95). Pipi 

wet weight = 3.63 - 0.39 (shell length) + 0.013 (shell length)2 (Figure 3.7). 

 

 

 

 

 

 

Figure 3.7. Polynomial regression for shell length versus wet weight of tagged pipi being 

cultured in hanging oyster baskets in the Mahurangi Harbour on final day of culture. Data 

from all measurement events were included. Pipi were divided into three size classes: Small: 

shell length of up to 40 mm; Medium: shell length of 40 – 45 mm; Large: shell length of 

greater than 45 mm. Blue lines indicate 95% confidence limits around the mean. 
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3.3.2 Cockles: Mahurangi versus Kaipara Harbour 

 Experimental baskets with cockles deployed in the Kaipara Harbour were 

missing from the farm site after 93 days, most likely due to storm damage experienced 

at the oyster farm during the winter period. Consequently, only data for the first 93 days 

were available for the cockles from the Kaipara Harbour site. Data from cockles for the 

whole culture experiment in the Mahurangi Harbour up to 376 days were assessed for 

survival and growth. To see if growth and survival was comparable between the two 

locations within the time period when both experimental setups were available, cockle 

survival and growth in the Kaipara and Mahurangi Harbour sites were compared for 

the first 93 (Kaipara) and 89 (Mahurangi) days of culture. 

 

Survival and growth was higher in Mahurangi versus Kaipara Harbour 

 

Data from the initial three months indicated that cockle survival and growth was 

higher in the Mahurangi Harbour than the Kaipara Harbour. Therefore, the 

experimental setup that was in the Kaipara Habour was not replaced after the initial 

loss. 

Survival of cockles from March 2014 to June 2014 was high for all three 

densities at both Mahurangi and Kaipara Harbours, ranging from 88 – 100 % among all 

experimental baskets, after 89 days in Mahurangi and 93 days in Kaipara (Figure 3.8). 

The lowest survival after 93 days, of 88 % was found in a low density basket, i.e., 

initially 50 cockles in the Kaipara Harbour. A two-way ANOVA on arcsine transformed 

data comparing cockle survival according to location and density treatments at 89 - 93 

days, found a statistically significant interaction effect of density and location on 
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survival of cultured cockles, (F(2, 12) = 5.09, p = 0.025, partial η2 = 0.46). Baskets with 

a low density of cockles in the Mahurangi Harbour (100 % survival, SE ± 0.01) had 6.7 

% (SE ± 0.05, p < 0.001) higher survival than low density baskets in the Kaipara 

Harbour (92.7 % survival, SE ± 0.01). Likewise, baskets with a medium density of 

cockles in the Mahurangi Harbour (99.6 %, SE ± 0.01) had 1.3 % (SE ± 0.05, p = 0.027) 

higher survival than medium density baskets in the Kaipara Harbour (97.6 % survival, 

SE ± 0.01). However, there was no significant difference in cockle survival in baskets 

with high density of cockles. High cockle density baskets in Mahurangi Harbour  

(99.3 % survival, SE ± 0.01) had 0.4 % (SE ± 0.05, p = 0.22) higher survival than high 

density baskets in the Kaipara Harbour (98.0 % survival, SE ± 0.01). 



 

102 

 

 

Figure 3.8. Mean percentage survival of cockles placed in oyster baskets at three 

experimental densities on Pacific oyster farms in the (A) Mahurangi Harbour for 89 days, 

and (B) in the Kaipara Harbour for 93 days. Each basket contained n = 15 – 20 tagged 

cockles. Cockle growout densities: Low = 50 cockles, Medium = 150 cockles, High = 300 

cockles. Error bars indicate standard error. 
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3.3.3 Cockle shell height in the first three months: Mahurangi versus Kaipara 

 Initial cockle shell height and location, but not density, had a significant effect 

on cockle shell height. A two-way ANCOVA comparing mean shell height among three 

density treatments and the two experimental locations (Mahurangi and Kaipara 

Harbours) and using initial shell height of cockles as a covariate showed that location 

significantly affected growth of cockles at 89 - 93 days (F(1, 161) = 27.5, p < 0.001, partial 

η2 = 0.15, Figure 3.9 A). However, density did not significantly affect the cockle shell 

height at 89 - 93 days (F(2, 161) = 2.1, p = 0.13, partial η2 = 0.03). The interactive effect 

(i.e., density × location) was not significant (F(2,161) = 2.44, p = 0.09, partial η2 = 0.03). 

Initial shell height significantly affected final shell height (F(1, 161) = 7.95, p = 0.005, 

partial η2 = 0.05). 

3.3.4 Cockle shell length in the first three months: Mahurangi versus Kaipara 

 Initial cockle shell length and location, but not density, significantly affected 

cockle shell length. A two-way ANCOVA comparing mean shell length among three 

density treatments and the two experimental locations (Mahurangi and Kaipara 

Harbours), and using initial shell length of cockles as a covariate showed that location 

significantly affected growth at 89 - 93 days (F(1, 161) = 28.0, p < 0.001, partial η2 = 

0.15, Figure 3.9 B). However, density did not significantly affect cockle shell height 

(F(2, 161) = 0.88, p = 0.13, partial η2 = 0.03) and the interactive effect (i.e., density × 

location) was not significant (F(2,161) = 2.44, p = 0.42, partial η2 = 0.01; Figure 3.9 B). 

Initial shell length significantly affected final shell length (F(1, 161) = 7.95, p = 0.005, 

partial η2 = 0.05). 
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Figure 3.9. Adjusted mean shell height and length of wild cockles after 89 - 93 days into 

culture experiments on Pacific oyster farm infrastructure in the Mahurangi and Kaipara 

Harbours. Mahurangi cockles were measured on Day 89 (A), and Kaipara cockles were 

measured on Day 93 (B).  Each basket contained n = 15 – 20 tagged cockles. Cockle growout 

densities: Low = 50 cockles, Medium = 150 cockles, High = 300 cockles. Error bars indicate 

standard error. 
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3.3.5 Cockles: Mahurangi Harbour 

 There were significant linear regressions between cockle shell height and shell 

length for tagged cockles in each density treatment in the Mahurangi culture experiment 

at 89 - 93 days: Low (F(1, 314) = 3891.2, p < 0.001, R2 = 0.93), cockle shell height = 0.99 

+ 0.93 (shell length) (Figure 3.10 Low). Medium (F(1, 238) = 6026.0, p < 0.001, R2 = 

0.96), cockle shell length = 1.26 + 0.91 (shell length) (Figure 3.10 Medium). High (F(1, 

300) = 4760.6, p < 0.001, R2 = 0.94), cockle shell height = 0.76 + 0.93 (shell length) 

(Figure 3.10, High). 

3.3.6 Kaipara Harbour 

 There were significant linear regressions between cockle shell height and shell 

length for tagged cockles in each of the density treatments in the Kaipara culture 

experiment: Low (F(1, 131) = 2243.4, p < 0.001, R2 = 0.94), cockle shell height = 0.53 + 

0.94 (shell length) (Figure 3.11 Low). Medium (F(1, 120) = 1710.8, p < 0.001, R2 = 0.93), 

cockle shell length = 1.39 + 0.91 (shell length) (Figure 3.15 Medium). High (F(1, 120) = 

2765.8, p < 0.001, R2 = 0.96), cockle shell height = 1.07 + 0.92 (shell length) (Figure 

3.11, High).   
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3.3.7 Cockles: Mahurangi Harbour 

Low to moderate survival 

 Overall, survival of cockles after 376 days of culture in the Mahurangi Harbour 

was low to moderate (43 – 78 %). Survival of cockles from March 2014 to March 2015 

was high for all three densities, remaining at between 94 – 98 % among all experimental 

baskets in the Mahurangi Harbour for January 2015, i.e., at 299 days (Figure 3.10). This 

was reduced over the subsequent summer months to 43 – 78 % survival by late March 

2015 at 376 days. Both the highest final survival of 78 %, as well as the lowest 

percentage of surviving cockles at 46 % occurred in baskets at the low density, i.e., an 

initial 50 cockles. There was no significant difference in the mean survival of cockles 

among the three different density treatments, using a one-way ANOVA on arcsine 

transformed percentage survival data at the end of the culture experiment (F(2, 6) = 2.4, 

p = 0.17). The low density treatment had a final mean survival of 61.3 % (SE ±16.0), 

medium density treatment 66.2 % (SE ± 4.7) and high density 66.2 % (SE ± 10.0) per 

basket. Besides a fine layer of muddy sediment, no significant fouling of the cockle 

shells was observed by the end of the experiment. 

Low growth 

 Overall there was low growth of less than 3 mm in the mean increase in shell 

height and length of cockles over 376 days of culture in the Mahurangi Harbour. 
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Figure 3.10. Mean percentage survival of cockles cultured in oyster baskets on a Pacific 

oyster farm in Mahurangi Harbour over 376 days. Each basket contained n = 15 – 20 tagged 

cockles. Cockle growout densities: Low = 50 cockles, Medium = 150 cockles, High = 300 

cockles. Error bars indicate standard error. 
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3.3.8 Cockle shell height 

 A two-way ANCOVA comparing mean cockle shell height among census 

events and density treatments, and using initial shell height of tagged cockles as a 

covariate showed that time and density both affected growth over 376 days (time: F(6, 

729) = 14.7, p < 0.001, partial η2 = 0.11); density: F(2, 729) = 14.7, p = 0.01, partial η2 = 

0.01), while the interaction term was not significant (time × density: F(12, 729) = 0.79, p 

= 0.66, partial η2 = 0.01) (Figure 3.11 A), with time having a larger effect than density, 

on cockle shell height. The initial shell height of cockles was also found to have a large 

and significant effect on the final size of cockles after 376 days (F (1, 729) = 186.4, p < 

0.001, partial η2 = 0.20). Adjusted mean shell height of tagged cockles was 20.8 mm 

(SE ± 0.2) at the start of the culture experiment across all density treatments, and 23.3 

mm (SE ± 0.5) at the end of the study, with a statistically significant overall mean 

increase of 2.5 mm (SE ± 0.4, p < 0.001). 

 Low, medium and high density cockle treatments had a mean increase in shell 

height of 3.1 mm (SE ± 0.6, p< 0.001), 2.6 mm (SE ± 0.6, p = 0.01), and 1.9 mm (SE ± 

0.6, p = 0.05), respectively, over 376 days of culture in oyster baskets placed in 

Mahurangi Harbour. 

 There was a significant linear regression between initial cockle shell height and 

overall change in cockle shell height, at low and medium densities. Low: (F(1, 13) = 9.98, 

p = 0.0075, R2 = 0.43); change in cockle height = 15.49 - 0.53 (initial shell height) 

(Figure 3.12 Low). Medium: (F(1, 18) = 6.31, p = 0.022, R2 = 0.26); change in cockle 

height = 12.68 - 0.40 (initial shell height) (Figure 3.12 Medium). There was no 

significant linear regression, between initial cockle shell height and overall change in 

cockle height, at high densities (F(1, 14) = 0.0083, p = 0.93, R2 = 0.0006). The results 
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indicated that at low and medium densities, cockles with lower starting shell heights 

had a higher overall increase in shell height in the same amount of time, i.e., had higher 

growth rates. 

Figure 3.11. Adjusted mean shell height and shell length measurements of tagged cockles 

cultured in oyster baskets on a Pacific oyster farm at Brownes Bay in the Mahurangi Harbour 

for seven sampling events over 376 days. Mean cockle shell height and shell length were 

adjusted for initial shell heights and shell lengths as continuous covariates (i.e., estimated 

marginal means). A) Adjusted mean shell heights of cockles;  

B) Adjusted mean shell lengths of cockles. Each basket contained n = 15 – 20 tagged cockles. 

Cockle growout densities: Low = 50 cockles, Medium = 150 cockles, High = 300 cockles. Error 

bars indicate standard error. 
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3.3.9 Growth: Cockle Shell Length 

 A two-way ANCOVA comparing mean shell length among census dates and 

density treatments, and using initial shell length of tagged cockles as a covariate, found 

time and density significantly affected cockle shell length over 376 days (time: F(6, 730) 

= 14.2, p < 0.001, partial η2 = 0.10; density: F(2, 730) = 3.3, p = 0.036, partial η2 = 0.01), 

while the interactive effect of time × growout density was not significant (F(12, 730) = 

0.77, p = 0.68, partial η2 = 0.01) (Figure 3.11 B). Initial shell length of cockles was 

found to significantly affect the final length (F(1, 730) = 206.0, p < 0.001, partial η2 = 

0.22). Time and initial shell length of cockles had larger effects on final cockle shell 

length than density. Adjusted overall mean length of tagged cockles was 21.5 mm (SE 

± 0.2) at the start of the culture experiment, and 24.0 mm (SE ± 0.3) at the end of the 

study, with a statistically significant overall increase of 2.6 mm (SE ± 0.4, p < 0.001, 

Figure 3.11 B). 

 Low, medium and high density cockles had a mean increase in shell length of 

2.9 mm (SE ± 0.6, p < 0.001), 2.7 mm (SE ± 0.7, p = 0.001), and 2.1 mm (SE ± 0.6, p 

= 0.02), respectively, over 376 days of culture in oyster baskets placed in Mahurangi 

Harbour. 

 A linear regression between initial cockle shell length and overall change in 

cockle shell length, was not statistically significant at low and high cockle densities, 

i.e., Low: (F (1, 7) = 4.31, p = 0.08, R2 = 0.38, Figure 3.13 Low) and High: (F(1, 14) = 

0.0016, p = 0.97, R2 = 0.0001). The linear regression was only statistically significant 

for medium density cockles, i.e., Medium: (F(1, 18) = 5.55, p = 0.03, R2 = 0.24); change 

in cockle length = 13.60 - 0.43 (initial shell height) (Figure 3.13 Medium). 
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Figure 3.12. Scatterplots showing significant linear regressions for initial shell height versus 

shell height increment of tagged cockles over 376 days of being cultured in hanging baskets in 

the Mahurangi Harbour, at three densities: Low, Medium and High. Blue lines indicate 95% 

confidence limits around the mean. The regression for the high density treatment was not 

significant. 
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Figure 3.13. Scatterplots with significant linear regressions for initial shell length versus shell 

length increment of tagged cockles over 376 days of being cultured in hanging baskets in the 

Mahurangi Harbour, at three densities: Low, Medium and High. Blue lines indicate 95% 

confidence limits around the mean. The regression for the low and high density treatments were 

not significant.  
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 Discussion 

 

3.4.1 Pipi 

Growth rates and size occurrence 

 Pipi growing in Whangateau Harbour, a distance of 15 km from the oyster farm 

in the Mahurangi Harbour, were observed to take three to four years to grow to 55 – 60 

mm shell length from length frequency analyses with more rapid growth as juveniles 

(Hooker, 1995; Hooker, 1997). Furthermore, the growth rates of pipi at this location, 

and in a laboratory culture setting, were found to be highly seasonal, being substantially 

higher in summer and slower over the winter months (Hooker, 1995). Juvenile pipi of 

shell length of 25 – 34 mm, increased in size to 45 – 55 mm in 18 months (i.e., on 

average 1.67 mm per month), while adult pipi above 50 mm showed no significant 

increase in shell length, within the same period. Pipi of intermediate shell length (35 – 

42 mm) grew to 45 – 52 mm in the same study, i.e., 0.56 mm per month on average 

(Hooker, 1995). This study found that pipi placed in suspended oyster mesh baskets 

grew at a much slower rate than pipi in the wild, while showing trends similar to that 

observed in Whangateau Harbour pipi, of faster summer growth and slower winter 

growth, as well as size-dependent growth rates (Hooker, 1995; Hooker 1997). 

 A subsequent experiment was conducted at the same site, where pipi with a 

range of shell lengths were collected, tagged, and either placed in suspended nets, or 

returned to marked quadrats in the sediment (Hooker, 1995). Tagged pipi measuring 

between 12 – 55 mm were held in hanging nets suspended from a platform with a fixed 

mooring, 2 m above the sediment (Hooker, 1995). Juvenile pipi of initial shell lengths 

between 12 and 17 mm grew to 30 – 40 mm in 18 months, i.e., on average 1.2 mm per 
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month. Slightly larger pipi measuring between 26 – 34 mm grew to about 45 mm, i.e., 

on average 0.83 mm per month (Hooker, 1995). Large pipi with starting sizes around 

55 mm in both the sediment and suspended treatment both showed insignificant growth 

(Hooker, 1995). Tagged pipi returned to the sediment, grew from between 35 to 42 mm, 

to about 50 mm in 13 months, i.e., on average 0.87 mm per month, which was faster 

than pipi of similar sizes in the suspended culture situation, and also estimates for the 

growth of pipi in the adjacent wild population. Pipi grown from settled larvae juvenile 

of 13 mm shell length in laboratory culture were found to grow to 37 mm shell length 

over 17 months in the laboratory setting, i.e., at 1.4 mm per month, with strong seasonal 

effects. 

 The pipi cultured in baskets on an oyster farm in this current study had slower 

growth than those previous studied in the Whangateau Harbour (Hooker, 1995; Hooker, 

1997). For example, pipi of 28.1 – 45.5 mm shell length experimentally cultured in the 

Mahurangi grew between 0 and 2 mm in 308 days, (i.e., average of 0.2 mm per month), 

compared to pipi of a similar size range in the Whangateau Harbour in suspended 

culture (0.83 – 1.2 mm per month) or in benthic sediment (0.56 - 1.67 mm per month), 

with smaller pipi growing faster, both in this study, and also when placed in 

Whangateau Harbour sediment and suspended culture experiments (Hooker, 1995). 

The cause of these consistently higher growth rates of pipi in the Whangateau Harbour, 

even in suspended culture is uncertain, but is likely to be due to overall differences in 

food availability or water quality conditions between the two locations. As there are no 

records of established pipi beds occurring in the Mahurangi Harbour (Innes et al., 

2013), it may be that conditions are unsuitable for the larval settlement and 

establishment of these bivalves. Coculture of pipi with Pacific oysters could also have 

been a source of competition for food supply, further decreasing pipi growth rate. Both 
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pipi and Pacific oysters have been shown to show selectivity for different microalgae 

species (Cognie et al., 2001; Mamat, 2010). Pipi have also been observed to not feed in 

the presence of abundant plankton (Hooker, 1995), and may have been responding to a 

lack of preferred phytoplankton species or the generally higher suspended sediment 

regime found in the Mahurangi Harbour versus Whangateau Harbour (Coleet al, 2009; 

Cummings et al., 2009). 

 There was no noticeable amount of biofouling of the pipi shells, or the oyster 

baskets during this experiment, until toward the end of the experiment in January 2015 

where some fouling algae were starting to be visible. Calcareous tube worms have 

previously been found to foul pipi in suspended culture situation (Hooker, 1995), 

however, they were not observed in this experiment. 

 In 2015 - 2016, pipi densities in the Whangateau Harbour were estimated at 

between three and 495 individuals m-2  within sampled pipi beds (Berkenbusch & 

Neubauer, 2016). This was a lot lower than recorded densities in studies conducted 

between 1992 – 1994, when up to 4950 juvenile pipi m-2 were recorded in shallow 

subtidal areas at the mouth of Whangateau Harbour (Hooker, 1995). High densities of 

pipi in natural beds have also been observed in other areas. For example, in the Pataua 

Estuary in northern New Zealand densities of pipi were found to reach as high as 1346 

m-2. The density of pipi in the oyster baskets was approximately 560 individuals m-2 

per floor area of the basket, which was close to the densest occurrence of pipi in benthic 

sediments in the Whangateau Harbour in 2015-2016 (Berkenbusch & Neubauer, 2016). 

 Clear relationships between density and growth rate of pipi in the wild have not 

been clearly established, although pipi of different size ranges (reflecting maturity) 

occurred in different densities, with smaller pipi growing at a higher rate than larger 
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pipi (Hooker, 1995; Hooker, 1997). Juvenile pipi have been found to occur in lower 

densities than larger pipi (Hooker, 1995). Juvenile pipi in Whangateau Harbour were 

found to reach a maximum of about 750 individuals m-2, while larger pipi (> 40 mm 

shell length) occurred at between 400 to 2500 pipi m-2 (Hooker, 1995). 

 Pipi shell length and wet weight relationship in this study showed positive 

allometry, with an R2 value of 0.95, indicating reliability of using shell length to 

estimate the size of a pipi. This finding was congruent with those of Hooker (1995). 

The growth in shell length and wet weight of pipi over 308 days in this study, while not 

as high as found in comparable natural habitats and not commercially viable, they 

indicated the pipi were neither starving nor thriving. 

Survival rates 

 The pipi that were tagged and suspended in nets had a survival rate of 100 % 

over 144 days, whilst all adult pipi in this study were alive after 10 months, i.e., 308 

days, in suspended basket culture. Pipi mortalities in this culture took place over 

summer months, which coincides with known bivalve mortalities that commonly occur 

when there is prolonged exposure to high temperatures coinciding with low spring tides, 

e.g., in cockles and Pacific oysters (Berthelin et al., 2000; Fuhrmann et al., 2016; Pernet 

et al., 2014; Webb, 2012). 

 The dead pipi in this study had shell lengths below 40 mm, with 10 out of 11 

total mortalities occurring very late into the experiment, after 232 days of culture. 

Juvenile pipi that were transplanted into subtidal areas had very low survival rates, most 

likely due to predation (Hooker, 1995). Juvenile pipi in this study survived for 232 days, 

before any mortalities occurred. Containment within 6 mm mesh baskets would have 

provided protection from predators. Previous unpublished trials putting pipi in baskets 
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with larger mesh sizes were observed to leave pipi vulnerable to predation, with their 

extended foot being eaten by fish when left exposed through the large plastic mesh, 

(pers. comm, Daniel Addison, farm manager, Biomarine Ltd). 

 This study investigated the feasibility of culturing post-settlement pipi in 

suspended oyster baskets in an oyster farm setting in the Mahurangi Harbour. While 

survival rates were high, growth was negligible, indicating pipi to be unsuitable for 

coculture with other bivalves, such as Pacific oysters, as a commercial crop. 

 

3.4.2 Cockles 

 

Growth 

 The influences on cockle growth are complex, and surveys of cockle length 

frequencies do not factor in customary, recreational and commercial harvesting, 

predation, natural mortality, effect of natural disasters, parasitism, changing juvenile 

recruitment and water conditions to accurately assess cockle growth in the wild 

(Marsden & Bressington, 2009; O’Connell-Milne et al., 2016; Adkins, 2012; 

Berkenbusch & Neubauer, 2016; Irwin, 2004; Kainamu, 2010; McKinnon, 1996; 

Pawley & Smith, 2014). Within the first three months of this culture experiment, there 

was a clear difference in growth rates in cockles cultured in different locations. Cockles 

grown in Mahurangi showed greater initial growth than cockles grown in the Kaipara,so 

the experiment was not repeated in the Kaipara after the initial loss of the baskets. 

Regardless, the cockles in this study grew a lot slower than previously reported in the 

wild, with mean increases of 2 – 3 mm length and height, in 376 days, showing a trend 
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of faster growth in warmer months. There were also higher mortalities over the warmer 

season.

 Cockles have been estimated to take 6 - 12 years to grow up to a marketable 

size of 30 - 35 mm, although growth rates can vary greatly depending on growth 

densities, latitude and water temperatures where the cockles are found (Irwin, 2004; 

Larcombe, 1971; Sandwell et al., 2009). Growth of marked cockles with starting sizes 

between 20 – 35 mm, and caged in Papanui Inlet, South Island was 3 – 6.5 mm in a 

year (McKinnon, 1996). This was assessed by measuring the distance of the edge of a 

valve from fluorescent calcein markings made at the onset of the experiment 

(McKinnon, 1996). Further north of Papanui Inlet, in Canterbury, South Island, 

surveyed cockles in the estuaries surrounding Christchurch grew between 20 to 35 mm 

in three years, with each year defined by the presence of a growth ring (Adkins, 2012). 

 There has been no known data of cockles grown in suspension, however, cockle 

transplantation studies in the Whangarei Harbour, North Island, found cockle growth 

to be slow, at less than 2.4 mm over 12 months (Cummings et al., 2007). This growth 

rate was not affected by density, site, or whether the cockles were contained in cages 

(Cummings et al., 2007). This is a similar growth rate to the findings in this study even 

though growth substrate differed/ was absent in this case. 

 In addition to the study in Whangarei Harbour (Cummings et al., 2007), other 

earlier studies had also found that cockle growth was not density dependent (Dobbinson 

et al., 1989; Stewart & Creese, 2002). In the first three months of culture, cockle growth 

was not density dependent in both Kaipara and Mahurangi Harbours. After 376 days of 

culture in the Mahurangi Harbour, time and density each had a significant main effect 
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on cockle growth. However, the effect size of density was considered small, compared 

to the effect size of time (partial η² of 0.01 vs. 0.1). 

 Three tagged cockles showed no growth for shell height or length for the 

duration of the experiment, which is expected for mature cockles, or cockles deploying 

resources for other processes like reproduction, or when food is scarce (Figures 3.10 & 

11). They were all from high density baskets with the following starting shell height 

and initial shell length measurements (height, length): 17.3, 18.3 mm; 17.8, 18.7 mm; 

18.8, 19.4 mm, which have been shown to be of a size at which they would be 

reproductively mature, i.e. these were not juveniles ( Adkins, 2012; Adkins et al., 2016). 

Two of the tagged cockles showing the largest growth were in low density baskets with 

starting sizes (height, length): 16.2, 16.2 mm; 14.2, 14.7 mm, with growth (height, 

length): 8.8, 8.9 mm; 9.0, 8.8 mm, respectively. 

 Initial size contributed significantly to cockle growth in this study. Shell ring 

analyses found the increase in cockle shell length to be faster in the first five years, with 

the rate of growth slowing steadily to negligible over the next seven years (McKinnon, 

1996). 

Survival rates 

 In transplantation studies, adults had more favourable survival rates than 

juveniles (Adkins, 2012; Cummings et al., 2007; Stewart & Creese, 2002). The cockles 

in this study were within the adult size range (Adkins, 2012; McKinnon, 1996). In 

contrast to the insignificant effect of density on growth, survival in transplanted cockles 

was found to be affected by density (Stewart & Creese, 2002; Cummings et al., 2007). 

Mortalities increased months into the transplantation study, and cages with high cockle 

densities had higher mortalities (Cummings et al., 2007). 
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 This study also found density-dependent mortalities in cockles cultured in both 

Kaipara and Mahurangi Harbours, with high density cockles having a lower survival 

rate than lower density baskets. The cockles had an overall higher mortality rate in the 

Kaipara Harbour, after about 3 months of culture. This could be due to the higher 

amount of sedimentation in the Kaipara Harbour. However beyond the initial three 

months, cockle survival in the Mahurangi Harbour experimental baskets were not 

density-dependent. This study ended in summer, when the mortalities could have also 

been attributed to other season-related effects (Berthelin et al., 2000; Fuhrmann et al., 

2016; Pernet et al., 2014; Webb, 2012). 

 This culture experiment showed that the growth and survival of cockles placed 

in Pacific oyster farms, Mahurangi and Kaipara Harbours were different, with those 

placed in the Mahurangi Harbour showing higher survival and growth, at least in the 

first three months. However, growth and survival rates were not comparable to growth 

in the wild, hence cockles do not appear to be suitable as a commercial crop for 

coculture with Pacific oysters. 

3.4.3 Conclusion 

 While pipi showed promising survival rates for being cultured in suspension, 

the findings in this study were similar to the previous study by Hooker (1995) which 

found the pipi had slower growth when placed in suspended nets. For this current study, 

whether this slow growth was due to competition for food with the cocultured Pacific 

oysters needs to be ascertained. In the Whangateau Harbour, where the study was 

previously conducted (Hooker 1995), there is no bivalve farming. However, this 

harbour does have extensive infaunal bivalve beds, including cockles and pipi. Both 

cockles and pipi have been observed to have compromised survival over hot summer 
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months, in the wild and in this study. While cockles and pipi are not suitable for culture 

in suspended oyster baskets in the Mahurangi and Kaipara Harbours, more experiments 

will need to be conducted to see how they may perfom in different locations (Gribben 

et al, 2002). It was clear from the current study that initial size and location affected 

cockle growth more than density, for the range of densities used in this study. This 

indicates that cockles may grow well in other locations outside those examined in  these 

experiments. 

 Commercial oyster farming in New Zealand began with native rock oysters 

(Saccostrea glomerata), in the 1960s. Even though they were sibsequently replaced by 

Pacific oysters as the preferred species for aquaculture due to their superior growth, it 

could be worth revisitng this species as a coculture crop, since there is potential in S. 

glomerata serving as a buffer crop against ongoing viral mortalities (Paul-Pont et al., 

2013a; Pernet et al., 2012; 2014, Jim Dollimore, Biomarine Ltd, pers. comm.). 

Saccostrea glomerata also has a good market demand in Australia, and potentially for 

New Zealand where it can be marketed as a native species.  
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 Growout and fucoidan yield of native fucoid brown 

seaweed Hormosira banksii (Turner) Decaisne.  

 Introduction 

 

4.1.1 Global commercial seaweed culture and in New Zealand 

The value of global production of algae from aquaculture is estimated to be 

worth approximately US$6 billion in 2014 (FAO, 2016). To  meet increasing demands 

for macroalgae and microalgae, the total volume of global production has increased 

four-fold between 1995 and 2014, while the value of production has more than doubled 

(FAO, 2016; Soto, 2009). 

The countries that were major global producers of marine algae in 2014 were     

China, Indonesia, Philippines, South Korea, North Korea, Japan, Malaysia, Vietnam, 

Chile and India (FAO, 2016, 2018). The top seven varieties of seaweeds being farmed 

in the world have all shown an increase in production between 2005 and 2014 (FAO, 

2016): Kappaphycus alvarezii and Euchema spp., Laminaria japonica (Saccharina 

japonica), Gracilaria spp., Undaria pinnatifida, Porphyra spp. - now Pyropia spp. 

(Nelson, 2013b; Sutherland et al., 2011), Sargassum fusiforme, and Spirulina spp. 

There is currently a wide range of uses for aquatic seaweeds and plants worldwide, 

including human food, ornaments in aquariums, pharmaceuticals, traditional medicines, 

cosmetics, bioremediation, industrial and research materials, and as sources of useful 

chemicals, such as alginate, carrageenan and fucoidan (FAO, 2016). There are about 

850 known species of seaweed growing in coastal waters of New Zealand (Nelson, 

2013a), however, there is minimal commercial exploitation and aquaculture of 

seaweeds in New Zealand. The potential of New Zealand seaweed species for 
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environmental, industrial and commercial applications remains largely unexplored 

(Jeffs, 2005; White et al., 1999). In New Zealand, some seaweed species, like the red 

macroalgae, Porphyra spp. and Pyropia spp., are a traditional food source for Maori, 

and many New Zealanders have had some experience with consuming local seaweeds 

and collecting beach-cast seaweed to use as garden fertiliser (Laing & Gourlay, 1929; 

Nelson, 2013a; White, et al., 2005). Furthermore, more New Zealanders are showing 

increased interest in exploring food items from different international cuisines, and 

edible macroalgae are now readily available in Japanese food outlets and mainstream 

food markets. 

4.1.2 Coculture of seaweed with other crops 

 Trophic diversity in crops can be highly beneficial to ecology, farm profit, and 

employment (Barrington, et al., 2009; Neori et al., 2007; Ridler et al., 2007). Growing 

seaweed has been shown to be an effective method of bioremediation for removing 

nutrients from seawater which can otherwise affect water quality and trigger toxic algal 

blooms (Cao et al., 2007; Sanderson et al., 2008; Cromey et al., 2008; Zhou et al., 2006). 

 Oysters release dissolved nitrogenous waste, and when cultured at high density, 

there can be an associated increase in nutrient levels in the water, as well as biodeposits 

of oyster faeces and pseudofaeces (Haven & Morales-Alamo, 1966; Keeley et al., 2009; 

Mitchell, 2006), especially in harbours and estuaries where the flow of water may be 

limited (Wild-Allen et al., 2010). These environmental outputs from oyster farming can 

be ameliorated by including species from other trophic levels in the oyster production 

system, such as macroalgae (Hadley et al., 2014; Jones et al., 2001; Neori & Nobre, 

2012; Ray et al., 2015; Zhou et al., 2006), and deposit feeders (see Chapter 4). For 

example, macroalgae, (Ulva intestinalis), and microalgae (diatom species) have been 
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used to reduce nutrients in the water from farming the oyster, Crassostrea virginica 

(Ray et al., 2015). The macroalgae was harvested weekly for commercial sale and was 

found to absorb high levels of nitrogen from the surrounding water (Ray et al., 2015). 

 Different macroalgae species have different capabilities for the uptake and 

utilisation of nutrients, which would also be affected by the oyster aquaculture 

operation, especially the site-specific availability of nutrients (Hadley et al., 2014; 

Sanderson et al., 2008; Zhou et al., 2006). 

 The arrival of oyster viral disease in New Zealand in 2010 resulted in mass 

mortalities of Pacific oysters throughout the full range of aquaculture operations in the 

country (Keeling et al., 2014). Oyster mortalities were first observed in the Coromandel 

Peninsula in March 2010, and were ascribed to a single viral strain highly-similar to 

OsHV-1 μVar (Castinel et al., 2013; Renault et al., 2012; Webb, 2012). The virus was 

subsequently found in many oyster-farming areas in the Auckland and Northland 

regions of North Island, including the Bay of Islands, the Mahurangi and Kaipara 

Harbours. The loss of oyster farm stock and continued difficulties with culturing oysters 

resulted in extensive aquaculture infrastructure becoming available with the potential 

for it to be used to culture other species. If suitable alternative aquaculture species could 

be identified for commercial culture on oyster farm infrastructure it would provide for 

crop diversification for this aquaculture industry.

4.1.3 Brown seaweed and fucoidan 

Fucoidan is a polysaccharide of variable chemical structure containing fucose 

and sulphate groups, and this compound is found naturally in echinoderms (Chen et al., 

2011; Kariya et al., 2004), seagrasses (Kannan, et al. 2013) and brown seaweeds (Ale 

& Meyer, 2013; Fitton et al., 2015; Tokita et al., 2017; Tokita et al., 2010). Current 
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human uses of fucoidan include inclusion in beauty products, nutritional and health 

supplements, as well as in formulated foods for humans, pets, livestock and farmed fish 

(Chollet et al., 2016; Fitton et al., 2015). 

Fucoidan has shown potential in reducing inflammation in humans (Cumashi et 

al., 2007), discouraging growth and division of cancerous cells (Huang et al., 2015; 

Kwak, 2014), preventing and breaking down blood clots (Chen et al., 2011; Irhimeh et 

al.l, 2009; Kannan et al., 2013; Min et al., 2012), and promoting cellular repair (Mak, 

2012). Studies have found that fucoidan is safe to be consumed by humans (Hiroshima 

University, 2012; Irhimeh et al., 2009; Tokita et al., 2017). However, there has been 

variability in whether it gets absorbed into the body after the ingestion of fucoidan-

containing seaweed (Tokita et al., 2017; Tokita et al., 2010). 

Fucoidan structure, yield, bioactivity and quality are variable depending on the 

species of macroalgae it is derived from (Ale & Meyer, 2013; Cumashi et al., 2007; Li 

et al., 2008), the harvest season (Ale & Meyer, 2013; Mak et al., 2013; Morya et al., 

2012), and the extraction methods (Ale & Meyer, 2013; Li et al., 2008). 

Fucoidan is mostly located within thallus cell walls of macroalgae as a part of 

the acidic polysaccharide and protein matrix, lending structural strength and flexibility 

to the seaweed, and it is also found in gamete and spore extrusions of some macroalgae 

(Cunha & Grenha, 2016; Skriptsova, 2015; Wijesinghe & Jeon, 2012). Typical yield of 

fucoidan from macroalgal dry biomass is 5 – 10 % depending on the species, season, 

habitat and extraction method (Mak 2012; Zhang et al., 2015). A range of extraction 

methods are used for recovering fucoidan, with water extraction methods being used 

most commonly for commercial and research applications (Ale & Meyer, 2013; Chollet 

et al., 2016; Cunha & Grenha, 2016). 
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4.1.4 Potential of Neptune’s necklace (Hormosira banksii) for coculture 

The brown seaweed H. banksii (Turner) Descaisne (Fucales, Phaeophyceae), 

widely known as Neptune’s necklace, is native to New Zealand and Australia, and plays 

an important part in structuring many intertidal communities (Alestra & Schiel, 2014; 

Nelson, 2013a; Osborn, 1948). In New Zealand it is commonly found on more sheltered 

coasts, including among mangroves, and around the margins of harbours and estuaries 

(Nelson, 2013a; Osborn, 1948). This species is particularly resilient to desiccation and 

temperature extremes experienced in the intertidal (Mueller et al., 2015), but it is 

thought that this resilience may result in slower growth than for some other fucoid 

species found in temperate waters (Kain, 2015). 

Neptune’s necklace is usually dichotomously branched, dioecious, and bears 

conceptacles that are scattered evenly over the thallus segments that are shaped like 

small, rounded, and grape-like vesicles (Begum & Taylor, 1991; Mueller et al., 2015; 

Harvey 1860 in Osborn 1948). The morphology of the vesicles varies greatly among 

habitats and appears to be associated with their use in storing varying amounts of 

moisture for resisting desiccation depending on the degree of aerial exposure (Moore, 

1950; Mueller et al., 2015; Osborn, 1948). 

Hormosira banksii can also grow with and without holdfasts depending on 

which habitat they are found (Moore, 1950; Ralph et al., 1998). For example, H. banksii 

found among mangroves are usually unattached, being retained by their entanglement 

in the pneumatophores of the surrounding trees. Without a requirement for attachment 

via the holdfast, this species can be easily transplanted to new locations, including 

aquaculture sites. Previous transplants of H. banksii have been observed to have high 

subsequent survival and growth rates. For example, the wet mass of seaweed 
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transplanted in Nelson, New Zealand, increased by about five-fold after less than a year 

(Moore, 1950). In New South Wales, Australia, the seaweed grew from about 9 mm in 

total length to 60 - 70 mm within a year, with higher growth appearing to be associated 

with greater submersion times (Kain 2015). 

Neptune’s necklace has been identified amongst potential seaweed species for 

further aquaculture appraisal for northern New Zealand (Jeffs, 2002, 2003). While the 

fucoidan yield of this species has not been reported, extracts of H. banksii have been 

found to have comparatively high levels of antioxidants and long chain polyunsaturated 

fatty acids, and some anti-inflammatory, anti-oxidant and anti-cancer properties (Dang 

et al., 2016; McCauley et al., 2014; Calder, 2009). Therefore, this seaweed species 

appears to have good prospects for commercial use as a source of a wide range of 

bioactive materials. 

4.1.5 Research aims and hypotheses 

The aims of the research presented in this chapter were to determine the overall 

effectiveness of existing oyster farm infrastructure in the Mahurangi Harbour for 

culturing H. banksii, and the relative growth performance of H. banksii from six local 

populations of the seaweed when transferred to the aquaculture situation on the oyster 

farm. It was hypothesized that H. banksii from different locations vary in morphology 

and resilience, can survive and grow in oyster baskets, withgrowth performance varying 

by source location. Furthermore, it was hypothesised that H. banksii contains fucoidan 

with a yield that is comparable to that of other commercial species. It is anticipated that 

the fucoidan yield from H. banksii will be related to the source location of the seaweed, 

even when the seaweed is cultured in different locations. 
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 Methods 

4.2.1 Sample collection 

 For the initial growout experiment (Experiment 1, Table 4.1), samples of over 

4 kg of H. banksii and including multiple individual thalli were collected at low tide 

from each of four populations of the seaweed in the Whangateau Harbour and two 

populations in the Mahurangi Harbour on 30 June 2015 and transferred onto the oyster 

farm within 6 h (Table 4.1; Figures 4.1 & 4.2). Source populations were at least 200 m 

apart (Figure 4.1). Where H. banksii were attached to the rocky substratum by holdfasts 

they were removed by cutting the thalli just above the holdfast. 

 For the initial fucoidan extraction, samples of about 1.2 kg of H. banksii and 

including multiple individual thalli were collected from the same populations on 30 

May 2015 (Table 4.1; Figure 4.1). These samples were immediately transferred to the 

Leigh Marine Laboratory where they were rinsed in freshwater, blotted dry, weighed, 

measured for vesicle lengths, and dried in the 60 °C oven before weighing and further 

processing for fucoidan extraction (see section 4.2.5; Table 4.1). 
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Table 4.1 Experimental design 

Experiment Duration Locations 
Fixed 

variables 

Dependent 

variables 

Measurement 

frequency 

1 

   

Seaweed 

growout 

6mm 

mesh 

baskets  

200 days 

MR1 

MR2 

WR1 

WR2 

WM1 

WM2 

N = 4 

per 

location 

Location 
Wet weight 

(g) 

Every four – 

six weeks 

Fucoidan 

extraction 
~60 days Location   Yield (%)   N/A 

2 

    

Seaweed 

growout 

12mm 

mesh 

baskets  

148 days 
WR1& 

WR2 

N = 4 

per 

location 

Location 
Wet weight 

(g) 

Every four – 

six weeks 

Fucoidan 

extraction 
  ~60 days  

Location 

Cultured  

(Pre, Post, 

Ctrl) 

  Yield (%)   N/A 
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Figure 4.1. Six H. banksii source locations. Neptune’s necklace populations were 

growing on either rocky (1 - 4), or muddy mangrove (5 & 6) substrates, across 

Whangateau and Mahurangi Harbours. The growout experiment was conducted 

on intertidal Pacific oyster farming infrastructure in Brownes Bay (×), Mahurangi 

Harbour. 
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A 

B Figure 4.2. Photographs of sampled populations of H. banksii. A) Whangateau Harbour - 

Rock 2 population (WR2) where clumps of the seaweed were attached to rocky substrate 

that was buried beneath a thin layer of sediment in the mid- to high intertidal, B) 

Whangateau Harbour  Mangrove 2 population (WM2) where clumps of the seaweed were 

found unattached amongst mangrove pneumatophores in the mid-intertidal. 
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4.2.2 Vesicle length measurement 

The length of vesicles in H. banksii were measured using Vernier callipers 

(Figure 4.3). The third vesicle along the thallus from the apical vesicle was considered 

to be mature (Kain, 2015), and twenty nodes between the third vesicle from the apical 

vesicle, and the third from the base vesicles were randomly selected across three to five 

different thalli from each replicate sample, to be measured for vesicle length.  

 

 

Figure 4.3. Hormosira banksii illustrating location of the apical and 

base vesicles. 
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4.2.3 Initial growout experiment (Experiment 1) 

The seaweed sample from each population was divided into four roughly equal 

sub-samples and weighed (1000 – 1750 g of seaweed). Each sub-sample was placed 

into a labelled plastic oyster basket (BST Oyster Supplies, Cowell, South Australia) 

with 6 mm mesh size to retain the smallest vesicles (N = 24 baskets, Table 4.1). The 

baskets containing the seaweed were then deployed at randomly allocated positions 

along a single line on an intertidal Pacific oyster farm in Brownes Bay, Mahurangi 

Harbour (Figures 4.1 & 4.4). The single line of baskets with seaweed was hung parallel 

to a single line of 18 mm mesh baskets with each containing about 120 cultured Pacific 

oysters (Figure 4.4). The seaweed samples in each basket were re-weighed every four 

to five weeks by collecting the baskets and taking them into an oyster processing facility 

close to the harbour where the seaweed was removed and weighed (Table 4.1). The 

seaweed was lightly brushed to remove epiphytes and epifauna, returned to the basket, 

and the basket then returned to its position within the oyster farm within 24 h. During 

the initial growout experiment the representative seawater temperature per month in the 

Mahurangi Harbour were obtained using Auckland Council data collected from their 

monthly surface seawater sample collected via helicopter at Mahurangi Heads from 

July 2015 to January 2016 (Table 4.2).  
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4.2.4 Fucoidan content of H. banksii (Experiment 1) 

 Samples of 1.2 kg of H. banksii including multiple individual thalli were 

collected on 30 May 2016 at low tide from six populations, with four replicates from 

each population (Table 4.1; Figures 4.1 & 4.2), and transferred within 4 h to the 

laboratory for processing, i.e., by drying, milling and chemical extraction of fucoidan. 

Sediment, epiphytes and epifauna were gently removed from the thalli by rinsing with 

freshwater before being blotted dry with paper towels and weighed. The vesicles of  

B 

A 

Figure 4.4. A) Experimental arrangement on oyster farm in Brownes Bay, Mahurangi 

Harbour at low tide showing baskets containing H. banksii on the left line, and baskets 

containing cultured Pacific oysters on the right line. B) Close up view of the experimental 

baskets at low tide with oysters in baskets to the rear. 
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H. banksii are characteristically filled with gas and saline water (Macinnis-Ng et al., 

2005; Moore, 1950; Osborn, 1948), which need to be expelled before drying and 

fucoidan analysis. Since fucoidan has been reported to be mostly found in cell walls 

and intercellular space in the tissue matrix (reviewed in Chollet et al., 2016; Li et al., 

2008; Morya et al., 2012), the vesicles were individually sliced with a scalpel and 

evacuated to preserve maximum cellular integrity, before rinsing in fresh water. 

Samples were blotted dry with paper towels and re-weighed. The washed seaweed was 

then dried in a 60 °C oven for 96 h and then re-weighed. The dried sample was then 

milled with an analytical mill (IKA MF 10) to a fine powder which was stored at -20 

°C until required for further analyses. 

 Fucoidan was extracted from the dried and milled seaweed samples using the 

water method adapted by Mak (2012). An aliquot of 5 g milled seaweed was weighed 

out and added to 100 ml of 85 % ethanol and mixed at 200 rpm on a magnetic stirring 

plate overnight at room temperature. 

 Samples were centrifuged at 1800 g for 10 min (Eppendorf 5810R centrifuge) 

and the supernatant was removed. Pellets in each tube were mechanically dislodged and 

re-suspended in 2 ml acetone by gentle manual pipetting, before centrifugation at 1800 

g for 10 min. The supernatant was removed, and the residue was left to dry overnight 

at room temperature in a fume hood. 

 The dried biomass residue of each sample was weighed, and added to deionized 

water at 5 g to 50 ml. The suspension was heated and stirred on a magnetic plate at 150 

rpm for 1 h at 65 °C. Samples were then centrifuged at 17400 g for 10 min (Eppendorf 

5810R centrifuge). The resulting supernatant was then collected and an equal volume 

of 1 % CaCl2 was added, before leaving overnight at 4 °C. 
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 On the fourth day, the suspension was centrifuged at 17400 g for 10 min and 

the volume of the resulting supernatant was measured and made up to a final solution 

of 30 % ethanol by adding the appropriate volumes of 99 % ethanol. After 4 h at 4 °C, 

samples were centrifuged at 17400 g for 10 min. The supernatant was collected and 

measured for volume again, and 99 % ethanol was added to make a final concentration 

of 70 % ethanol. Samples were stored overnight at 4 °C to precipitate fucoidan. 

 After centrifuging at 17400 g for 10 min on the fifth day, the supernatant was 

discarded, and pellets were washed with 99 % ethanol. Sample tubes were spun in the 

centrifuge at 1800 g for 10 min. The pellet was retained and gently re-suspended in 25 

ml acetone and then centrifuged at 1800 g for 10 min. The supernatant was discarded, 

and the fucoidan pellet was left to dry overnight in the fume hood, before weighing. 

Extracted fucoidan was stored in -20 °C. Fucoidan yield was calculated as a percentage 

of the dry weight of fucoidan recovered from the initial aliquot of 5 g of dried and 

milled seaweed material analysed.

4.2.5 Improved growout of and fucoidan extraction from seaweed from selected 

source locations (Experiment 2) 

Two of the six source populations of H. banksii that were the most persistent in 

the oyster baskets over the initial seven month experimental period, and which showed 

the highest fucoidan yield, were used as source populations for a second growout 

experiment (see section 5.3.5). The second growout experiment used larger plastic 

mesh on the baskets with the aim of reducing shading to the seaweed. On 20 December 

2016 a sample of 7.2 kg of H. banksii containing numerous individual thalli was 

collected from each of WR1, and WR2 populations. The sampled seaweed from each 

population was processed in the same manner as outlined previously (sections 4.2.2 and 
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4.2.3) except the plastic mesh baskets used for holding the seaweed used 12 mm mesh 

rather than 6 mm which was used in the initial grow out experiment (Table 4.1). Four 

replicate baskets were used for each of the two source populations and the baskets (N 

= 8 baskets in total) were arranged at random positions along a single line in the oyster 

farm at Brownes Bay in the Mahurangi Harbour. The seaweed in the baskets was re-

weighed every four to six weeks until 17 May 2017 when the experiment was removed 

(i.e., 200 day experimental duration), the seaweed weighed and processed for fucoidan 

yield assessment (Table 4.1). In addition, samples of the seaweed (n = 4 per population) 

taken at the outset of the experiment on 21 December 2016, and from the same source 

populations (n = 4 per population) coinciding with the end of the growout study on 17 

May 2017, were also analysed for fucoidan content (N = 24 samples total). For the 

second growout experiment the water temperatures were sampled at 30 min intervals 

over the duration of the study using a HOBO data logger (Water Temp Pro v2 U22-

001) attached to one of the experimental baskets containing seaweed (Figure 4.13). 

4.2.6 Assessing basket biofouling levels (Experiment 1) 

Baskets began to show signs of biofouling over the last month of the pilot 

growout experiment, which used 6 mm mesh baskets, coinciding with warmer water 

temperatures (See Chapter 2). At the conclusion of the initial growout study the emptied 

baskets were graded using a visual index developed to describe the amount of 

biofouling present on the oyster baskets; where 0 = completely clean bag, 1 = patchy 

light fouling, 2 = light fouling on the surface of the mesh, mostly algal film, 3 = medium 

biofouling, including thick algal film and occasional presence of other fouling 

organisms such as sea squirts and barnacles, 4 = heavy biofouling, including dense algal 

film at times occluding plastic mesh, and extensive presence of other fouling organisms 
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(detailed in Chapter 2). There was no significant visible during the second growout 

study using 12 mm mesh baskets. 

4.2.7 Statistical analyses 

 Statistical analyses using general linear models were carried out with SPSS 25 

(IBM), and graphs were produced using SigmaPlot 13.0. Data were tested for 

homogeneity of variance and normality to meet the assumption criteria for performing 

ANOVAs. When data were presented in proportions (e.g., percentages), they were 

arcsine transformed to correct for non-normality. The alpha value of 0.05 was used to 

determine if the differences in mean values were significant, with the null hypothesis 

of differences in means occurring due to chance, rejected when p < 0.05. 

Main effects were described for ANOVAs with no significant interactions. 

When interactions between experimental factors were statistically significant, the 

differences in group means (i.e. pairwise comparisons of estimated marginal means), 

were further tested with Tukey HSD. In addition to finding out if the experimental 

factors had significant interaction or main effects on the response variable, these effects 

were further quantified by reporting the estimated effect size, partial eta squared: partial 

η2 (see 2.2.3). 

To determine if seaweed performed differently on the oyster farm based on their 

source population, the wet weight of seaweed per basket at each census was expressed 

as a proportion relative to its starting weight and plotted. Differences in the mean 

vesicle lengths, mean proportion of seaweed and mean fucoidan yield among the 

seaweed source populations, and between the cultured and wild samples of H. banksii 

were determined using one-way and two-way ANOVA. Proportional data were arcsine 

transformed prior to analyses. For transformed variables, back transformed data were 
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expressed as means with standard error. The Shapiro-Wilk’s and Levene’s tests were 

used to confirm normality and homogeneity of variances in data, respectively, before 

proceeding with ANOVA. Where a significant overall statistical difference was 

identified by ANOVA pairwise post-hoc mean comparisons using Tukey’s tests were 

undertaken. The software IBM SPSS Statistics 23.0 and SigmaPlot 13.0 was used for 

processing the experimental data.  
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 Results 

4.3.1 Hormosira banksii contains fucoidan 

Fucoidan yield varied by source location (Experiment 1) 

Hormosira banksii contains fucoidan, with yield comparable to commercial 

yield. This yield varied by location (Experiment 1, Table 4.1). Overall for all samples 

the mean water content was 90.3 % (SE ± 0.2, N = 24). For the 24 samples of H. banksii 

that were processed from the six source populations the fucoidan content ranged from 

2.1 to 7.0 % of dry weight. The mean fucoidan content differed among the six source 

populations (F(5, 18) = 11.37, p < 0.001, partial η2 = 0.76) (Figure 4.5). The mean 

fucoidan content was the lowest for the WM1 population of H. banksii 2.9 %, (SE ± 

0.25) whilst the fucoidan content of seaweed from WR1 was more than double 6.2 %, 

(SE ± 0.27) (Figure 4.5). The mean fucoidan content of H. banksii from the remaining 

four source populations were intermediate.  

Comparison of fucoidan yield between cocultured and wild harvested seaweed 

(Experiment 2) 

For the 24 samples of H. banksii that were processed from two source 

populations at the outset of the culture experiment (Experiment 2, Table 4.1: Pre, n = 4 

per population), from the cultured seaweed at the end of the experiment (Post, n = 4 per 

population), and from the wild populations at the end of the experiment (Ctrl, n = 4 per 

population), the fucoidan content ranged from 3.8 to 7.7 % of dry weight. A two-way 

ANOVA with seaweed source population (i.e., WR1, WR2) and time/location of 

sampling (i.e., Pre, Post, Control) used as fixed factors was not significant (F(2, 16)= 

1.028, p = 0.38, partial η2 = 0.11) indicating that there were no differences among 

fucoidan content of seaweed between the two sites regardless of time/location of 
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sampling, and that time/location, which included culturing on an oyster farm, did not 

alter fucoidan content (Figure 4.6). 
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Figure 4.5. Mean fucoidan content as a percentage of dry weight of H. banksii sampled from 

six source populations on 30 May 2015. MR1 = Mahurangi Harbour Rocks 1, MR2 = 

Mahurangi Harbour Rocks, WR1 = Whangateau Harbour Rocks 1, WR2 = Whangateau 

Harbour Rocks 2, WM1 = Whangateau Harbour Mangrove 1, WM2 = Whangateau Harbour 

Mangrove 2. Different superscripts above bars indicate significant differences between the 

means (p < 0.05). Error bars indicate standard error. 
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Figure 4.6. Mean fucoidan yield of H. banksii sampled from selected locations 

before coculture and at harvest. Wild samples were harvested from corresponding 

source locations at the time of coculture harvest and used as controls. WR1 = 

Whangateau Harbour Rocks 1, WR2 = Whangateau Harbour Rocks 2. Error bars 

indicate standard error. 
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4.3.2 Seaweed resilience is affected by source location 

 

Change in seaweed biomass was different according to source location  

(Experiment 1) 

 The effect of source location on seaweed resilience was clear, with samples 

showing different loss in total biomass with variation by location (Experiment 1, Table 

4.1). The total wet weight of the sample of H. banksii initially deployed into individual 

oyster baskets in July 2015 ranged from 1095.6 to 1768.0 g. The H. banksii from four 

source populations showed some initial increase in biomass after one month (i.e., MR1, 

MR2, WR1, WR2), whilst the seaweed from the remaining two source populations 

showed no change (Figure 4.7). Over the subsequent four months of sampling the mean 

wet weight of the cultures of H. banksii from all six source populations declined to 

varying extent (F(5, 18) = 36.13, p < 0.001, partial η2 = 0.91). 

 At the time of sampling in December 2015 the cultured H. banksii from MR1 

and MR2 had declined to 12.3 % (SE ± 6.24) and 8.56 % (SE ± 2.56) of their starting 

mean wet biomass respectively, and was significantly different to the other source 

populations which ranged from 67.4 % (SE ± 12.7) of initial deployment weight (WR1), 

to M = 98.5 % (SE ± 4.68) of starting wet weight (WM2). There was no difference 

among the final mean wet weights for the cultured seaweed that originated from the 

four populations in the Whangateau Harbour (i.e., WR1, WR2, WM1, and WM2) even 

though they came from two different habitats, i.e., mangrove and rock (Figure 4.7). 

From resilience and fucoidan yield results, two higher performing source locations for 

H. banksii out of the six were identified: WR1 and WR2 (Figures 4.1 & 4.6). 
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Figure 4.7. Mean wet weight H. banksii as a proportion of starting weight for seaweed from six 

source populations of the cultured in an initial growout experiment on a Pacific oyster farm in 

the Mahurangi Harbour. MR1 = Mahurangi Harbour Rocks 1, MR2 = Mahurangi Harbour 

Rocks 2, WR1 = Whangateau Harbour Rocks 1, WR2 = Whangateau Harbour Rocks 2, WM1 

= Whangateau Harbour Mangrove 1, WM2 = Whangateau Harbour Mangrove 2. Error bars 

indicate standard error. 
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4.3.3 Amount of biofouling, vesicle size and water temperature, did not affect 

seaweed resilience 

 By the end of the growout in Experiment 1 there was extensive fouling on the 6 

mm mesh baskets containing the cultured seaweed with a mean fouling grading of 3.2 

(SE ± 0.7, N = 24). Fouling grades on individual baskets were variable, ranging between 

grade 2 and 4. The majority of baskets had more than half of the plastic mesh occluded 

with overgrowth of ephemeral macroalgae (Enteromorpha sp.) and sea squirts (Figure 

4.8). 

 

Figure 4.8. Mean basket biofouling levels over an initial H. banksii growout experiment on a 

Pacific oyster farm in the Mahurangi Harbour. Biofouling levels were graded on an increasing 

scale: 0 = brand new basket, 1 = used and clean with little traces of fouling, 2 = visible fouling 

patches on mesh, no occlusion, 3 = obvious fouling of mesh with over half of mesh significantly 

occluded, 4 = heavy fouling with most of mesh occluded. MR1 = Mahurangi Harbour Rocks 1, 

MR2 = Mahurangi Harbour Rocks 2, WR1 = Whangateau Harbour Rocks 1, WR2 = Whangateau 

Harbour Rocks 2, WM1 = Whangateau Harbour Mangrove 1, WM2 = Whangateau Harbour 

Mangrove 2. Error bars indicate standard error 
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Growing seaweed from best source locations in 12 mm mesh baskets gave less 

biofouling but did not reduce seaweed decline 

At the end of the growout in Experiment 2, one experimental basket was lost 

from the WR2 treatment, probably because of failure of the plastic bracket attaching 

the basket to the line. Therefore, means for this sample are derived from the remaining 

three replicate baskets. 

Biofouling levels on the 12 mm mesh baskets remained at a steady grade 2 or 

less throughout the period of culture, with no signs of mesh occlusion at the end of the 

second growout study when mean biofouling levels were at a uniform grade 2 (SE ± 

0.0) (Figure 4.9). 

Figure 4.9. Mean basket biofouling levels over the improved H. banksii growout 

experiment on a Pacific oyster farm in the Mahurangi Harbour. Biofouling levels 

were graded on an increasing scale: 0 = brand new basket, 1 = used and clean with 

little traces of fouling, 2 = visible fouling patches on mesh, no occlusion, 3 = 

obvious fouling of mesh with over half of mesh significantly occluded, 4 = heavy 

fouling with most of mesh occluded. WR1 = Whangateau Harbour Rocks 1, WR2 

= Whangateau Harbour Rocks 2. Error bars indicate standard error. 
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The H. banksii from the two source populations, that were considered the best 

out of the six original source locations, also declined in biomass over the five months 

of experimental culture in oyster baskets, especially during April and May of 2017 

(Figure 4.11). At the end of the experimental culture on 17 May 2017 only a mean of 

43.6 % (SE ± 12.8) of the starting wet biomass of H. banksii remained for WR1, and 

less for WR2, i.e. 13.7 % (SE ± 2.6). However, the final mean wet weight of H. banksii 

from the two source populations were not statistically different from one another at the 

conclusion of the experiment (F(1, 5) = 4.53, p = 0.087, partial η2 = 0.48). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Mean wet weight of H. banksii as a proportion of starting weight for two 

source populations of the seaweed cultured for an improved growout experiment on a 

Pacific oyster farm in the Mahurangi Harbour. WR1 = Whangateau Harbour Rocks 1, 

WR2 = Whangateau Harbour Rocks 2. Error bars indicate standard error. 
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Suspended oyster baskets are not suitable for growing seaweed 

 Seaweed decline continued despite selecting samples from the best source 

locations used in this study, and placing them in baskets with larger mesh which had 

less biofouling and shading effects. At the beginning of both experiments (Seaweed 

growout, Experiments 1 & 2, Table 4.1), the baskets were observed to be afloat without 

the need for attachments to buoys, with the experimental baskets buoyant at high tide 

whereas the neighbouring baskets holding oysters did not float. Thalli were floating 

around within the baskets, often with a few lengths of thalli protruding through the 

plastic mesh of the basket. Towards the end of the first growout study, some signs of 

possible sun damage was observed on the cultured seaweed, with brownish black 

discolouration of thalli being visible in many baskets. The seaweed showed signs of 

disintegrating by separating at the nodes between vesicles to form shorter lengths of 

thalli. This disintegration was especially prevalent during the last two months of both 

growout experiments. 

Vesicle size and water temperatures did not appear to be crucial determinants of 

seaweed outcome 

Differences in the morphology of the vesicles of H. banksii among the six 

source populations for the first coculture experiment that were sampled on 30 June 2015 

were visually obvious and were confirmed by the statistical analyses (Experiment 1, 

Table 4.1; Figure 4.11). Across all of the six source populations that were sampled, the 

vesicle length ranged from 3.12 to 21.64 mm. Mean vesicle lengths were different 

among the six populations (F(5, 474) = 296.9, p < 0.001, partial η2 = 0.76) where partial 

η2 is a measure of effect size (Figure 4.11). The mean length of vesicles were the 

smallest at the two Mahurangi Harbour populations of H. banksii, but they were not 

different from one another (p = 0.45). The mean vesicle length of H. banksii in the 
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WM1 population was intermediate to the MR sites and the three other sites in the 

Whangateau Harbour. The WR1, WR2 and WM2 populations all had the highest mean 

vesicle lengths, which were more than double that of the MR1 and MR2 populations. 

 

In Experiment 2, mean vesicle length of the sampled thalli of H. banksii was 

statistically significantly different between the two source populations Welch’s F(5, 203.1) 

= 6.97, p < 0.001, partial η2 = 0.057 (Figure 4.10). Seaweed vesicle length from WR1 

was 13.7 mm (SE ± 0.15), 0.89 mm (SE ± 0.25, p = 0.007) longer than seaweed vesicle 

length from WR2 (12.8 mm, SE ± 0.21), at the outset of the improved growout 

experiment. The mean vesicle length of the thalli from each of the two source 

Figure 4.11. Mean vesicle lengths of H. banksii sampled from six source populations on 

30 June 2015 at the outset of the initial growout experiment. MR1 = Mahurangi Harbour 

Rocks 1, MR2 = Mahurangi Harbour Rocks, WR1 = Whangateau Harbour Rocks 1, WR2 

= Whangateau Harbour Rocks 2, WM1 = Whangateau Harbour Mangrove 1, WM2 = 

Whangateau Harbour Mangrove 2. Different superscripts above bars indicate significant 

differences between the means (p < 0.05). Error bars indicate standard error. 
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populations did not change over the course of the five months of growout in the oyster 

baskets (WR1 = 0.40 mm, SE ± 0.27, p = 0.67; WR2 = 0.02 mm, SE ± 0.32, p = 1.00), 

and was not different to the mean length of thalli in the wild populations sampled at the 

end of the improved growout experiment (WR1 = 0.25 mm, SE ± 0.29, p = 0.95; WR2 

= 0.19 mm, SE ± 0.28, p = 0.98). Similar to the beginning of the growout experiment, 

vesicle length from the wild was different between the two source populations five 

months later, with WR1 having larger mean vesicle length than WR2 by 0.92 mm (SE 

± 0.24, p = 0.003) (Figure 4.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Mean vesicle lengths of H. banksii thalli sampled from two populations in 

the Whangateau Harbour (i.e., WR1 and WR2) prior to deployment into the improved 

growout experiment on 21 December 2016 (Pre), and again at the end of growout 

experiment on 23 May 2017. (Post-harvest (Post), and for and wild controls harvested 

from the source populations on the same date (Ctrl). WR1 = Whangateau Harbour 

Rocks 1, WR2 = Whangateau Harbour Rocks 2. Error bars indicate standard error. 
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Seawater temperature 

 The sea surface temperature in the Mahurangi Harbour during the initial H. 

banksii growout (Experiment 1), increased from 15 °C in June 2015 when the 

experiment was established, through to 23 °C in December 2015 when the experiment 

ended after the final census (Table 4.2). 

 

 

Table 4.2 Monthly temperatures of seawater collected at a site at the  

entrance of the Mahurangi Harbour 

Date Temp (°C) 

Jun-15 15 

Jul-15 13 

Aug-15 13 

Sep-15 14 

Oct-15 15 

Nov-15 18 

Dec-15 19 

Jan-16 21 
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 Over Experiment 2, the mean temperatures recorded from the oyster basket 

containing H. banksii in the Mahurangi Harbour during the improved growout 

experiment remained above 20 °C until April-May 2017 when it declined sharply to 

17.9 °C (Figure 4.13). The minimum recorded temperatures, which coincided with 

aerial exposure of the oyster baskets at night during low tide, remained above 12 °C 

until April - May 2017 when it declined sharply to 7.6 °C. 

  

Figure 4.13. Mean daily temperatures for each month recorded on an oyster basket during 

the second H. banksii growout experiment in Brownes Bay, Mahurangi Harbour. 

Temperature recordings were logged every 30 min throughout the duration of the growout 

experiment. Error bars indicate standard error. 
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 Discussion 

4.4.1 Fucoidan  

 Hormosira banksii contains fucoidan, and fucoidan yield is different based on 

where they were sourced. This suggests the possibility of identifying source populations 

with high fucoidan yield for further investigation and development for aquaculture. 

Variability in the composition, yield and quality of extracted algal compounds among 

different sources of the same species of seaweed, is well known (reviewed in Stengel 

et al., 2011). This variability has been attributed to a wide array of parameters, including 

taxonomy, ecology, chemistry, spatial, temporal, population and environmental 

differences (Stengel et al., 2011). Variability in biochemical composition and the effect 

of microclimate of different thalli parts is well documented (Mak, 2012; Mak et al., 

2014; Stengel et al., 2011). For example, fucoidan yield and sulphate, uronic acid, 

protein and fucose content was found to differ between sporophyll and blade sections 

of U. pinnatifida thalli (Mak, 2012; Mak et al., 2014). Spatial and population variability 

has been evident in this study. 

 Yield between wild and cultured H. banksii samples was not statistically 

significant, but the lower yield from cultured samples is congruent with the 

deterioration of the seaweed at the end of the harvest. The fucoidan content determined 

for samples of both wild and cultured H. banksii ranged between 3.8 – 7.7 % of dry 

weight (approx. 0.38 - 0 .77 % of wet biomass) and was comparable to those of 

commercially harvested and cultured fucoid macroalgae (Mak, 2012; Mak et al., 2013; 

Tako et al., 1999; Thuy et al., 2015). The amount of fucoidan extracted from Undaria 

pinnatifida growing in New Zealand ranged from 3.6 – 56.7 % (Mak, 2012; Mak et al., 

2013). Cultured Nemacystus decipiens in Okinawa, Japan produced fucoidan at 0.5 % 
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of the initial wet biomass (Tako et al., 1999). A comparatively lower yield was obtained 

from three brown seaweed species in Vietnam: Sargassum mcclurei, Sargassum 

polycystum and Turbinara ornata (Thuy et al., 2015). Crude fucoidan content was 

lower at 2.1 – 2.75 %, although the extracts were also found to demonstrate unique anti-

HIV activity (Thuy et al., 2015). In a recent comparison study of six native seaweed 

species in Australia for potential anti-inflammatory properties and beneficial fatty acids 

(McCauley et al., 2014), H. banksii and Ulva sp. were identified as the two species with 

the highest potential (McCauley et al., 2014). The other four species assessed were 

Ecklonia radiata, Phyllospora comosa, Solieria robusta, and Myriogloea sciurus 

(McCauley et al., 2014). 

 The initial growout experiment (Experiment 1) showed a significant effect of 

source population on the yield of fucoidan. The raw data showed a possible decline in 

fucoidan content post-culture compared to wild harvest controls (Figure 4.6). However, 

it was not found to be a statistically significant difference. The difference in vesicle size 

did not appear to influence the amount of fucoidan extracted. While the mangrove 

phenotype showed comparable resilience to WR samples, they were also the source of 

the lowest fucoidan yield. Hence samples from WM were not included in the second 

growout experiment. While a moderate yield was obtained from MR samples, seaweed 

sourced from these populations fared the worst at the initial transplant culture trial. With 

the highest yield of fucoidan and resilience of the populations of macroalgae used in 

the initial culture experiment, WR samples were selected to proceed to the second 

culture trial with a larger basket mesh size. The average vesicle length was larger than 

the 12 mm width of the basket mesh, so the risk of thalli extrusion was minimal. 

 To determine if the fucoidan is of commercial value, the fucoidan needs to be 

further analysed to determine contaminant levels, component levels, bioactivity of key 
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components, and reproducibility of extractions. However, this study has shown that 

gross fucoidan yield can vary significantly based on the source population of H. banksii. 

Improved growout methods will need to be used to assess the further effect, if any, of 

culture conditions on fucoidan yield. Nevertheless, extraction from these current 

growout assessments gives a strong indication on which populations to focus on. 

Understanding more details on other extrinsic parameters discussed in previous sections 

(4.4.1, 4.4.2) (e.g., tidal patterns), on seaweed health and fucoidan yield would enable 

clearer identification of the most ideal seaweed populations. 

4.4.2 Seaweed in culture 

 The differing levels of resilience of H. banksii to the same culture conditions 

showed that the effect of source location on seaweed resilience was clear, with samples 

showing different loss in total biomass with variation by location. This highlights the 

potential to identify source populations of seaweed that have charateristics and 

properties idea for commercial development. 

There was an overall decrease in the biomass of the seaweed cultured in the 

oyster baskets appeared to occur regardless of the source populations, the size of the 

plastic mesh on the oyster baskets used to hold the seaweed, and the time of year of 

culturing the seaweed with correspondingly different levels of biofouling on the culture 

baskets. In the initial experiment the extent of the decline in biomass of the cultured 

seaweed in the oyster baskets appeared to be partly related to the wild population from 

which the seaweed was sourced. 
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Seasonal and environmental effects 

The pattern of decline was observed in the two experiments, even though they 

were carried out during different parts of the year. In the initial growout experiment the 

seaweed biomass declined between 1.5 and 91.4 % over six months. For WR1 and 

WR2, the seaweed biomass declined between 8.8 and 32.6 % over the initial growout. 

In the second growout experiment the biomass declined between 56.4 and 86.3 % over 

five months, which was a higher rate of decline. Furthermore, the final biomass of WR 

samples in the second growout was lower than the final biomass at the end of the pilot 

growout. Despite the marked difference in water temperature regimes (Table 4.2; 

Figure 4.13), both growouts showed a decline in biomass. 

The transplant study done by Moore (1950) described a five-fold increase in 

biomass in 11 months, which was much higher than any increase in biomass observed 

during the growouts in this study. In his study, the transplanted thalli were tied down 

to a rock, and not contained within an enclosed container like the thalli in this study 

(Moore, 1950). However, it was not clear if the thalli were fully submerged the whole 

time in the shallow subtidal zone, or if they were placed in an intertidal area with regular 

exposure periods. Increased periods of water immersion has previously been observed 

to contribute to increased growth in H. banksii (Kain, 2015). Transplantation studies of 

the brown shallow subtidal macroalgae Sargassum pteropleuron in Florida, USA, 

showed an overall survival of 25 – 100 % survival over a maximum of 76 days (Dawes 

et al., 1988). The transplants were also not contained, but tied onto plastic mesh, and 

observed for between 56 to 76 days (Dawes et al., 1988). Besides the MR1 and MR2 

samples showing an immediate decline right after the study was deployed (Figure 4.7), 
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the samples in both the initial and subsequent growouts in this study had shown 

negligible loss in biomass at about the same time into the growout (Figures 4.7 & 4.10). 

Interestingly, the proportions of ash, protein, lipid, carbohydrate, fibre and alginate in 

the S. pteropleuron transplants did not change even after growing in a different 

environment (Dawes et al., 1988). 

In the summer months, increased sun exposure during low tides on hot days 

resulted in sunburn of some thalli. There were signs of sun damage to the wild 

populations of H. banksii collected for each study. When exposed to high amounts of 

sunlight, H. banksii has been observed to appear sunburnt (Schoenwaelder, 2002; 

Schoenwaelder & Clayton, 1998). The brown substance has been attributed to oxidised 

phenolic compounds released from macroalgal cell walls as a response to high UV ray 

exposure (Schoenwaelder, 2002), which has been proposed to form a thin, protective 

layer over photosynthetic material (Schoenwaelder, 2002; Schoenwaelder & Clayton, 

1998). In addition, there were some thalli that appeared brown to black which occurred 

closer to the holdfast of the thalli when present, which was not directly exposed to 

sunlight. Furthermore, they appeared to have been decaying. This has previously been 

described in the lower portions of H. banksii thalli (Moore, 1950). The brownish black 

colouration of the growout algae, when present, was at least partly due to disintegration 

and decay. It had been suggested that the presence of rotting macroalgae could be 

detrimental to the surviving tissue, accelerating any decline already in process (Kain, 

2015). 

While the data in this study did not show a significant effect of water 

temperature and season on algae biomass decline, the decrease in wet weight of 

seaweed may have been due to different factors in each growout. Measuring the area of 

coverage of each of five H. banksii individuals in situ on exposed rocky intertidal 
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platforms over six years found a seasonal fluctuation in coverage and hence amount of 

algal tissue (Kain, 2015). Algal biomass was highest just after winter, and lowest in 

summer, with most mortalities of thalli occurring in summer (Kain, 2015). 

Warmer water in summer is known to reflect a depletion in nutrients, especially 

after the energy-intensive oyster spawning season, which would compromise the 

availability of nutrients for the macroalgae (Zhou et al., 2006). This would intuitively 

affect water turbidity. Land use within the catchment area, water movements due to 

tides, currents and storms in the estuarine environment would have affected turbidity, 

salinity, temperature fluctuations and nutrient levels (Kain, 2015; Macinnis-Ng et al., 

2005; Mueller et al., 2015; Zhou et al., 2006). Besides temperature fluctuations in the 

second growout experiment, these parameters were not measured in this study. 

However, seawater in the Mahurangi Harbour is generally of higher turbidity when 

assessed visually. This species of brown seaweed was chosen due to its natural intertidal 

habitat, and is known to be resistant to desiccation, fluctuating temperatures and salinity 

levels (Kain, 2015). It has also been previously noted that H. banksii was adversely 

affected by sand inundation in the observed rockpools (Kain, 2015). 

 

Vesicle length  

In this study vesicle length was the chosen parameter, as the longest portion of 

each vesicle was marked by inter-vesicle connecting algal tissue, which increased the 

accuracy of measurement. Furthermore, it has been found that vesicle length, width and 

cell wall thickness are highly correlated (Mueller et al., 2015). Therefore, vesicle length 

is a good diagnostic measure of morphology for this species. 

The structure of the seaweed samples collected from six populations growing 

on two main types of substrate in and near the Mahurangi Harbour, were visually 
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different. Mangrove habitat vesicle morphologies appeared to be rounder than the rocky 

attached phenotypes found in both Whangateau and Mahurangi Harbours. The 

morphology of H. banksii has previously been observed to be very different across 

populations in different habitats (Macinnis-Ng et al., 2005; Moore, 1950; Mueller et 

al., 2015; Osborn, 1948). A study examining the effects of multiple environmental 

parameters including tidal exposure, seawater temperature, and exposure to wave 

action, on H. banksii populations growing in rocky intertidal habitats around Tasmania, 

found a significant effect of tidal conditions (e.g., maximum spring tide and minimum 

neap tide) and water temperature on thallus morphology (Mueller et al., 2015). It was 

noted that total vesicle number, branching order and structure was not significantly 

different between regions (Mueller et al., 2015). 

Vesicle length was markedly longer among populations of H. banksii in the 

Whangateau Harbour versus those that were sourced from the Mahurangi Harbour. 

Vesicle lengths were lowest in samples sourced from Scotts Landing (Mahurangi 

Harbour) and varied mainly between 12 – 15 mm in Whangateau Harbour samples 

(Figures 4.11 & 4.12). Furthermore, vesicle length did not change for H. banksii from 

Whangateau Harbour rocky substrate populations (WR1 and WR2) over the course of 

the second growout experiment (Figure 4.12), despite the likely difference in 

environment conditions on the oyster farm compared to the natal location of the source 

population. However, this is not surprising as indications from the lack of increase in 

biomass of H. banksii during the course of the culture experiment suggest the original 

vesicles remained present throughout, rather than being replaced by newly grown 

vesicles. 

Regardless of source origin, morphological variation of H. banksii between 

regions was lowest when tidal conditions were the same (Mueller et al, 2015). This 
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suggests a possible difference in tidal parameters between the H. banksii sources used 

in the study, with a significant difference between Whangateau and Mahurangi 

Harbours. Since both harbours have a semidiurnal tidal pattern, finding out the 

differences in other tidal conditions like the maximum spring tide and minimum neap 

tide levels, of both seaweed source locations and potential growout areas could help to 

predict if the samples would have a good chance of surviving and growing. Profiling 

seaweed source habitats and potential growout sites could aid in identifying future 

macroalgae source and growout sites. 

Basket mesh size and biofouling levels 

The 6 mm small mesh baskets were used in the initial growout, to reduce the 

chances of thalli with small vesicle sizes sourced from Mahurangi Harbour extruding 

from the basket. This resulted in minimal number of thalli protruding through the plastic 

mesh of the baskets, which reduced the risk of mechanical damage and grazing by 

passing herbivores. However, signs of fouling algae began to appear at spring in 

September, which seemed to coincide with a decline in biomass for all populations. 

This suggests a big increase in amounts of fouling algae as the season progressed. 

Macroalgae from mangrove populations in the Whangateau Harbour still had a 

relatively high amount of biomass left (Figure 4.7), although it was not statistically 

significant from biomass levels of other Whangateau samples at the end of the growout 

experimental period. Overall biofouling levels were clearly higher in fine mesh baskets, 

than in the larger plastic mesh baskets, which had evidence of fouling algae present 

with no signs of any mesh occlusion. 

Decline in seaweed biomass in both growout experiments may also have been 

due to some mechanical damage of thalli fronds sticking out of the basket. The first 
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growout using 6 mm mesh baskets did not have significant problems with the loss and 

abrasion damage of thalli from protruding out of the mesh, as the smallest vesicles were 

not able to fit through the mesh. The mean vesicle lengths on the second growout were 

still higher than the larger mesh baskets, 12 mm, although it has been observed that a 

few fronds were sticking out through the mesh when the baskets had been brought in 

for measurements. Towards the end of both growout experiments, any extruding fronds 

were often associated with disintegrating, unhealthy algal tissue. 

The biomass of seaweed in larger 12 mm mesh baskets appeared stable until 

late summer, after which wet weight declined quickly to levels lower than at the end of 

the initial growout experiment (Figure 4.10). However, fouling and mesh size did not 

appear to solely contribute to the rate of decline of seaweed in the oyster baskets. Other 

factors in the culture conditions might have played a part in the deterioration of the 

seaweed. 

In all cases, the mass of seaweed began their decline regardless of biofouling 

levels and whether the basket mesh was occluded. The amount of sunlight accessibility 

may have been compromised due to maximum density of thalli supported. Thus either 

larger baskets were needed, or structures other than baskets might be more suitable for 

enabling algae to survive and grow. 

Source location and substrate 

While all populations showed an overall decline in both growout experiments, 

markedly different rates of deterioration suggested different levels of resilience to being 

transplanted. A possible trade-off between resilience levels and growth rates would 

have to be measured (Kain, 2015). Even though mangrove populations are expected to 

withstand transplant due to their ability to grow unattached and held in place by loose 



 

162 

 

association with mangrove pneumatophores, it also had to give suitable fucoidan yield 

levels, to be considered for commercial development. The possible intrinsic properties 

that affect how well the thalli respond to transplantation would need to be further 

investigated. Since variation in structure has been attributed to other external factors, 

such as wave exposure, salinity, tidal range, immersion and exposure times (Macinnis-

Ng et al., 2005; Mueller et al., 2015), the findings can be extrapolated to predict and 

assess potentially suitable source and culture sites. There has been no study as yet which 

investigates the substrate properties and their effect on the resulting morphology and 

resilience of H. banksii. 

4.4.3 Conclusion  

Hormosira banksii has the potential to be developed as a commercial seaweed 

product due to its relatively high yield of fucoidan. Further studies into the properties 

of the fucoidan, as well as other bioactive compounds in this species could further 

inform its potential market value. Another method needs to be developed for culturing 

this seaweed species, as this study has demonstrated that hanging oyster baskets are not 

suitable for growing H. banksii culture. A possible direction would be to breed this 

seaweed and seed the gametophytes on suitable substrates, such as on rope and other 

materials. Ideal source populations of H. banksii need to be identified that provide 

superior growth and fucoidan yield. The difference in resilience to unsuitable culture 

conditions has helped to determine populations to further investigate. The growout 

studies have shown there is a degree of tolerance of the similar environmental 

conditions present in estuarine areas where oyster farms are often situated. 

Neptune’s necklace (H. banksii) was selected for its intertidal habitat tolerances 

(Alestra & Schiel, 2014; Kain, 2015; Osborn, 1948), ability to grow and reproduce, 
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even when detached (McKenzie & Bellgrove, 2008), and potential for containing a 

valuable compounds including the polysaccharide fucoidan (Dang et al., 2017; Mak, 

2012; McCauley et al., 2014), and for its visual appeal. Its known toughness and 

resilience to highly variable and rough conditions is an added advantage, and the 

relatively high levels of fucoidan isolated from this initial study is encouraging. A 

careful selection of source populations, combined with further analyses of the quality 

and bioactivity of fucoidan components, could contribute towards decisions on 

commercialisation of this brown macroalgae species. Survival and growth outcomes of 

cultured H. banksii need to be improved before commercial viability can be established. 

There has been strong global support for the development of seaweed culture 

for many decades, and even though it is being increasingly heralded as a promise for 

substantial carbon sequestration, source of biofuels, nutrition, medicine, and 

biomaterials (many reviews, e.g. Duarte et al., 2017; Sondak et al., 2017), seaweed 

culture is mostly taking place on a significant scale in Asia (Japan, China, Indonesia,  

see FAO, 2014, 2016, 2018) Exploring the potential for native seaweed farming in New 

Zealandfor commercial and environmental mitigation is a large, complex task that holds 

promise, and needs to be scaled up, supported and prioritized by relevant authorities. 

.  
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 General Discussion 

This study tested five native species for IMTA potential on Pacific oyster farms, 

especially addressing the use of aquaculture infrastructure left vacant following mass 

mortality of oysters from the disease OsHV-1 µVar, as a means of helping Pacific 

oyster farmers prevent further loss and safeguard future crop security. The aquaculture 

potential of native gastropod, bivalve, echinoderm and a seaweed species were assessed 

through experimental culture in the hanging intertidal oyster basket culture system on 

farms operated by Biomarine Ltd in the Mahurangi and Kaipara Harbours (see 

Appendix for echinoderm study). However, a limited numbers of snails were available 

so the experiment for biocontrol of biofouling in oyster farming operations was only 

carried out on the Mahurangi Harbour. Pipi and cockle experiments on both harbours 

indicated the suitability of the Mahurangi versus thr Kaipara Harbour for these two 

bivalve species. Neptune’s necklace (H. banksii) was only grown in the Mahurangi 

Harbour, as the previous experiments with pipi and cockles indicated the wave 

conditions in the Kaipara Harbour may be too rough for H. banksii culture. 

 The initial process was to review the available native species and identify those 

with potential for development for aquaculture in the hanging oyster basket system that 

is widely used for the aquaculture of Pacific oysters. Key selection criteria for species 

were that they were; native to New Zealand, edible or provide commercially useful 

products, and could not be a source of negative impact on the oysters, preferably 

providing some positive benefits. Coculture of species that occupy different trophic 

levels has been shown to have the potential to be complementary, often providing 

ecosystem services at the farming site (Jiang et al., 2013; Paltzat et al., 2008; 

Yokoyama, 2013; Zamora et al., 2014). Coculture experiments investigating growth 

and survival of cats eye snails, pipi, cockles, sea cucumbers, and Neptune’s necklace, 
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were conducted on Pacific oyster farms owned and operated by Biomarine Ltd in the 

Mahurangi and Kaipara Harbours in northern New Zealand. In the case of the seaweed, 

Neptune’s necklace, fucoidan yield was also assessed for commercial suitability. 

 A prevalent problem in the shellfish aquaculture industry is the biofouling of 

farming structures (Lacoste et al., 2014; Sievers et al., 2017, 2013; Watson et al., 2009). 

The Pacific oysters at Biomarine Ltd farms are cultured in suspended hanging plastic 

mesh baskets, which become covered in fouling algae, especially over the spring and 

summer season. While not commercially viable due to limited carrying capacity of the 

baskets, the native marine intertidal grazing gastropod, Lunella smaragdus, commonly 

known as cats eye snails, when cocultured with oysters were an effective biocontrol for 

the fouling algae over the 466 days of a field experiment. There was minimal effect on 

the growth and survival of the cocultured Pacific oysters. However, the presence of 

snails in the small and large mesh baskets of oysters resulted in moderately higher 

oyster meat condition. In all snail biomass treatments, the total biomass of snails 

declined to around 42 g per basket after 10 months due to high initial snail mortalities, 

however, the biomass of snails stabilised at this level for the remainder of the 

experiment. The growth of the snails was also relatively slow, possibly also as a result 

of the high initial stocking biomass of snails. Overall, the results indicate that the 

addition of L. smaragdus to oyster culture baskets may provide some benefits in 

reducing algal fouling and improving oyster meat yield. 

 Using organisms to reduce biofouling has been assessed as a more favourable 

approach for managing biofouling because of less negative impacts on the environment 

compared to conventional control methods (Atalah et al., 2015, 2014; Cigarria et al., 

1998; Sievers et al., 2017). There have been few previous studies investigating the use 

of gastropods to control biofouling (Atalah et al., 2014; Cigarria et al., 1998; Mallet et 
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al., 2009; Sievers et al., 2017, 2013). Since biofouling control costs the aquaculture 

industry between US$1 – 3 billion per year (Fitridge et al., 2012), it may be more 

economical in the long term to use biocontrol organisms in cases where there has been 

proven efficacy. The current study has been useful in establishing the appropriate 

stocking biomass for L. smaragdus which can be used for commercial application in 

controlling biofouling in Pacific oyster aquaculture baskets and for providing a baseline 

for further studies of other potential biofouling control species. 

 In this current study experiments to investigate the potential for two native 

estuarine bivalves to survive and grow in suspended Pacific oyster baskets were 

conducted. The two species were, Paphies australis and Austrovenus stutchburyi, 

commonly known as pipi and cockle (Maori: tuangi), respectively. Pipi and cockle 

survival in the oyster baskets in the Mahurangi Harbour over 308 days were 

satisfactory, even if growth was slower than some reports from the wild (Marsden & 

Pilkington, 1995; McKinnon, 1996; Norkko et al., 2006). However, the reported growth 

rates of cockles are highly variable depending on environmental conditions (Cummings 

et al., 2007; Marsden, 2004). Given the results of this study it seems unlikely that the 

aquaculture of pipi and cockles would be commercially viable using Pacific oyster 

aquaculture infrastructure. Although it was not explored in the current study, it is 

possible that the culture of pipi and cockles alongside Pacific oysters may reduce oyster 

mortalities due to OsHV-1 µVar when cocultured on the same oyster farm (Evans et 

al., 2014; Martenot et al., 2012; Oden et al., 2011; Whittington et al., 2015). For 

example, Pacific oyster farms in France and Australia, with no known history of OsHV-

1 µVar –linked mortalities, which had other bivalve species present on the farming site, 

had a lower loss in Pacific oysters during an OsHV-1 µVar outbreak (Paul-Pont et al., 

2013a, 2013b; Pernet et al., 2014). It was suggested that these heterospecific bivalves 
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could serve as a protective buffer, for the vulnerable Pacific oysters, by filtering and 

hence diluting the abundance of viral particles in the water (Paul-Pont et al., 2013a, 

2013b; Pernet et al., 2014). 

 A native intertidal brown fucoid seaweed, Hormosira banksii, was found to not 

be suitable for culture in suspended oyster baskets in the Mahurangi Harbour. All the 

experimentally cultured seaweed declined in biomass over the course of two culture 

experiments. However, the study found different rates of decline in biomass and hence 

robustness, and there were also differences in fucoidan yield from the seaweed that 

related to their source locations. Extracted fucoidan levels were comparable to 

commercially viable yields, although its chemical components and seasonal variability, 

need to be further investigated (Fitton et al., 2015; Mak, 2012; Tako et al., 1999). The 

methods for culturing this seaweed also need to be improved through further 

experimentation (Titlyanov & Titlyanova, 2010). 

 There are 950 species of common brown seaweeds in New Zealand that have 

potential to be sources of food and medicine (Nelson, 2013a), of which H. banksii is 

unique and monotypic. Including primary producers in coculture situations can assist 

in arresting nutrient release from aquaculture operations (Carmichael et al., 2012; 

Lohrer et al., 2016; Troell et al., 2009) whilst also diversifying the harvested crop and 

hence income streams for the farmer. Excess nutrients from other anthropogenic 

activities may also be sequestered by cultured macroalgae (Ray et al., 2015; Sanderson 

et al., 2008; Zhou et al., 2006). Seaweed cultivation has been increasing in terms of 

total global production due to increasing appeal to both consumers and industries due 

to the broad range of applications of end products in research, agricultural, 
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pharmaceutical, cosmeceutical and nutraceutical industries ( Brown et al., 2014; Holdt 

& Kraan, 2011). 

 Improvements in aquaculture techniques are needed to cope with increasing 

global market demand for aquaculture and seafood products, which are unable to be 

met by the production constraints of wild-capture fisheries (FAO, 2014, 2016b, 2017; 

Tidwell & Allan, 2012; Troell et al., 2014). World aquaculture production increased on 

average 5.8 % a year from 2011 - 2016 (FAO, 2018), producing a total of 110.2 million 

tonnes (first-sale value ~ US$244 billion) in 2016, forming 46.8 % of the total global 

fisheries and aquaculture production that year (FAO, 2018). While wild fisheries 

diversity has been estimated at 2000 species, only 30 species account for 90 % of global 

aquaculture production (FAO, 2017). The growth and intensification of aquaculture 

activity, with mostly monocultures, has resulted in a variety of issues, including spread 

of aquatic diseases, negative ecological and environmental impacts, increased 

economic and climate change vulnerability (FAO, 2016, 2017, 2018). Crop 

diversification into different species, utilising different strains within species and 

setting up aquaculture systems capable of multi-cropping by using species occupying 

different trophic levels are considered an effective way towards helping to safeguard 

the production from this industry (Barrington et al., 2009; Hadley et al., 2014; Nobre et 

al., 2010; Shi et al., 2013; Soto, 2009; Zhang, 2016). 

 Coculture techniques, or IMTA, have been practised in China for centuries, with 

the most widely known example of extensive fish cultivation in rice paddies (Chopin 

et al., 2001; Troell et al., 2009). Despite the long history and success of coculture in 

some parts of the world, multi-trophic marine farming has largely remained at an 

experimental scale (Bricker et al., 2016; Cranford et al., 2013; Hadley et al., 2014; 

Joesting et al., 2016; Powers et al., 2007; Zamora et al., 2014), and appears to be more 
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successful in developing nations at present (Alexander & Hughes, 2017; Astriana, 

2012; Cranford et al., 2013; Soto, 2009). 

 The crop species used for coculture in these developing nations, while 

considered diversifications in crop species within their local industries, are often non-

native. Large amounts of resources are required to identify and develop production 

techniques for new aquaculture species (FAO, 2017), so it makes sense for a developing 

nation to focus on reliable and efficient high-biomass production and poverty 

alleviation as priorities by selecting species with proven record of reliable commercial 

culture (De Silva, 2012; De Silva et al., 2009). However, the introduction and use of 

non-native species for aquaculture has often resulted in longer term negative effects on 

the environment and ecology, such as the release of exotic species into natural 

environments where they can have devastating impacts on natural ecosystem 

functioning (De Silva et al., 2009; Leppäkoski & Olenin, 2000). 

 Despite continued calls to avoid the same problems generated by the 

intensification of terrestrial agriculture in the further development of aquaculture 

internationally, mass production through intensive monoculture remains the preferred 

choice for new aquaculture development (De Silva, 2012; De Silva et al., 2009; Diana 

et al., 2013). The integration of seaweeds and detritus feeders as nutrient and organic 

waste mitigators for finfish farms has shown promise to lessen negative impacts while 

providing more diverse income streams (Barrington et al., 2009; Chopin et al., 2001; 

Hadley et al., 2014; Lander et al., 2012; Ridler et al., 2007). However, there are many 

barriers to the development of native species for multi-trophic aquaculture (Alexander 

& Hughes, 2017; Le Gouvello et al., 2017; Nobre et al., 2010) including, public 

acceptance and education, as well as farmers placing priority on the provision of 

reliable crops and increased yield versus the perceived risks associated in exploratory 
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diversification. Furthermore, current fundamental policy and legal frameworks are 

typically unsupportive of the development of more sustainable approaches to growth in 

the aquaculture industry, such as supporting the development of IMTA approaches to 

production and mitigation of environmental impacts from intensive aquaculture of 

single aquaculture species (Alexander & Hughes, 2017; Bostock et al., 2010). For 

example, most frequently the aquaculture of single species are encouraged by 

regulatory and policy frameworks to intensify and expand out from their initial 

locations of establishment, rather than diversifying and integrating other species into 

the production model which may help to ameliorate the cumulative impacts associated 

with industry expansion. For such a system to be more effective in delivering more 

integrated outcomes there has to be cooperation across multiple sectors including, 

industry, public, educational, research, tribal, and cultural interests, as well as policy 

and law makers (Neori & Nobre, 2012; Troell et al., 2014). However, establishing 

effective cooperation among competing interests is challenging, but ultimately it is 

crucial in moving forward with sustainable marine and coastal spatial planning (Le 

Gouvello et al., 2017). 

 Besides regulatory frameworks, other challenges in creating successful IMTA 

farms include opportunities facilitating collaboration between scientists and farmers, 

choosing crops that are suitable for specific farm sites, having growing and harvest 

seasons that complement the timing requirements for nutrient and waste removal, as 

well as the capacity to adapt to climate change (IDREEM, 2016; Kleitou et al., 2018; 

Park et al., 2018). When bivalves are cultured with finfish, waste from both crops have 

to be effectively managed (Cranford et al., 2013). With the increase in crops on each 

site, logistical requirements, such has having sufficient drying and refrigeration 

facilities, need to be available (IDREEM, 2016). 
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Recent investigation into industrial scale application of IMTA on onshore and 

offshore aquaculture farms in Europe via the Increasing Industrial Resource Efficiency 

in European Aquaculture (IDREEM) programme has given farmers a chance to test 

species for diversification, in partnership with researchers (IDREEM, 2016). As a result 

the first IMTA licence in Norway has been given for fish and algae coculture 

(IDREEM, 2016). Crucial attributes for improving the probability of IMTA success 

that have been determined from this programme include: the use of endemic species, 

using simplicity in designing ways to utilise available infrastructure on the farm sites, 

as well as having access to the increased range of skills required for the increased 

number of species onsite (IDREEM, 2016). Current studies across Europe and UK are 

underway to apply an ecological approach toward IMTA challenges, as well as research 

to better understand the social impacts and influence of consumer choice, public 

knowledge and marketing (e.g., DIVERSEAFOOD and AQUAVITAE programmes), 

to aid application of IMTA and acceptance of IMTA products. 

Shellfish farming, such as Greenshell TM mussels and Pacific oysters in New 

Zealand, have been shown to provide some ecosystem services and have relatively less 

negative environmental impacts than some other forms of aquaculture production, such 

as intense culture of carnivorous fish (Carmichael et al., 2012; Dumbauld et al., 2009; 

Forrest et al., 2009; Newell, 2004; Reitsma et al., 2017; Rosa et al., 2014). However, 

vulnerability of the culture of shellfish as monocultures was evident in the OsHV-1 

µVar global mass mortality, including in New Zealand Pacific oyster farms (Dégremont 

et al., 2015; Keeling et al., 2014; Paul-Pont et al., 2014; Webb et al., 2007). More 

recently, the devastation of crop loss from a monoculture due to parasitic infection was 

clear in another farmed New Zealand bivalve, the Bluff (dredge) oyster, Ostrea 

chilensis to Bonamia spp. Not only were Bluff oyster farms affected, the fishery was 
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also threatened by the potential spread of the infection from farms to valuable wild 

stocks. Even though this study indicates that oyster farm sites represent a unique 

environment that is challenging to use for the aquaculture of other species, it is a worthy 

undertaking. Further studies need to address the differences in cultivation methods and 

environmental parameters at different farm locations across New Zealand to facilitate 

the assessment of potential coculture species for each site.  

In more developed countries, such as New Zealand, where natural resources for 

aquaculture are still largely unexploited, the development of IMTA as a platform for 

native crop exploration and diversification can be successful with the right amount of 

support and resources (Alfaro et al., 2014; Jeffs, 2003, 2005). There is an abundance of 

native species in New Zealand occupying various trophic levels that have the potential 

to be used as commercial aquaculture crops (Alfaro et al., 2014; Jeffs, 2003; Nelson, 

2013a). The devastating loss of Pacific oyster crops to mass OsHV-1 µVar mortalities 

was turned into an opportunity to explore the potential of a few native species using the 

newly available infrastructure. Farming marine species at various trophic levels would 

allow for potential waste and nutrient capture, in addition to providing economic 

benefits of diversification. However, determining the suitability of new species for 

commercial culture, for each unique farming site and establishing effective coculture 

systems is a challenging endeavour. This thesis highlights the fundamental questions 

and difficulties that need to be addressed when attempting to identify new species with 

the potential to be integrated into existing aquaculture systems.  



 

173 

 

References 

 

Ab Lah, R., Smith, J., Savins, D., Dowell, A., Bucher, D., & Benkendorff, K. (2017). 

Investigation of nutritional properties of three species of marine turban snails for 

human consumption. Food Science and Nutrition, 5, 14–30. 

Adams, C. M., Shumway, S. E., Whitlatch, R. B., & Getchis, T. (2011). Biofouling in 

marine molluscan shellfish aquaculture: a survey assessing the business and 

economic implications of mitigation. Journal of the World Aquaculture Society, 

42, 242–252. 

Adkins, S. C. (2012). Population Biology and Restoration of Intertidal Cockle Beds. 

University of Canterbury. 

Adkins, S. C., Marsden, I. D., & Pirker, J. G. (2016). Reproduction, growth and size 

of a burrowing intertidal clam exposed to varying environmental conditions in 

estuaries. Invertebrate Reproduction and Development, 60, 223–237. 

Ale, M., & Meyer, A. (2013). Fucoidans from brown seaweeds: an update on 

structures, extraction techniques and use of enzymes as tools for structural 

elucidation. Royal Society of Chemistry Advances, 3, 8131–8141. 

Ale, M., Mikkelsen, J., & Meyer, A. (2011). Important determinants for fucoidan 

bioactivity: a critical review of structure-function relations and extraction 

methods for fucose-containing sulfated polysaccharides from brown seaweeds. 

Marine Drugs, 9, 2106–2130. 

Alestra, T., & Schiel, D. R. (2014). Effects of opportunistic algae on the early life 

history of a habitat-forming fucoid: influence of temperature, nutrient enrichment 

and grazing pressure. Marine Ecology Progress Series, 508, 105–115. 

Alexander, K. A., & Hughes, A. D. (2017). A problem shared: Technology transfer 

and development in European integrated multi-trophic aquaculture (IMTA). 

Aquaculture, 473, 13–19. 

Alfaro, A. C. (2006a). Benthic macro-invertebrate community composition within a 

mangrove/seagrass estuary in northern New Zealand. Estuarine, Coastal and 

Shelf Science, 66, 97–110. 

Alfaro, A. C. (2006b). Tidal migration influences the zonation of grazing snails ( 

Turbo smaragdus ) in a mangrove-seagrass estuary, northern New Zealand. 

Estuaries and Coasts, 29, 731–736. 

Alfaro, A. C., Dewas, S. E., & Thomas, F. (2007). Food and habitat partitioning in 

grazing snails (Turbo smaragdus), northern New Zealand. Estuaries and Coasts, 

30, 431–440. 



 

174 

 

Alfaro, A. C., Jeffs, A. G., & King, N. (2014). Enabling and driving aquaculture 

growth in New Zealand through innovation. New Zealand Journal of Marine and 

Freshwater Research, 48, 311–313. 

Arzul, I., Nicolas, J. L., Davison, A. J., & Renault, T. (2001). French scallops: a new 

host for ostreid herpesvirus-1. Virology, 290, 342–9. 

Arzul, I., Renault, T., & Lipart, C. (2001). Experimental herpes-like viral infections in 

marine bivalves: demonstration of interspecies transmission. Diseases of Aquatic 

Organisms, 46, 1–6. 

Astriana, B. H. (2012). Evaluation of the potential of Integrated Multi-trophic 

Aquaculture (IMTA) using oyster (Crassostrea sp.) and seaweed (Gracilaria sp.) 

for shrimp (Penaeus monodon) farms to reduce negative impacts on environment 

and to improve coastal economy in Nusa Teng. Oregon State University. 

Atalah, J., Hopkins, G. A., Fletcher, L. M., Castinel, A., & Forrest, B. M. (2015). 

Concepts for biocontrol in marine environments: is there a way forward? 

Management of Biological Invasions, 6, 1–12. 

Atalah, J., Hopkins, G. A., & Forrest, B. M. (2013). Augmentative biocontrol in 

natural marine habitats: persistence, spread and non-target effects of the sea 

urchin Evechinus chloroticus. PloS One, 8, e80365. 

Atalah, J., Newcombe, E. M., Hopkins, G. A., & Forrest, B. M. (2014). Potential 

biocontrol agents for biofouling on artificial structures. Biofouling, 30, 999–

1010. 

Barrington, K., Chopin, T., & Robinson, S. (2009). Integrated multi-trophic 

aquaculture (IMTA) in marine temperate waters. In D. Soto (Ed.), Integrated 

Mariculture - A Global Review (pp. 7–46). Food and Agriculture Organization of 

the United Nations. 

Batista, F. M., Arzul, I., Pepin, J.-F., Ruano, F., Friedman, C. S., Boudry, P., & 

Renault, T. (2007). Detection of ostreid herpesvirus 1 DNA by PCR in bivalve 

molluscs: a critical review. Journal of Virological Methods, 139, 1–11. 

Batista, F. M., López-Sanmartín, M., Grade, A., Morgado, I., Valente, M., Navas, J. 

I., Power, D. M., & Ruano, F. (2015). Sequence variation in ostreid herpesvirus-

1 microvar isolates detected in dying and asymptomatic Crassostrea angulata 

adults in the Iberian Peninsula: insights into viral origin and spread. Aquaculture, 

435, 43–51. 

Begum, M., & Taylor, F. J. (1991). Seasonal egg liberation and potential output of 

Hormosira banksii. Pakistan Journal of Botany, 23, 145–151. 

Berkenbusch, K., & Neubauer, P. (2016). Intertidal shellfish monitoring in the 

northern North Island region, 2015–16. New Zealand Fisheries Assessment 



 

175 

 

Report (Vol. 2016/49). Ministry for Primary Industries. 

Berthelin, C., Kellner, K., & Mathieu, M. (2000). Storage metabolism in the Pacific 

oyster (Crassostrea gigas) in relation to summer mortalities and reproductive 

cycle (West Coast of France). Comparative Biochemistry and Physiology Part B: 

Biochemistry and Molecular Biology, 125, 359–369. 

Bostock, J., McAndrew, B., Richards, R., Jauncey, K., Telfer, T., Lorenzen, K., Little, 

D., Ross, L., Handisyde, N., Gatward, I., & Corner, R. (2010). Aquaculture: 

global status and trends. Philosophical Transactions of the Royal Society of 

London. Series B, Biological Sciences, 365, 2897–912. 

Bower, S. M., McGladdery, S. E., & Price, I. M. (1994). Synopsis of infectious 

diseases and parasites of commercially exploited shellfish. Annual Review of 

Fish Diseases, 4, 1–199. 

Bricker, S. B., Getchis, T. L., Chadwick, C. B., Rose, C. M., & Rose, J. M. (2016). 

Integration of ecosystem-based models into an existing interactive web-based 

tool for improved aquaculture decision-making. Aquaculture, 453, 135–146. 

Brown, E. M., Allsopp, P. J., Magee, P. J., Gill, C. I., Nitecki, S., Strain, C. R., & 

Mcsorley, E. M. (2014). Seaweed and human health. Nutrition Reviews, 72, 205–

216. 

Brown, J. D. (2008). Statistics corner. Questions and answers about language testing 

statistics: Effect size and eta squared. Shiken: JALT Testing & Evaluation SIG 

Newsletter, 12, 38–43. 

Buck, B. H., Troell, M. F., Krause, G., Angel, D. L., Grotte, B., & Chopin, T. (2018). 

State of the art and challenges for offshore integrated multi-trophic aquaculture 

(IMTA). Frontiers in Marine Science, 5, 00165.  

Burge, C. A., Griffin, F. J., & Friedman, C. S. (2006). Mortality and herpesvirus 

infections of the Pacific oyster Crassostrea gigas in Tomales Bay, California, 

USA. Diseases of Aquatic Organisms, 72, 31–43. 

Burge, C. A., Judah, L. R., Conquest, L. L., Griffin, F. J., Cheney, D. P., Suhrbier, A., 

Vadopalas, B., Olin, P. G., Renault, T., & Friedman, C. S. (2007). Summer seed 

mortality of the Pacific oyster, Crassostrea Gigas Thunberg grown in Tomales 

Bay, California, USA: the influence of oyster stock, planting time, pathogens, 

and environmental stressors. Journal of Shellfish Research, 26, 163–172. 

Calder, P. C. (2009). Polyunsaturated fatty acids and inflammatory processes: new 

twists in an old tale. Biochimie, 91, 791–795. 

Cameron, A., & Crane, M. (2011). International OsHV-1 µVar workshop final report. 

Cairns, Queensland. 

 



 

176 

 

Cao, L., Wang, W., Yang, Y., Yang, C., Yuan, Z., Xiong, S., & Diana, J. (2007). 

Environmental impact of aquaculture and countermeasures to aquaculture 

pollution in China. Environmental Science and Pollution Research International, 

14, 452–462. 

Carman, M. (2009). Limited value of the common periwinkle snail Littorina littorea 

as a biological control for the invasive tunicate Didemnum vexillum. Aquatic 

Invasions, 4, 291–294. 

Carmichael, R. H., Walton, W., Clark, H., & Ramcharan, C. (2012). Bivalve-

enhanced nitrogen removal from coastal estuaries. Canadian Journal of 

Fisheries and Aquatic Sciences, 69, 1131–1149. 

Castinel, A., Forrest, B. M., & Hopkins, G. (2013). Review of disease risks for New 

Zealand shellfish aquaculture: perspectives for management. Prepared for 

Ministry for Business, Innovation and Employment. Cawthron Report No. 2297. 

Nelson. 

Chávez-Villalba, J., Arreola-Lizárraga, A., Burrola-Sánchez, S., & Hoyos-Chairez, F. 

(2010). Growth, condition, and survival of the Pacific oyster Crassostrea gigas 

cultivated within and outside a subtropical lagoon. Aquaculture, 300, 128–136. 

Chen, S., Xue, C., Yin, L., Tang, Q., Yu, G., & Chai, W. (2011). Comparison of 

structures and anticoagulant activities of fucosylated chondroitin sulfates from 

different sea cucumbers. Carbohydrate Polymers, 83, 688–696. 

Chollet, L., Saboural, P., Chauvierre, C., Villemin, J.-N., Letourneur, D., & Chaubet, 

F. (2016). Fucoidans in nanomedicine. Marine Drugs, 14, 145. 

Chopin, T., Buschmann, A. H., Halling, C., Troell, M., Kautsky, N., Neori, A., 

Kraemer, G. P., Zertuche-González, J. A., Yarish, C., & Neefus, C. (2001). 

Integrating seaweeds into marine aquaculture systems: A key toward 

sustainability. Journal of Phycology, 37, 975–986. 

Cigarria, J., Fernandez, J., & Magadan, L. P. (1998). Feasibility of biological control 

of algal fouling in intertidal oyster culture using periwinkles. Journal of Shellfish 

Research, 17, 1167–1169. 

Cognie, B., Barillé, L., Rincé, Y., Cognie, B., Barille, L., & Rince, Y. (2001). 

Selective feeding of the oyster Crassostrea gigas fed on a natural 

microphytobenthos assemblage. Coastal and Estuarine Research Federation, 24, 

126–134. 

Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd ed.). 

Hillsdale, New Jersey: L. Erlbaum Associates. 

Cole, J., Lees, A., & Wilson, A. (2009). Whangateau Catchment and Harbour Study. 

Summary and Discussion. Auckland. 



 

177 

 

Cook, S. D. C., & Archer, D. (2010). New Zealand coastal and marine invertebrates 

(v. 1). Christchurch, N.Z: Canterbury University Press. 

Corbeil, S., Faury, N., Segarra, A., & Renault, T. (2014). Development of an in situ 

hybridization assay for the detection of ostreid herpesvirus type 1 mRNAs in the 

Pacific oyster, Crassostrea gigas. Journal of Virological Methods, 211, 43–50. 

Cranford, P. J., Reid, G. K., & Robinson, S. M. C. (2013). Open water integrated 

multi-trophic aquaculture: constraints on the effectiveness of mussels as an 

organic extractive component. Aquaculture Environment Interactions, 4, 163–

173. 

Cubillo, A. M., Ferreira, J. G., Robinson, S. M. C., Pearce, C. M., Corner, R. A., & 

Johansen, J. (2016). Role of deposit feeders in integrated multi-trophic 

aquaculture - a model analysis. Aquaculture, 453, 54–66. 

Cumashi, A., Ushakova, N. A., Preobrazhenskaya, M. E., D’Incecco, A., Piccoli, A., 

Totani, L., Tinari, N., Morozevich, G. E., Berman, A. E., Bilan, M. I., Usov, A. 

I., Ustyuzhanina, N. E., Grachev, A. A., … Nifantiev, N. E. (2007). A 

comparative study of the anti-inflammatory, anti-coagulant, anti-angiogenic, and 

anti-adhesive activities of nine different fucoidans from brown seaweeds. 

Glycobiology, 17, 541–552. 

Cummings, V. J., Hewitt, J. E., Halliday, J., & Mackay, G. (2007). Optimizing the 

success of Austrovenus Stutchburyi restoration: preliminary investigations in a 

New Zealand estuary. Journal of Shellfish Research, 26, 89–100. 

Cummings, V. J., Thrush, S. F., & Hewitt, J. E. (2009). Mahurangi Harbour Soft-

Sediment Communities : Predicting and Assessing the Effects of Harbour and 

Catchment Development (Vol. 0504). Auckland. 

Cummings, V. J., Thrush, S. F., Hewitt, J. E., & Turner, S. J. (1998). The influence of 

the pinnid bivalve Atrina zelandica (Gray) on benthic macroinvertebrate 

communities in soft-sediment habitats. Journal of Experimental Marine Biology 

and Ecology, 228, 227–240. 

Cunha, L., & Grenha, A. (2016). Sulfated seaweed polysaccharides as multifunctional 

materials in drug delivery applications. Marine Drugs, 14. 

doi:10.3390/md14030042 

Dang, T. T., Vuong, Q. Van, Schreider, M. J., Bowyer, M. C., Altena, I. A. Van, & 

Scarlett, C. J. (2017). The effects of drying on physico-chemical properties and 

antioxidant capacity of the brown alga (Hormosira banksii (Turner) Decaisne). 

Journal of Food Processing and Preservation, 41, e13025. 

Davenport, J., & Chen, X. (1987). A comparison of methods for the assessment of 

condition in the mussel (Mytilus edulis L.). Journal Molluscan Studies, 53, 293–

297. 



 

178 

 

Davidson, J. (2013). Archaeological excavations at the Station Bay pä, Motutapu 

Island, inner Hauraki Gulf, New Zealand. Tuhinga, 24, 5–47. 

Davison, A. J., Eberle, R., Ehlers, B., Hayward, G. S., McGeoch, D. J., Minson, A. 

C., Pellett, P. E., Roizman, B., Studdert, M. J., & Thiry, E. (2009). The order 

Herpesvirales. Archives of Virology, 154, 171–7. 

Davison, A. J., Trus, B. L., Cheng, N., Steven, A. C., Watson, M. S., Cunningham, C., 

Le Deuff, R.-M., & Renault, T. (2005). A novel class of herpesvirus with bivalve 

hosts. The Journal of General Virology, 86, 41–53. 

Dawes, C. J., Bird, K., & Hanisak, M. D. (1988). Physiological responses of 

transplanted populations of Sargassum pteropleuron Grunow in Florida. Aquatic 

Botany, 31, 107–123. 

De Silva, S. S. (2012). Aquaculture: A newly emergent food production sector and 

perspectives of its impacts on biodiversity and conservation. Biodiversity and 

Conservation, 21, 3187–3220. 

De Silva, S. S., Nguyen, T. T. T., Turchini, G. M., Amarasinghe, U. S., & Abery, N. 

W. (2009). Alien species in aquaculture and biodiversity: a paradox in food 

production. AMBIO: A Journal of the Human Environment, 38, 24–28. 

Dégremont, L. (2011). Evidence of herpesvirus (OsHV-1) resistance in juvenile 

Crassostrea gigas selected for high resistance to the summer mortality 

phenomenon. Aquaculture, 317, 94–98. 

Dégremont, L. (2013). Size and genotype affect resistance to mortality caused by 

OsHV-1 in Crassostrea gigas. Aquaculture, 416–417, 129–134. 

Dégremont, L., Lamy, J.-B., Pépin, J.-F., Travers, M.-A., & Renault, T. (2015). New 

insight for the genetic evaluation of resistance to ostreid herpesvirus infection, a 

worldwide disease, in Crassostrea gigas. PloS ONE, 10, e0127917. 

Dégremont, L., Soletchnik, P., & Boudry, P. (2010). Summer mortality of selected 

juvenile Pacific oyster Crassostrea gigas under laboratory conditions and in 

comparison with field performance. Journal of Shellfish Research, 29, 847–856. 

Diana, J. S., Egna, H. S., Chopin, T., Peterson, M. S., Cao, L., Pomeroy, R., 

Verdegem, M., Slack, W. T., Bondad-Reantaso, M. G., & Cabello, F. (2013). 

Responsible aquaculture in 2050: valuing local conditions and human 

innovations will be key to success. BioScience, 63, 255–262. 

Dobbinson, S. J., Barker, M. F., & Jillett, J. B. (1989). Experimental shore level 

transplantation of the New Zealand cockle Chione stutchburyi. Journal of 

Shellfish Research, 8, 197–212. 

 

 



 

179 

 

Dumbauld, B. R., Ruesink, J. L., & Rumrill, S. S. (2009). The ecological role of 

bivalve shellfish aquaculture in the estuarine environment: a review with 

application to oyster and clam culture in West Coast (USA) estuaries. 

Aquaculture, 290, 196–223. 

Dundon, W. G., Arzul, I., Omnes, E., Robert, M., & Magnabosco, C. (2011). 

Detection of Type 1 ostreid herpes variant (OsHV-1μvar) with no associated 

mortality in French-origin Pacific cupped oyster Crassostrea gigas farmed in 

Italy. Aquaculture, 314, 49–52. 

Evans, O., Paul-Pont, I., Hick, P., & Whittington, R. J. (2014). A simple 

centrifugation method for improving the detection of ostreid herpesvirus-1 

(OsHV-1) in natural seawater samples with an assessment of the potential for 

particulate attachment. Journal of Virological Methods, 210, 59–66. 

FAO. (2004). Advances in sea cucumber aquaculture and management. (A. Lovatelli, 

C. Conand, S. Purcell, S. Uthicke, J. F. Hamel, & A. Mercier, Eds.), FAO 

Fisheries Technical Paper (Vol. 463). Rome: Food and Agriculture Organization 

of the United Nations. 

FAO. (2012). The State of World Fisheries and Aquaculture. Rome. 

FAO. (2014). The state of world fisheries and aquaculture - opportunities and 

challenges. Rome. 

FAO. (2016). The state of world fisheries and aquaculture - contributing to food 

security and nutrition for all. Rome. 

FAO. (2017). Planning for aquaculture diversification: the importance of climate 

change and other drivers. (B. Harvey, D. Soto, J. Carolsfeld, M. Beveridge, & 

D. M. Bartley, Eds.), FAO Fisheries and Aquaculture Proceedings No. 47. 

Rome: Food and Agriculture Organization of the United Nations. 

FAO. (2018). The state of world fisheries and aquaculture - meeting the sustainable 

development goals. Rome. 

Farley, C. A. (1978). Viruses and viruslike lesions in marine mollusks. Marine 

Fisheries Review, 40, 18–20. 

Farley, C. A., Banfield, W. G., Kasnic, G., & Foster, W. S. (1972). Oyster herpes-type 

virus. Science, 178, 759–760. 

Fitridge, I., Dempster, T., Guenther, J., & de Nys, R. (2012). The impact and control 

of biofouling in marine aquaculture: a review. Biofouling, 28, 649–669. 

Fitton, J. H., Stringer, D. N., & Karpiniec, S. S. (2015). Therapies from fucoidan: an 

update. Marine Drugs, 13, 5920–5946. 

 



 

180 

 

Forrest, B. M., Keeley, N. B., Hopkins, G. A., Webb, S. C., & Clement, D. M. (2009). 

Bivalve aquaculture in estuaries: review and synthesis of oyster cultivation 

effects. Aquaculture, 298, 1–15. 

Friedlander, M., Weintraub, N., Freedman, A., Sheer, J., Snovsky, Z., Shapiro, J., & 

Kissil, G. W. (1996). Fish as potential biocontrollers of Gracilaria (Rhodophyta) 

culture. Aquaculture, 145, 113–118. 

Friedman, C. S., Estes, R. M., Stokes, N. A., Burge, C. A., Hargove, J. S., Barber, B. 

J., Elston, R. A., Burreson, E. M., & Reece, K. S. (2005). Herpes virus in 

juvenile Pacific oysters Crassostrea gigas from Tomales Bay, California, 

coincides with summer mortality episodes. Diseases of Aquatic Organisms, 63, 

33–41. 

Fuhrmann, M., Petton, B., Quillien, V., Faury, N., Morga, B., & Pernet, F. (2016). 

Salinity influences disease-induced mortality of the oyster Crassostrea gigas and 

infectivity of the ostreid herpesvirus 1 (OsHV-1). Aquaculture Environment 

Interactions, 8, 543–552. 

Garcia, C., Thébault, A., Dégremont, L., Arzul, I., Miossec, L., Robert, M., Chollet, 

B., François, C., Joly, J.-P., Ferrand, S., Kerdudou, N., & Renault, T. (2011). 

Ostreid herpesvirus 1 detection and relationship with Crassostrea gigas spat 

mortality in France between 1998 and 2006. Veterinary Research, 42, 73. 

Grange, K. R. (1974). Population structure, breeding cycles and larval development 

in some trochid and turbinid gastropods. University of Auckland. 

Grange, K. R. (1976). Larval development in Lunella smaragda (Gastropoda: 

Turbinidae). New Zealand Journal of Marine and Freshwater Research, 10, 

517–525. 

Hadley, S., Wild-Allen, K., Johnson, C., & Macleod, C. (2014). Modeling macroalgae 

growth and nutrient dynamics for integrated multi-trophic aquaculture. Journal 

of Applied Phycology, 27, 901–916. 

Hahn, T., Lang, S., Ulber, R., & Muffler, K. (2012). Novel procedures for the 

extraction of fucoidan from brown algae. Process Biochemistry, 47, 1691–1698. 

Haven, D. S., & Morales-Alamo, R. (1966). Aspects of biodeposition by oysters and 

other invertebrate filter feeders. Limnology and Oceanography, 11, 487–498. 

Higashikawa, F. (2012). Effects of a Supplement Containing Fucoidan on Basal Body 

Temperature (ClinicalTrials.gov Identifier: NCT01399216). 

Holdt, S. L., & Kraan, S. (2011). Bioactive compounds in seaweed: functional food 

applications and legislation. Journal of Applied Phycology, 23, 543–597. 

Hooker, S. H. (1995). Life history and demography of the pipi Paphies australis in 

northeastern New Zealand. University of Auckland. 



 

181 

 

Hooker, S. H. (1997). Larval and postlarval development of the New Zealand pipi, 

Paphies australis (Bivalvia : Mesodesmatidae). Bulletin of Marine Science, 61, 

225–240. 

Huang, T. H., Chiu, Y. H., Chan, Y. L., Chiu, Y. H., Wang, H., Huang, K. C., Li, T. 

L., Hsu, K. H., & Wu, C. J. (2015). Prophylactic administration of fucoidan 

represses cancer metastasis by inhibiting vascular endothelial growth factor 

(VEGF) and matrix metalloproteinases (MMPs) in Lewis tumor-bearing mice. 

Marine Drugs, 13, 1882–1900. 

IDREEM. (2016) Beyond fish monoculture: developing integrated multi-trophic 

aquaculture in Europe final report. Florence, Italy: AD Futura. 

Innes, T., Park, C., & Lane, N. (2013). Puhoi to Warkworth: Marine Ecology 

Assessment Report. Auckland. 

Irhimeh, M., Fitton, H., & Lowenthal, R. (2009). Pilot clinical study to evaluate the 

anticoagulant activity of fucoidan. Blood Coagulation and Fibrinolysis, 20, 607–

610. 

Irwin, C. (2004). The impacts of harvesting and the sustainability of a New Zealand 

littleneck clam (Austrovenus stutchburyi) fishery in Papanui and Waitati Inlets, 

New Zealand. Univeristy of Otago. 

Jeffs, A. G. (2002). Assessment of the potential for aquaculture in the Rodney district. 

Jeffs, A. G. (2003). Assessment of the potential for aquaculture development in 

Northland. Prepared for Enterprise Northland- Aquaculture Development 

Group. Auckland. 

Jeffs, A. G. (2005). National aquaculture sector overview. New Zealand. Rome: Food 

and Agriculture Organization of the United Nations. 

Jeffs, A. G., Holland, R. C., Hooker, S. H., & Hayden, B. J. (1999). Overview and 

bibliography of research on the Greenshell mussel, Perna canaliculus, from New 

Zealand waters. Journal of Shellfish Research, 18, 347–360. 

Jenkins, C., Hick, P., Gabor, M., Spiers, Z., Fell, S. A., Gu, X., Read, A., Go, J., 

Dove, M., O’Connor, W., Kirkland, P. ., & Frances, J. (2013). Identification and 

characterisation of an ostreid herpesvirus-1 microvariant (OsHV-1µ-var) in 

Crassostrea gigas (Pacific oysters) in Australia. Diseases of Aquatic Organisms, 

105, 109–126. 

Jiang, Z., Wang, G., Fang, J., & Mao, Y. (2013). Growth and food sources of Pacific 

oyster Crassostrea gigas integrated culture with sea bass Lateolabrax japonicus 

in Ailian Bay, China. Aquaculture International, 21, 45–52. 

 

 



 

182 

 

Joesting, H. M., Blaylock, R., Biber, P., & Ray, A. (2016). The use of marine 

aquaculture solid waste for nursery production of the salt marsh plants Spartina 

alterniflora and Juncus roemerianus. Aquaculture Reports, 3, 108–114. 

Jones, A. B., Dennison, W. C., & Preston, N. P. (2001). Integrated treatment of 

shrimp effluent by sedimentation, oyster filtration and macroalgal absorption: a 

laboratory scale study. Aquaculture, 193, 155–178. 

Kain, J. M. (2015). Hormosira banksii (Phaeophyceae): a tough survivor in the harsh 

conditions of high intertidal pools in southeast Australia. European Journal of 

Phycology, 50, 408–421. 

Kainamu, A. A. (2010). The fishery trend and feeding capacity of the New Zealand 

littleneck clam, Austrovenus stutchburyi, in a southern New Zealand inlet . 

University of Otago. 

Kannan, R. R. R., Arumugam, R., & Anantharaman, P. (2013). Pharmaceutical 

potential of a fucoidan-like sulphated polysaccharide isolated from Halodule 

pinifolia. International Journal of Biological Macromolecules, 62, 30–34. 

Kariya, Y., Mulloy, B., Imai, K., Tominaga, A., Kaneko, T., Asari, A., Suzuki, K., 

Masuda, H., Kyogashima, M., & Ishii, T. (2004). Isolation and partial 

characterization of fucan sulfates from the body wall of sea cucumber Stichopus 

japonicus and their ability to inhibit osteoclastogenesis. Carbohydrate Research, 

339, 1339–1346. 

Keeley, N. B., Forrest, B. M., Hopkins, G., Gillespie, P., Knight, B., Webb, S., 

Clement, D., & Gardner, J. (2009). Sustainable aquaculture in New Zealand: 

review of the ecological effects of farming shellfish and other non-finfish species. 

Keeling, S. E., Brosnahan, C. L., Williams, R., Gias, E., Hannah, M., Bueno, R., 

McDonald, W. L., & Johnston, C. (2014). New Zealand juvenile oyster mortality 

associated with ostreid herpesvirus 1-an opportunistic longitudinal study. 

Diseases of Aquatic Organisms, 109, 231–9. 

Kleitou, P., Kletou, D., & David, J. (2018). Is Europe ready for integrated multi-

trophic aquaculture? A survey on the perspectives of European farmers and 

scientists with IMTA experience. Aquaculture, 490, 136-148. 

Kwak, J. Y. (2014). Fucoidan as a marine anticancer agent in preclinical 

development. Marine Drugs, 12, 851–870. 

Lacoste, A., Malham, S. K., Gélébart, F., Cueff, A., & Poulet, S. A. (2002). Stress-

induced immune changes in the oyster Crassostrea gigas. Developmental & 

Comparative Immunology, 26, 1–9. 

 

 



 

183 

 

Lacoste, E., Le Moullac, G., Levy, P., Gueguen, Y., & Gaertner-Mazouni, N. (2014). 

Biofouling development and its effect on growth and reproduction of the farmed 

pearl oyster Pinctada margaritifera. Aquaculture, 434, 18–26. 

Laing, R. M., & Gourlay, H. W. (1929). The New Zealand species of Gigartina. 

Transactions of the Royal Society of New Zealand, 102–135. 

Lander, T. R., Robinson, S. M. C., MacDonald, B. A., & Martin, J. D. (2012). 

Enhanced growth rates and condition index of blue mussels (Mytilus edulis) held 

at integrated multitrophic aquaculture sites in the Bay of Fundy. Journal of 

Shellfish Research, 31, 997–1007. 

Larcombe, M. (1971). The ecology, population dynamics, and energetics of some soft 

shore molluscs. University of Auckland. 

Lawrence, D. R., & Scott, G. I. (1982). The determination and use of condition index 

of oysters. Estuaries, 5, 23–27. 

Le Gouvello, R., Hochart, L. E., Laffoley, D., Simard, F., Andrade, C., Angel, D., 

Callier, M., De Monbrison, D., Fezzardi, D., Haroun, R., Harris, A., Hughes, A., 

Massa, F., … Marino, G. (2017). Aquaculture and marine protected areas: 

Potential opportunities and synergies. Aquatic Conservation: Marine and 

Freshwater Ecosystems, 27, 138–150. 

Leppäkoski, E., & Olenin, S. (2000). Non-native species and rates of spread: lessons 

from the brackish Baltic Sea. Biological Invasions, 2, 151–163. 

Li, B., Lu, F., Wei, X., & Zhao, R. (2008). Fucoidan: structure and bioactivity. 

Molecules, 13, 1671–1695. 

Lodeiros, C., & Garcia, N. (2004). The use of sea urchins to control fouling during 

suspended culture of bivalves. Aquaculture, 231, 293–298. 

Lohrer, A. M., Townsend, M., Hailes, S. F., Rodil, I. F., Cartner, K., Pratt, D. R., & 

Hewitt, J. E. (2016). Influence of New Zealand cockles (Austrovenus 

stutchburyi) on primary productivity in sandflat-seagrass (Zostera muelleri) 

ecotones. Estuarine, Coastal and Shelf Science, 181, 238–248. 

Lynch, S. A., Carlsson, J., Reilly, A. O., Cotter, E., & Culloty, S. C. (2012). A 

previously undescribed ostreid herpes virus 1 (OsHV-1) genotype detected in the 

Pacific oyster, Crassostrea gigas, in Ireland. Parasitology, 139, 1526–32. 

Macinnis-Ng, C. M. O., Morrison, D. A., & Ralph, P. J. (2005). Temporal and spatial 

variation in the morphology of the brown macroalga Hormosira banksii 

(Fucales, Phaeophyta). Botanica Marina, 48, 198–207. 

Mak, W. (2012). Extraction, characterization, and antioxidant activity of fucoidan 

from New Zealand Undaria pinnatifida (Harvey) Suringar. Auckland University 

of Technology. 



 

184 

 

Mak, W., Hamid, N., Liu, T., Lu, J., & White, W. L. (2013). Fucoidan from New 

Zealand Undaria pinnatifida: monthly variations and determination of 

antioxidant activities. Carbohydrate Polymers, 95, 606–14. 

Mak, W., Wang, K., Liu, T., Hamid, N., Li, Y., Lu, J., & White, W. (2014). Anti-

proliferation potential and content of fucoidan extracted from sporophyll of New 

Zealand Undaria pinnatifida. Frontiers in Nutrition, 1, 1–10. 

Mallet, A. L., Carver, C. E., & Hardy, M. (2009). The effect of floating bag 

management strategies on biofouling, oyster growth and biodeposition levels. 

Aquaculture, 287, 315–323. 

Mamat, N. (2010). Nutrition and broodstock conditioning of the New Zealand pipi, 

Paphies australis. Auckland University of Technology. 

Marsden, I. D. (2004). Effects of reduced salinity and seston availability on growth of 

the New Zealand little-neck clam Austrovenus stutchburyi. Marine Ecology 

Progress Series, 266, 157–171. 

Marsden, I. D., & Bressington, M. J. (2009). Effects of macroalgal mats and hypoxia 

on burrowing depth of the New Zealand cockle (Austrovenus stutchburyi). 

Estuarine, Coastal and Shelf Science, 81, 438–444. 

Marsden, I. D., & Pilkington, R. M. (1995). Spatial and temporal variations in the 

condition of Austrovenous stutchburyi Finlay, 1927 (Bivalvia: Veneridae) from 

the Avon-Heathcote Estuary, Christchurch. New Zealand Natural Sciences, 22, 

57–67. 

Martenot, C., Oden, E., Travaillé, E., Malas, J. P., & Houssin, M. (2011). Detection of 

different variants of ostreid herpesvirus 1 in the Pacific oyster, Crassostrea gigas 

between 2008 and 2010. Virus Research, 160, 25–31. 

McCauley, J. I., Meyer, B. J., Winberg, P. C., Ranson, M., & Skropeta, D. (2014). 

Selecting Australian marine macroalgae based on the fatty acid composition and 

anti-inflammatory activity. Journal of Applied Phycology, 27, 2111–2121. 

McKenzie, P. F., & Bellgrove, A. (2008). Dispersal of Hormosira banksii 

(Phaeophyceae) via detached fragments: reproductive viability and longevity. 

Journal of Phycology, 44, 1108–1115. 

McKinnon, J. F. (1996). Studies of the age, growth and shell increment patterns in the 

New Zealand cockle (Austrovenus stutchburyi). University of Otago. 

McLeod, R. J., & Wing, S. R. (2008). Influence of an altered salinity regime on the 

population structure of two infaunal bivalve species. Estuarine, Coastal and 

Shelf Science, 78, 529–540. 

 

 



 

185 

 

Min, S. K., Kwon, O. C., Lee, S., Park, K. H., & Kim, J. K. (2012). An antithrombotic 

fucoidan, unlike heparin, does not prolong bleeding time in a murine arterial 

thrombosis model: a comparative study of Undaria pinnatifida sporophylls and 

fucus vesiculosus. Phytotherapy Research, 26, 752–757. 

Minchin, D. A. N., & Duggan, C. B. (1989). Biological control of the mussel in 

shellfish culture. Aquaculture, 81, 97–100. 

Mineur, F., Provan, J., & Arnott, G. (2014). Phylogeographical analyses of shellfish 

viruses: inferring a geographical origin for ostreid herpesviruses OsHV-1 

(Malacoherpesviridae). Marine Biology, 1–12. 

Mitchell, I. M. (2006). In situ biodeposition rates of Pacific oysters (Crassostrea 

gigas) on a marine farm in Southern Tasmania (Australia). Aquaculture, 257, 

194–203. 

Moore, L. B. (1950). A “loose-lying” form of the brown alga Hormosira. 

Transactions and Proceedings of the Royal Society of New Zealand, 78, 48–53. 

Morton, J. E. (1949). The structure and function of the stomach and sorting caecum in 

Lunella smaragda (Martyn) (Turbinidae). Journal of Molluscan Studies, 31, 

123–137. 

Morya, V. K., Kim, J., & Kim, E. K. (2012). Algal fucoidan: Structural and size-

dependent bioactivities and their perspectives. Applied Microbiology and 

Biotechnology, 93, 71–82. 

Mueller, R., Fischer, A. M., Bolch, C. J. S., & Wright, J. T. (2015). Environmental 

correlates of phenotypic variation: do variable tidal regimes influence 

morphology in intertidal seaweeds? Journal of Phycology, 51, 859–871. 

Nelson, W. (2013a). New Zealand seaweeds: an illustrated guide. New Zealand 

seaweeds: an illustrated guide. (1st ed.). Wellington: Te Papa Press. 

Nelson, W. (2013b). Pyropia plicata sp. nov.(Bangiales, Rhodophyta): naming a 

common intertidal alga from New Zealand. PhytoKeys, 21, 17–28. 

Neori, A., & Nobre, A. M. (2012). Relationship between trophic level and economics 

in aquaculture. In Aquaculture Economics & Management (Vol. 16, pp. 40–67). 

Neori, A., Troell, M., Chopin, T., Yarish, C., Critchley, A., & Buschmann, A. H. 

(2007). The need for a balanced ecosystem approach to Blue Revolution 

aquaculture. Environment: Science and Policy for Sustainable Development, 49, 

36–43. 

Newell, R. (2004). Ecosystem influences of natural and cultivated populations of 

suspension feeding bivalve molluscs review. Journal of Shellfish Research, 23, 

51–61. 



 

186 

 

Nobre, A. M., Robertson-Andersson, D., Neori, A., & Sankar, K. (2010). Ecological–

economic assessment of aquaculture options: comparison between abalone 

monoculture and integrated multi-trophic aquaculture of abalone and seaweeds. 

Aquaculture, 306, 116–126. 

Norkko, J., Thrush, S. F., & Wells, R. M. G. (2006). Indicators of short-term growth 

in bivalves: detecting environmental change across ecological scales. Journal of 

Experimental Marine Biology and Ecology, 337, 38–48. 

Normand, J., Blin, J.-L., & Jouaux, A. (2014). Rearing practices identified as risk 

factors for ostreid herpesvirus 1 (OsHV-1) infection in Pacific oyster 

Crassostrea gigas spat. Diseases of Aquatic Organisms, 110, 201–11. 

Normand, J., Li, R., Quillien, V., Nicolas, J.-L., Boudry, P., Pernet, F., & Huvet, A. 

(2014). Contrasted survival under field or controlled conditions displays 

associations between mRNA levels of candidate genes and response to OsHV-1 

infection in the Pacific oyster Crassostrea gigas. Marine Genomics, 15, 95–102. 

NZ Govt. (2012). The Government’s aquaculture strategy and five-year action plan to 

support aquaculture. 

O’Connell-Milne, S. A., Poulin, R., Savage, C., & Rayment, W. (2016). Reduced 

growth, body condition and foot length of the bivalve Austrovenus stutchburyi in 

response to parasite infection. Journal of Experimental Marine Biology and 

Ecology, 474, 23–28. 

OIE. (2013). Infection with ostreid herpesvirus 1 microvariant. In Manual of 

Diagnostic Tests for Aquatic Animals : Version adopted by the World Assembly 

of Delegates of the OIE in May 2013 (pp. 1–14). Paris: OIE. World Organisation 

for Animal Health. 

Osborn, J. E. M. (1948). The structure and life history of Hormosira banksii (Turner) 

Decaisne. Transactions of the Royal Society of New Zealand, 77, 47–71. 

Paltzat, D. L., Pearce, C. M., Barnes, P. A., & McKinley, R. S. (2008). Growth and 

production of California sea cucumbers (Parastichopus californicus Stimpson) 

cocultured with suspended Pacific oysters (Crassostrea gigas Thunberg). 

Aquaculture, 275, 124–137. 

Park, M., Shin, S. K., Do., Y. H., Yarish, C., & Kim, J. K. (2018). Application of 

open water integrated multi-trophic aquaculture to intensive monoculture: a 

review of the current status and challenges in Korea. Aquaculture, 497, 174-183. 

Paul-Pont, I., Dhand, N. K., & Whittington, R. J. (2013a). Influence of husbandry 

practices on OsHV-1 associated mortality of Pacific oysters Crassostrea gigas. 

Aquaculture, 412–413, 202–214. 

 



 

187 

 

Paul-Pont, I., Dhand, N. K., & Whittington, R. J. (2013b). Spatial distribution of 

mortality in Pacific oysters Crassostrea gigas: reflection on mechanisms of 

OsHV-1 transmission. Diseases of Aquatic Organisms, 105, 127–38. 

Paul-Pont, I., Evans, O., Dhand, N. K., Rubio, A., Coad, P., & Whittington, R. J. 

(2014). Descriptive epidemiology of mass mortality due to ostreid herpesvirus-1 

(OsHV-1) in commercially farmed Pacific oysters (Crassostrea gigas) in the 

Hawkesbury River estuary, Australia. Aquaculture, 422–423, 146–159. 

Pawley, M. D. (2012). The distribution and abundance of pipis and cockles in the 

Northland, Auckland and Bay of Plenty regions, 2012. New Zealand Fisheries 

Assessment Report 2012/45. Wellington: Ministry of Primary Industries, New 

Zealand. 

Pawley, M. D. (2014). Population and biomass survey of pipi (Paphies australis) on 

Mair Bank, Whangarei Harbour. Whangarei. 

Pawley, M. D., & Smith, A. N. H. (2014). The distribution and abundance of pipis 

and cockles in the Northland, Auckland and Bay of Plenty regions, 2013. New 

Zealand Fisheries Assessment Report 2014/29. Wellington. Retrieved from 

file:///C:/Users/Pretty Fish/Downloads/FAR 2012 45 pipis and cockles int he 

Northland Auckland and Bay of Plenty regions 2012.pdf 

Peeler, E. J., Reese, R. A., Cheslett, D. L., Geoghegan, F., Power, A., & Thrush, M. 

A. (2012). Investigation of mortality in Pacific oysters associated with ostreid 

herpesvirus-1 μVar in the Republic of Ireland in 2009. Preventive Veterinary 

Medicine, 105, 136–43. 

Perdue, J. A., Beattie, J. H., & Chew, K. K. (1981). Some relationships between 

gametogenic cycle and summer mortality phenomenon in the Pacific oyster 

(Crassostrea gigas) in Washington State. Journal of Shellfish Research, 1, 9–16. 

Pernet, F., Barret, J., Le Gall, P., Corporeau, C., Dégremont, L., Lagarde, F., Pépin, 

J.-F., & Keck, N. (2012). Mass mortalities of Pacific oysters Crassostrea gigas 

reflect infectious diseases and vary with farming practices in the Mediterranean 

Thau lagoon, France. Aquaculture Environment Interactions, 2, 215–237. 

Pernet, F., Lagarde, F., Jeannée, N., Daigle, G., Barret, J., Le Gall, P., Quere, C., & 

D’orbcastel, E. R. (2014). Spatial and temporal dynamics of mass mortalities in 

oysters is influenced by energetic reserves and food quality. PloS One, 9, 

e88469. 

Pernet, F., Lagarde, F., Le Gall, P., & D’Orbcastel, E. (2014). Associations between 

farming practices and disease mortality of Pacific oyster Crassostrea gigas in a 

Mediterranean lagoon. Aquaculture Environment Interactions, 5, 99–106. 

 

 



 

188 

 

Powers, M. J., Peterson, C. H., Summerson, H. C., & Powers, S. P. (2007). 

Macroalgal growth on bivalve aquaculture netting enhances nursery habitat for 

mobile invertebrates and juvenile fishes. Marine Ecology Progress Series, 339, 

109–122. 

Pridmore, R. D., Roper, D. S., & Hewitt, J. E. (1990). Variation in composition and 

condition of the Pacific Oyster, Crassostrea gigas, along a pollution gradient in 

Manukau Harbour, New Zealand. Marine Environmental Research, 30, 163–177. 

Purcell, S. W., & Agudo, N. S. (2013). Optimisation of mesh enclosures for nursery 

rearing of juvenile sea cucumbers. PLoS ONE, 8, 1–10. 

Ralph, P. J., Morrison, D. A., & Addison, A. (1998). A quantitative study of the 

patterns of morphological variation within Hormosira banksii (Turner) Decaisne 

(Fucales: Phaeophyta) in South-Eastern Australia. Journal of Experimental 

Marine Biology and Ecology, 225, 285–300. 

Ray, N. E., Terlizzi, D. E., & Kangas, P. C. (2015). Nitrogen and phosphorus removal 

by the Algal Turf Scrubber at an oyster aquaculture facility. Ecological 

Engineering, 78, 27–32. 

Reitsma, J., Murphy, D. C., Archer, A. F., & York, R. H. (2017). Nitrogen extraction 

potential of wild and cultured bivalves harvested from nearshore waters of Cape 

Cod, USA. Marine Pollution Bulletin, 116, 175–181. 

Renault, T., Deuff, R. M. Le, Cochennec, N., Chollet, B., & Maffart, P. (1995). 

Herpes-like viruses associated with high mortality levels in larvae and spat of 

Pacific oysters, Crassostrea gigas: a comparative study, the thermal effects on 

virus detection in hatchery-reared larvae, reproduction of the disease in axenic 

larvae. Veterinary Research, 26, 539–543. 

Renault, T., Moreau, P., Faury, N., Pepin, J., Segarra, A., & Webb, S. (2012). 

Analysis of clinical ostreid herpesvirus 1 (Malacoherpesviridae) specimens by 

sequencing amplified fragments from three virus genome areas. Journal of 

Virology, 86, 5942–7. 

Rheault, R. (2012). Shellfish Aquaculture. In J. H. Tidwell (Ed.), Aquaculture 

Production Systems. World Aquaculture Society. (pp. 79–118). Oxford: John 

Wiley & Sons, Inc. 

Richardson, J. T. E. (2011). Eta squared and partial eta squared as measures of effect 

size in educational research. Educational Research Review, 6, 135–147. 

Ridler, N., Wowchuk, M., Robinson, B., Barrington, K., Chopin, T., Robinson, S., 

Page, F., Reid, G., Szemerda, M., Sewuster, J., & Boyne-Travis, S. (2007). 

Integrated multi−trophic aquaculture (IMTA): a potential strategic choice for 

farmers. Aquaculture Economics & Management, 11, 99–110. 



 

189 

 

Roque, A., Carrasco, N., Andree, K. B., Lacuesta, B., Elandaloussi, L., Gairin, I., 

Rodgers, C. J., & Furones, M. D. (2012). First report of OsHV-1 microvar in 

Pacific oyster (Crassostrea gigas) cultured in Spain. Aquaculture, 324–325, 

303–306. 

Rosa, I. C., Costa, R., Gonçalves, F., & Pereira, J. L. (2014). Bioremediation of metal-

rich effluents: could the invasive bivalve work as a biofilter? Journal of 

Environmental Quality, 43, 1536–1545. 

Samain, J. F., Dégremont, L., Soletchnik, P., Haure, J., Bédier, E., Ropert, M., Moal, 

J., Huvet, A., Bacca, H., Van Wormhoudt, A., Delaporte, M., Costil, K., 

Pouvreau, S. … Boudry, P. (2007). Genetically based resistance to summer 

mortality in the Pacific oyster (Crassostrea gigas) and its relationship with 

physiological, immunological characteristics and infection processes. 

Aquaculture, 268, 227–243. 

Sanderson, J. C., Cromey, C. J., Dring, M. J., & Kelly, M. S. (2008). Distribution of 

nutrients for seaweed cultivation around salmon cages at farm sites in north-west 

Scotland. Aquaculture, 278, 60–68. 

Sandwell, D. R., Pilditch, C. A., & Lohrer, A. M. (2009). Density dependent effects of 

an infaunal suspension-feeding bivalve (Austrovenus stutchburyi) on sandflat 

nutrient fluxes and microphytobenthic productivity. Journal of Experimental 

Marine Biology and Ecology, 373, 16–25. 

Sauvage, C., Pépin, J. F., Lapègue, S., Boudry, P., & Renault, T. (2009). Ostreid 

herpes virus 1 infection in families of the Pacific oyster, Crassostrea gigas, 

during a summer mortality outbreak: differences in viral DNA detection and 

quantification using real-time PCR. Virus Research, 142, 181–187. 

Schiel, D. R., Lilley, S. A., South, P. M., & Coggins, J. H. J. (2016). Decadal changes 

in sea surface temperature, wave forces and intertidal structure in New Zealand. 

Marine Ecology Progress Series, 548, 77–95. 

Schikorski, D., Faury, N., Pepin, J. F., Saulnier, D., Tourbiez, D., & Renault, T. 

(2011). Experimental ostreid herpesvirus 1 infection of the Pacific oyster 

Crassostrea gigas: kinetics of virus DNA detection by q-PCR in seawater and in 

oyster samples. Virus Research, 155, 28–34. 

Schikorski, D., Renault, T., Saulnier, D., Faury, N., Moreau, P., & Pépin, J. (2011). 

Experimental infection of Pacific oyster Crassostrea gigas spat by ostreid 

herpesvirus 1 : demonstration of oyster spat susceptibility. Veterinary Research, 

42, 27. 

Schoenwaelder, M. (2002). Physode distribution and the effect of “thallus sunburn” in 

Hormosira banksii (Fucales, Phaeophyceae). Botanica Marina, 45, 262–266. 

 



 

190 

 

Schoenwaelder, M., & Clayton, M. (1998). Secretion of phenolic substances into the 

zygote wall and cell plate in embryos of Hormosira and Acrocarpia (Fucales, 

Phaeophyceae). Journal of Physiology, 34, 969–980. 

Segarra, A., Baillon, L., Tourbiez, D., Benabdelmouna, A., Faury, N., Bourgougnon, 

N., & Renault, T. (2014). Ostreid herpesvirus type 1 replication and host 

response in adult Pacific oysters, Crassostrea gigas. Veterinary Research, 45, 

103. 

Shi, H., Zheng, W., Zhang, X., Zhu, M., & Ding, D. (2013). Ecological-economic 

assessment of monoculture and integrated multi-trophic aquaculture in Sanggou 

Bay of China. Aquaculture, 410–411, 172–178. 

Sievers, M., Fitridge, I., Bui, S., & Dempster, T. (2017). To treat or not to treat: a 

quantitative review of the effect of biofouling and control methods in shellfish 

aquaculture to evaluate the necessity of removal. Biofouling, 33, 755–767. 

Sievers, M., Fitridge, I., Dempster, T., & Keough, M. J. (2013). Biofouling leads to 

reduced shell growth and flesh weight in the cultured mussel Mytilus 

galloprovincialis. Biofouling, 29, 97–107. 

Skriptsova, A. V. (2015). Fucoidans of brown algae: biosynthesis, localization, and 

physiological role in thallus. Russian Journal of Marine Biology, 41, 145–156. 

Slater, M. J., & Carton, A. G. (2007). Survivorship and growth of the sea cucumber 

Australostichopus (Stichopus) mollis (Hutton 1872) in polyculture trials with 

green-lipped mussel farms. Aquaculture, 272, 389–398. 

Slater, M. J., & Jeffs, A. G. (2010). Do benthic sediment characteristics explain the 

distribution of juveniles of the deposit-feeding sea cucumber Australostichopus 

mollis? Journal of Sea Research, 64, 241–249. 

Slater, M. J., Jeffs, A. G., & Carton, A. G. (2009). The use of the waste from green-

lipped mussels as a food source for juvenile sea cucumber, Australostichopus 

mollis. Aquaculture, 292, 219–224. 

Smith, I. (2013). Pre-European Maori exploitation of marine resources in two New 

Zealand case study areas: species range and temporal change. Journal of the 

Royal Society of New Zealand, 43, 1–37. 

Smoothey, A. F. (2013). Habitat-associations of Turban snails on intertidal and 

subtidal rocky reefs. PLoS ONE, 8, 1–9. 

Soto, D. (Ed.). (2009). Integrated mariculture: a global review. FAO Fisheries and 

Aquaculture Technical Paper. No. 529. Rome: Food and Agriculture 

Organization of the United Nations. 

 

 



 

191 

 

Stengel, D. B., Connan, S., & Popper, Z. A. (2011). Algal chemodiversity and 

bioactivity: sources of natural variability and implications for commercial 

application. Biotechnology Advances, 29, 483–501. 

Stewart, M. J., & Creese, R. G. (2002). Transplants of intertidal shellfish for 

enhancement of depleted populations: preliminary trials with the New Zealand 

little neck clam. Journal of Shellfish Research, 21, 21–27. 

Sutherland, J. E., Lindstrom, S. C., Nelson, W. A., Brodie, J., Lynch, M. D. J., 

Hwang, M. S., Choi, H. G., Miyata, M., Kikuchi, N., Oliveira, M. C., Farr, T., 

Neefus, C., Mols-Mortensen, A., … Mueller, K. M. (2011). A new look at an 

ancient order: generic revision of the Bangiales (Rhodophyta). Journal of 

Phycology, 47, 1131–1151. 

Tako, M., Nakada, T., & Hongou, F. (1999). Chemical characterization of fucoidan 

from commercially cultured Nemacystus decipiens (Itomozuku). Bioscience, 

Biotechnology, and Biochemistry, 63, 1813–1815. 

Thuy, T. T. T., Ly, B. M., Van, T. T. T., Van Quang, N., Tu, H. C., Zheng, Y., 

Seguin-Devaux, C., Mi, B., & Ai, U. (2015). Anti-HIV activity of fucoidans 

from three brown seaweed species. Carbohydrate Polymers, 115, 122–128. 

Tidwell, J. H., & Allan, G. (2012). The role of aquaculture. In Aquaculture 

Production Systems (pp. 3–14). John Wiley & Sons. 

Titlyanov, E. A., & Titlyanova, T. V. (2010). Seaweed cultivation: methods and 

problems. Russian Journal of Marine Biology, 36, 227–242. 

Tokita, Y., Hirayama, M., Nakajima, K., Tamaki, K., Iha, M., & Nagamine, T. 

(2017). Detection of fucoidan in urine after oral intake of traditional Japanese 

seaweed, Okinawa mozuku (Cladosiphon okamuranus Tokida). Journal of 

Nutritional Science and Vitaminology, 63, 419–421. 

Tokita, Y., Nakajima, K., Mochida, H., Iha, M., & Nagamine, T. (2010). 

Development of a fucoidan-specific antibody and measurement of fucoidan in 

serum and urine by sandwich ELISA. Bioscience, Biotechnology, and 

Biochemistry, 74, 350–7. 

Troell, M., Joyce, A., Chopin, T., Neori, A., Buschmann, A. H., & Fang, J. G. (2009). 

Ecological engineering in aquaculture — potential for integrated multi-trophic 

aquaculture (IMTA) in marine offshore systems. Aquaculture, 297, 1–9. 

Troell, M., Naylor, R. L., Metian, M., Beveridge, M., Tyedmers, P. H., Folke, C., 

Arrow, K. J., Barrett, S., Crepin, A.-S., Ehrlich, P. R., Gren, A., Kautsky, N., 

Levin, S. a, … de Zeeuw, A. (2014). Does aquaculture add resilience to the 

global food system? Proceedings of the National Academy of Sciences, 111, 

13257–13263. 



 

192 

 

UN. (2014). Concise Report on the World Population Situation in 2014. New York. 

Vigneron, V., Solliec, G., Montanié, H., & Renault, T. (2004). Detection of Ostreid 

Herpesvirus 1 (OsHV-1) DNA in seawater by PCR: influence of water 

parameters in bioassays. Diseases of Aquatic Organisms, 62, 35–44. 

Walsby, J. R. (1977). Population variations in the grazing turbinid Lunella smaragda 

(Mollusca : Gastropoda). New Zealand Journal of Marine and Freshwater, 11, 

211–238. 

Watson, D. I., Shumway, S. E., & Whitlatch, R. B. (2009). Biofouling and the 

shellfish industry. In S. E. Shumway & G. E. Rodrick (Eds.), Shellfish Safety and 

Quality (Food Scien, pp. 317–337). Cambridge: Woodhead Publishing Limited. 

Webb, S. C. (2012). Studies on ostreid herpes virus-1: a causal agent implicated in 

summer mortality in the oyster Crassostrea gigas by PCR of archival histological 

specimens. Prepared for Royal Society of New Zealand. Cawthron Report No. 

2093. 

Webb, S. C., Fidler, A., & Renault, T. (2007). Primers for PCR-based detection of 

ostreid herpes virus-1 (OsHV-1): application in a survey of New Zealand 

molluscs. Aquaculture, 272, 126–139. 

Whittington, R. J., Dhand, N. K., Evans, O., & Paul-Pont, I. (2015). Further 

observations on the influence of husbandry practices on OsHV-1 μVar mortality 

in Pacific oysters Crassostrea gigas: Age, cultivation structures and growing 

height. Aquaculture, 438, 82–97. 

Wijesinghe, W. A. J. P., & Jeon, Y. J. (2012). Biological activities and potential 

industrial applications of fucose rich sulfated polysaccharides and fucoidans 

isolated from brown seaweeds: a review. Carbohydrate Polymers, 88, 13–20. 

Wild-Allen, K., Herzfeld, M., Thompson, P. A., Rosebrock, U., Parslow, J., & 

Volkman, J. K. (2010). Applied coastal biogeochemical modelling to quantify 

the environmental impact of fish farm nutrients and inform managers. Journal of 

Marine Systems, 81, 134–147. 

Worthington, D. G., & Fairweather, P. G. (1989). Shelter and food: interactions 

between Turbo undulatum (Archaeogastropoda: Turbinidae) and coralline algae 

on rocky seashores in New South Wales. Journal of Experimental Marine 

Biology and Ecology, 129, 61–79. 

Xia, J., Bai, C., Wang, C., Song, X., & Huang, J. (2015). Complete genome sequence 

of Ostreid herpesvirus-1 associated with mortalities of Scapharca broughtonii 

broodstocks herpes viruses. Virology Journal, 12, 1–9. 

 

 



 

193 

 

Yokoyama, H. (2013). Growth and food source of the sea cucumber Apostichopus 

japonicus cultured below fish cages — potential for integrated multi-trophic 

aquaculture. Aquaculture, 372–375, 28–38. 

Yokoyama, H. (2015). Suspended culture of the sea cucumber Apostichopus 

japonicus below a Pacific oyster raft - potential for integrated multi-trophic 

aquaculture. Aquaculture Research, 46, 825–832. 

Younes, A. M., Hegazi, M. M., Beall, G. W., Al-Sharkawey, A. E., Dashti, N. H., & 

Montasser, M. S. (2016). Synthesis and conversion of gold nanosphere into 

nanoprism using Laurencia papillosa: a novel natural method. Journal of 

Fisheries & Livestock Production, 4, 163. 

Zamora, L., Dollimore, J., & Jeffs, A. (2014). Feasibility of coculture of the 

Australasian sea cucumber (Australostichopus mollis) with the Pacific oyster  

(Crassostrea gigas) in northern New Zealand. New Zealand Journal of Marine and 

Freshwater Research, 48, 394–404. 

Zamora, L., & Jeffs, A. (2012a). Feeding, metabolism and growth in response to 

temperature in juveniles of the Australasian sea cucumber, Australostichopus 

mollis. Aquaculture, 358–359, 92–97. 

Zamora, L., & Jeffs, A. G. (2012b). The ability of the deposit-feeding sea cucumber 

Australostichopus mollis to use natural variation in the biodeposits beneath 

mussel farms. Aquaculture, 326–329, 116–122. 

Zemke-White, L., Bremner, G., & Hurd, C. L. (1999). The status of commercial algal 

utilization in New Zealand. In J. M. Kain, M. T. Brown, & M. Lahaye (Eds.), 

Sixteenth International Seaweed Symposium: Proceedings of the Sixteenth 

International Seaweed Symposium held in Cebu City, Philippines, 12--17 April 

1998 (pp. 487–494). Dordrecht: Springer Netherlands. 

Zemke-White, W. L., Speed, S. R., & Mcclary, D. J. (2005). Beach-cast seaweed : a 

review. New Zealand Fisheries Assessment Report. 

Zhang, J. (2016). Country Paper 10: Integrated multi-trophic aquaculture of fish, 

bivalves and seaweed in Sanggou Bay. In W. Miao & K. K. Lal (Eds.), 

Sustainable intensification of aquaculture in the Asia-Pacific region. 

Documentation of successful practices (pp. 170, 110–121). Bangkok, Thailand: 

Food and Agriculture Organization of the United Nations. 

Zhang, Z., Till, S., Knappe, S., Quinn, C., Catarello, J., Ray, J., Scheiflinger, F., 

Szabo, C., & Dockal, M. (2015). Screening of complex fucoidans from four 

brown algae species as procoagulant agents. Carbohydrate Polymers, 115, 677–

685. 

 

 



 

194 

 

Zhou, Y., Yang, H., Hu, H., Liu, Y., Mao, Y., Zhou, H., Xu, X., & Zhang, F. (2006). 

Bioremediation potential of the macroalga Gracilaria lemaneiformis 

(Rhodophyta) integrated into fed fish culture in coastal waters of north China. 

Aquaculture, 252, 264–276. 

Zhou, Y., Yang, H., Liu, S., Yuan, X., Mao, Y., Liu, Y., Xu, X., & Zhang, F. (2006). 

Feeding and growth on bivalve biodeposits by the deposit feeder Stichopus 

japonicus Selenka (Echinodermata: Holothuroidea) cocultured in lantern nets. 

Aquaculture, 256, 510–520. 

  



 

195 

 

Appendix 

 

Growout of New Zealand sea cucumber, Australostichopus mollis, in modified oyster 

baskets on a Pacific oyster farm 

Introduction 

Coculture of native sea cucumbers with Pacific oysters 

Increasing intensity of bivalve farming (See Chapter 3), has the potential to 

generate an increase in the amount of the associated waste deposition (Cranford et al., 

2013; Dumbauld et al., 2009; Mitchell, 2006; Weise et al., 2009). The native New 

Zealand sea cucumber, Australostichopus mollis, is a deposit feeder with a preference 

for consuming bivalve waste, and the species has good commercial potential for 

aquaculture (Slater & Carton, 2007; Slater et al., 2009; Zamora et al., 2014; Zamora & 

Jeffs, 2012). This species occurs naturally on subtidal areas of seafloor at the oyster 

farm site in the Mahurangi Harbour (Slater & Jeffs, 2010) and previous experiments 

have shown some potential for the culture of sea cucumbers in benthic cages beneath, 

and in the vicinity of, intertidal oyster farms in the Mahurangi Harbour (Slater et al., 

2009; Zamora et al., 2014). Therefore, this species may also have potential for culture 

in modified oyster baskets on Pacific oyster farms. 

Previous work has highlighted sea cucumber containment as a significant 

challenge: the individuals are highly capable of escaping from the containers they are 

held in. Ideal containers need to allow water, and hence nutrients and bivalve deposits, 

to flow through freely. However, this is complicated by the ability of sea cucumbers to 

escape through mesh which appears to be smaller than the diameter of their bodies. 
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Aims and Hypotheses 

It is hypothesised that the sea cucumber, Australostichopus mollis, can survive 

and grow at a commercially viable rate when placed in modified oyster baskets 

suspended beneath baskets commercially culturing Pacific oysters in the Mahurangi 

Harbour. 

Methods  

Sea cucumber – oyster coculture experiment 

Oyster basket modification and trial culture 

 An initial assessment in a seawater aquarium determined that the plastic baskets 

used for culturing Pacific oysters were unsuitable for culturing sea cucumbers as they 

failed to accumulate sufficient organic material on which the sea cucumbers could feed. 

Furthermore, sea cucumbers are subtidal animals that cannot tolerate aerial exposure, 

so they need to be cultured at a lower tidal level than the Pacific oysters on oyster farms. 

 To modify the oyster baskets (18 mm plastic mesh Hexcyl oyster baskets) the 

bottom half of the inside of the baskets were lined by attaching shade cloth (Cosio 

Industries Ltd., MED shadecloth in green, 240 gsm, 70 - 80 % shading). A shallow 

plastic tray (68 × 38 × 5 cm depth) that covered the bottom of the basket was then fitted 

over the shade cloth. The sea cucumbers were placed in the tray together with 500 ml 

of seafloor sediment collected from beneath the oyster farm. The tray allowed further 

sediment to accumulate in the floor of the basket for sea cucumbers to feed on, as well 

as retaining sufficient seawater to cover the sea cucumbers when the baskets were lifted 

for inspection, so they were not exposed to air (Figure 1). These modified baskets were 

deployed on the oyster farm by attaching them using strong cable ties beneath baskets 

containing cultured Pacific oysters, so that they remained below tidal height at all times. 
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The top half of the modified basket was not covered with shade cloth, to facilitate the 

settlement of oyster organic detritus into the tray housing the sea cucumbers. The 

effectiveness of the oyster basket modifications was tested in an initial experimental 

deployment using two adult sea cucumbers placed in one modified oyster basket. The 

low experimental numbers were due to a shortage of the animals in the wild in the 

months leading up to the experiment. The experiment began in early April 2016 and 

lasted for five weeks at the oyster farm site in Brownes Bay, Mahurangi Harbour.  

Refined oyster basket modification for juvenile sea cucumber culture 

 The initial experiment indicated that while the retention and survival of sea 

cucumbers over the five weeks was high (100 %), the baskets were too heavy to be 

recovered by hand onto the oyster barges and therefore, further revisions were made to 

the basket design. To lighten the oyster baskets, the plastic tray was removed from the 

basket, leaving just the plastic shade cloth, but beneath it the 18 mm Hexcyl basket 

mesh was replaced with 3 mm fine Hexcyl mesh to help facilitate sediment 

accumulation (Figure 2). This allowed water drainage during lifting of the basket and 

once recovered to the oyster barge the basket was placed in a shallow tub filled with 

seawater to ensure the sea cucumbers remained submerged as much as possible. The 

top half of the modified sea cucumber basket still utilised the 18 mm Hexcyl basket 

mesh, to allow oyster organic detritus to settle into the bottom of the basket where the 

sea cucumbers were held. 

 Juvenile sea cucumbers with individual wet weight 11 – 46 g, were collected in 

early May 2016 from the seafloor near Bean Rock Reef in the Hauraki Gulf at a 

maximum depth of 7 m (Table 1). Experimental stocking biomass of the sea cucumbers 

were Low = 150 g m-2, Medium = 300 g m-2, High = 600 g m-2, (i.e., 1, 2 and 2 - 3 sea 
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cucumbers per basket respectively, Table 1). These stocking rates were based on 

previous maximum culture densities for this sea cucumber in cages on oyster farms 

(Zamora et al., 2014). Each basket had 500 ml of sediment collected from the seafloor 

beneath the oyster farm added onto the shade cloth floor of the basket before the sea 

cucumbers were added. Three replicate baskets for each stocking biomass were 

deployed on the deepest end of the oyster farm in Brownes Bay. Every four to five 

weeks baskets were briefly removed from the water and sea cucumbers weighed on the 

barge according to the methods of Zamora et al., (2014). The experiment ran for 111 

days (Table 1). 

Statistical analysis 

Sea cucumber survival was calculated as a percentage for each census date, 

and the growth in wet weight of individual sea cucumbers was recognised by individual 

markings (Zamora et al., 2014) were plotted over the course of the experiment. 
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B
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Figure 1. Hexcyl 16 mm mesh oyster basket lined with shade cloth and a plastic 

tray with 500 ml of seafloor sediment (A), with two sea cucumbers added (B & C). 
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Figure 2. Modified Hexcyl baskets with 3 mm mesh bottom and 16 mm 

mesh top lined with shade cloth and attached firmly to the bottom of oyster 

baskets with large cable ties. 
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Table 1 Experimental design for sea cucumber growout using modified oyster baskets. 

Species Sea cucumbers 

Size range 11 – 46 g 

Duration 111 days 

Dates May - August 2016 

Location(s) Mahurangi Harbour 

Fixed variables Stocking biomass  

(Low = 150 g m-2, n = 3; Med = 300 g m-2, n = 3; 

High = 600 g m-2, n = 3)    

Dependent variables Sea cucumber numbers, individual wet weight (g) 

Measurement frequency Every four – five weeks 
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Results 

Sea cucumbers can survive in modified oyster baskets. 

With the modified oyster baskets sea cucumbers were observed to be alive and 

growing up to Day 73 of the experiment. At Day 73, the mean survival for the low 

biomass baskets was 33.3 % (SE ± 3.3, n = 3), medium biomass was 66.7 % (SE ± 1.7, 

n = 3), and high biomass baskets was 100 % (n = 3). At Day 111 there were no sea 

cucumbers left in the baskets, and one individual carcass was found (Figures3 & 4). 

 

Higher growth with high starting biomass. 

 Initial mean biomass per basket was: Low (M = 20.7 g, SE ± 0.4, n = 3), Medium 

(M = 47.1 g, SE ± 1.9, n = 3), and High (M = 85.3 g, SE ± 1.7, n = 3). Initial mean wet 

weight per individual sea cucumber was: Low (M = 20.7 g, SE ± 0.4, n = 3), Medium 

(M = 22.1 g, SE ± 3.6, n = 6), and High (M = 32.0 g, SE ± 3.7, n = 8). 

 At Day 73, mean biomass per basket was: Low (M = 32.0 g, n = 1), Medium (M 

= 46.7 g, SE ± 8.4, n = 3), and High (M = 113.7 g, SE ± 5.0, n = 3). Mean wet weight 

per individual sea cucumber at Day 73 was: Low (M = 32.0 g, n = 1), Medium (M = 

35.0 g, SE ± 8.5, n = 4), and High (M = 42.6 g, SE ± 7.6, n = 8). 

 The individual remaining sea cucumber in the low biomass basket at Day 73 

had a wet weight increase of 10.9 g from the start of the experiment. Mean individual 

wet weights in the medium and high biomass baskets at Day 0 and Day 73 were 

analysed with paired sample t-tests. Mean sea cucumber wet weight increase in medium 

biomass treatment baskets over 73 days was not significant: 12.1 g (SE ± 10.6, p = 

0.688, n = 4). Mean sea cucumber wet weight increase in the high biomass treatment 

baskets over 73 days was significant: 10.6 g (SE ± 5.2, p = 0.018, n = 8). 



 

203 

 

 

 

  

  

 

  

Figure 3. The only sea cucumber carcass found on Day 111 of the juvenile sea 

cucumber culture experiment in Brownes Bay, Mahurangi Harbour. 
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Figure 4. Individual wet weight of juvenile sea cucumbers cultured on a Pacific oyster 

farm in modified baskets, for 73 days. Starting biomass: A = 600 g m-2, B = 300 g m-2, 

C = 150 g m-2. 
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Discussion 

 Over the first 73 days of the experiment, larger sea cucumbers in the baskets 

showed the most growth, while the smaller individuals in medium and high density 

baskets had an initial loss in wet weight, followed by a subsequent recovery. One 

individual sea cucumber with an initial wet weight of 46 g increased to 81 g over 73 

days, faster than the growth from 40 g to > 95 g over two years estimated from a 

previous study under similar conditions (Zamora et al., 2014). However, growth in this 

species has been reported to slow down in warmer conditions and when maximum 

stocking biomass has been reached (Slater & Carton, 2007; Slater et al., 2009; Zamora 

et al., 2014). 

 Previous studies on sea cucumber and oyster cocultures have encountered 

difficulties resulting from the ability of sea cucumbers to escape from cages by 

squeezing through mesh enclosures (Purcell & Agudo, 2013; Zamora et al., 2014). 

Escape of sea cucumbers from the current experiment cannot be ruled out but is unlikely 

to explain the missing sea cucumbers at the end of the experiment. 

 Losing all of the sea cucumbers at the same time showed a potential 

vulnerability to changes in water conditions (Paltzat et al., 2008; Zamora et al., 2014; 

Zhou et al., 2006). Increasing seawater temperatures from winter to spring has shown 

to affect growth and feeding of juvenile sea cucumbers (Paltzat et al., 2008; Zamora et 

al., 2014; Zamora & Jeffs, 2012a; Zhou et al., 2006). However this study took place 

over late autumn and winter. An atypical dip in temperatures was recorded over three 

days, 9 - 11 August 2016, from ~ 13.5 oC to 10 - 11 oC, coinciding with a period of very 

heavy rainfall. The salinity levels on the farm site would have been affected due to 

runoff. 
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 Due to the ecosystem services and market potential of sea cucumbers (Cubillo 

et al., 2016), it would be worth attempting the coculture experiment using improved 

containment methods, over a longer duration. 

The coculture of sea cucumbers has resulted in the significant uptake of bivalve 

deposits on mussel and Pacific oyster farms in Japan (Apostichopus japonicus, 

Yokoyama, 2013b) and the United States (Parastichopus californicus, Paltzat et al., 

2008) while providing good growth and survival of sea cucumbers. The native New 

Zealand sea cucumber, Australostichopus mollis, is a valuable seafood species that is a 

deposit feeder with commercial potential for aquaculture (Slater & Carton, 2007; Slater 

et al., 2009; Zamora et al., 2014; Zamora & Jeffs, 2012), and occurs naturally on the 

oyster farm site in the Mahurangi Harbour (Slater & Jeffs, 2010). Experiments culturing 

this species in modified suspended oyster baskets in this current study showed the 

vulnerability of juvenile sea cucumbers to changes in water conditions, after all the 

experimental animals went missing except for one remaining carcass after 111 days of 

culture. After 73 days of culture, the sea cucumbers had shown moderate growth, with 

larger individuals gaining more wet weight than smaller individuals. The sea cucumbers 

in high biomass baskets had 100 % survival at 73 days, faring better than sea cucumbers 

in the baskets with lower stocking density for reasons that were not clear. The 

ecosystem service and commercial potential for establishing a reliable method to 

culture sea cucumbers is high (Cubillo et al., 2016; FAO, 2004; Yokoyama, 2015), so 

further research is needed to improve the suitability of the environmental conditions for 

the cultured sea cucumbers on the oyster farm. 

 

 


