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Abstract 

Human activities are causing a global loss of plant and animal species, degrading ecosystem 

properties and threatening ecosystem services. One indicator of these losses is the increasing 

proportion of fish stocks in decline, and the Challenger oyster fishery in Tasman Bay, central 

New Zealand is an example of one such fishery. Anthropogenic effects from land-based 

activities, and towed-gear fishing have been implicated as contributors to the decline of 

shellfisheries and degradation of the marine ecosystem in Tasman Bay. Increased 

sedimentation in the bay caused by soil erosion and runoff associated with forestry, 

agriculture and subdivision is likely to have a range of negative effects on the benthic 

community. Also towed-gear fishing, dredging and trawling homogenise benthic habitat 

structure (reduce habitat heterogeneity) and facilitate sediment resuspension as well as 

causing removal and direct physical damage to benthic biota. There is an imperative to seek 

to mitigate these effects and look at ways to restore the benthic community including the 

commercial shellfish species.  

In this context, my central hypothesis was that enhancement of the benthic habitat by 

returning waste shell to the seabed would increase oyster production for the fishery. Related 

to this main goal of oyster fishery enhancement, a primary objective of the study was to fill 

knowledge gaps relating to the biology and ecology of the oyster in Tasman Bay. The second 

main topic of my thesis was to investigate how this form of habitat enhancement would alter 

the benthic community structure, and potentially aid in restoration of the wider ecosystem in 

the bay. I sought to link the twin goals of fishery enhancement and ecological restoration by 

considering potential management measures to promote a sustainable oyster fishery and at 
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the same time facilitate ecological restoration within Tasman Bay. The investigations 

focused on four main themes: temporal patterns of oyster larval abundance, spatial patterns 

of spatfall and larval dispersal, effects of habitat enhancement on oyster population 

productivity, and effects of habitat enhancement on the benthic faunal community. 

Laboratory and field studies were conducted between October 2004 and May 2009.  

A peak period of oyster reproductive activity began in late spring and continued through 

summer in each year. Maximum rates of adult oysters brooding larvae were 17% in 

November 2004 and 2005, and 23 % in December 2006. Over the entire summer breeding 

period it was estimated that 55 to 78 % of adult oysters incubated larvae. A very low level of 

brooding activity (1 %) occurred during winter. Temporal trends in larval settlement closely 

tracked brooding patterns. Settlement on collectors deployed in Tasman Bay was greatest 

between November and January, and there were very low rates in winter. Results are useful 

in optimising the timing of substratum deployment in an enhancement program for the oyster 

fishery. 

Spat settlement density was strongly related to background adult oyster density. Spat 

settlement on experimental arrays deployed through the water column only occurred within a 

narrow vertical range very close to (<1 m above) the seabed. If suitable habitat is available 

for settlement, oysters tend to settle within a few hours after release, but approximately half 

of the larvae settled in a laboratory experiment were capable of remaining viable for several 

days. Oyster distribution assessed at the scale of the shellfishing industry’s annual biomass 

survey (median distance between sample tows ~ 1 km) is adequate to broadly predict spat 

settlement distribution in the subsequent settlement season, and the distribution of mature 
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oysters is a key determinant in the placement of shell for habitat enhancement to maximise 

spat settlement.  

Deployment of waste whole scallop shell on the seabed as settlement substratum increased 

oyster spat density significantly. Available settlement surface on enhanced shell plots 

decreased by 82% in the five months after deployment, due to fouling by numerous 

invertebrates and sedimentation. Survival of oysters recruited to enhanced habitat was 

generally very low, and varied greatly among 4 experimental sites and through time. After 

3+ years, survival among site/treatment combinations ranged from 0% to 0.04%. At the site 

where survival was greatest, the absolute density of oysters surviving to 3.41 years on 

enhanced habitat was estimated as 0.4 m-2. This equated to an increase in relative density of 

commercial sized oysters from ~0.01 m-2 prior to enhancement, to ~0.14 m-2 at the end of the 

experiment, and demonstrated that habitat enhancement can elevate adult oyster densities to 

commercial levels on areas of seabed where oysters were previously below threshold 

densities for commercial fishing (0.02 m-2). Peaks in mortality occurred within experimental 

plots when oysters were less than one year old, and three years old. Growth modeling 

indicated that after 4.25 years, 98% of living oysters would attain legal size (≥ 58mm 

length), and 92% would attain sufficient shell depth (≥ 20 mm) to provide high grade (grade 

A in the industry) meat. Shell depth was a better morphometric predictor of meat weight than 

either shell height or shell length.  

The species assemblages on the shell-enhanced habitat were distinct from those on adjacent 

non-enhanced seabed. Measures of taxonomic and functional richness, faunal densities, and 

taxonomic redundancy within functional groups all increased in enhanced habitat. Beta and 
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gamma diversity also increased due to patchiness of the habitat created within enhanced 

experimental sites. Large scale habitat enhancement in Tasman Bay via the deposition of 

waste shell on the seabed is likely to confer benefits to ecosystem function associated with 

those community level effects. 

To sustain an oyster fishery in Tasman Bay, an ecosystem-based approach to fishery 

management is recommended to facilitate restoration of benthic habitats and communities 

and to help maintain ecosystem function supporting all components of the benthic 

community, including the oyster population. Planning and implementation of a combination 

of specific management measures including habitat enhancement, rotational fishing, 

permanent exclusion of towed fishing gear from a network of protected areas, and integration 

of the management of the oyster, scallop, and finfish fisheries would provide the best chance 

for restoration and maintenance of a sustainable oyster fishery. 
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Chapter 1  

Introduction 

1.1 Global loss of biodiversity and depletion of fisheries 

Human activities are causing an accelerating loss of plant and animal species on the 

planet in what is now considered by some to be the sixth great extinction (Chapin et al. 

2000). Setting aside the intrinsic value of each living species, and the spiritual and 

aesthetic value to humans of maintaining global biodiversity, it has become clear that 

such changes alter ecosystem properties and threaten the goods and services they provide 

to humanity, upon which our material existence depends (Chapin et al. 2000; Hooper et 

al. 2005).  

One of the major indicators of reduced global biodiversity that has shown an increasing 

trend in recent decades is the proportion of fish stocks that are overfished (Butchart et al. 

2010). Throughout the history of fishing a distinctive pattern has been established 

whereby the most desirable and accessible fish species have been targeted to scarcity, at 

which time a new species is sought (Pauly et al. 2005). This serial depletion of fish stocks 

started with aboriginal societies, and accelerated with the advent of first steam, and then 

internal combustion powered vessels at the time of the industrial revolution (Jackson et al. 

2001). A corollary is the phenomenon of ‘fishing down the food web’ describing the 

successive change from targeting species of a higher trophic level (typical table fish such 

as snapper or tuna which are predators) to depletion, then shifting focus to successively 

lower trophic levels as resources become scarcer (Pauly et al. 2005). Historically, 

overfishing of large vertebrates and shellfish was the first major human disturbance to all 

coastal ecosystems (Jackson et al. 2001).  



 

 

2 
Alongside overexploitation of target species, the collateral fishing impacts of excessive 

bycatch and habitat destruction have contributed significantly to the depletion of fisheries 

and degradation of marine ecosystems (Jackson et al. 2001; Chuenpagdee et al. 2003; 

Myers & Worm 2003; Cullis-Suzuki & Pauly 2010). In particular, dredging and bottom 

trawling have caused extensive disturbance and damage to benthic habitat and the wider 

marine ecosystem (Jones 1992; Dayton et al. 1995; Thrush et al. 1995; Thrush et al. 

1998; Watling & Norse 1998; Cranfield et al. 1999; Currie & Parry 1999; Turner et al. 

1999; Thrush et al. 2001; Watling et al. 2001; Chuenpagdee et al. 2003; Kaiser et al. 

2007; Olsgard et al. 2008). 

Traditional management strategies informed by science that is locally focused and 

species-specific, have mostly failed to halt or even slow the decline of fisheries (Pauly et 

al. 2003; Cullis-Suzuki & Pauly 2010). That approach essentially regulates catch levels of 

individual target species on the basis of biomass surveys and catch records.  In recent 

years there has been increasing acceptance of the need for an ecosystem-based approach 

to fishery management, acknowledging the interconnectedness of species and habitats 

within marine ecosystems (e.g. Pikitch et al. 2004; Curtin & Prellezo 2010). Various 

alternative management measures have been considered and/or implemented in efforts to 

restore depleted fisheries including stock enhancement (Uki 2006; Mincher 2008), habitat 

enhancement (Turner et al. 1999; Mann & Powell 2007; Schulte et al. 2009), 

establishment of protected areas (Tuck & Possingham 2000; Gell & Roberts 2003; Pauly 

et al. 2003), and spatial rotational harvesting (Myers et al. 2000; Valderrama & Anderson 

2007).  
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Oysters are one group of shellfish that has been subjected to intense fishing pressure 

throughout human history (Philpotts 1891; Hargis 1995) and oyster fisheries have become 

depleted globally through a range of factors including overfishing and collateral fishing 

impacts (Rothschild et al. 1994; Hargis & Haven 1995; Cranfield et al. 1999; Jackson et 

al. 2001). Fishing activity targeting oysters in temperate estuaries and continental shelf 

regions has contributed to degradation of those marine ecosystems through a range of 

effects including direct physical damage to biota, habitat damage, increased sediment 

resuspension and turbidity, and loss of key faunal species important for ecosystem 

function (Thrush et al. 1995; Jackson et al. 2001; Thrush & Dayton 2002; Cranfield et al. 

2003; Kaiser et al. 2006).  

The Challenger flat oyster (Ostrea chilensis) fishery in New Zealand is one such depleted 

fishery. Nationwide, the main flat oyster fishery lies off the south coast of the South 

Island in Foveaux Strait, and smaller commercially fished populations comprising the 

Challenger oyster fishery occur in Tasman Bay, Golden Bay and Cloudy Bay at the 

northern end of the South Island (Figure 1.1). Catches in the Challenger oyster fishery 

have declined from a high of 750 tonnes in 1983 to 20 tonnes in 2008, and fishing of 

oysters was voluntarily suspended by the industry in 2009 and 2010 in an effort to allow 

stocks to rebuild. Biomass estimates in Tasman Bay have similarly declined from ~29 

million recruits to ~14 million recruits between 1998 and 2010 (Table 1.1). Currently the 

fishery is considered to be economically marginal. This situation led to efforts initiated by 

commercial fishing interests in 2004, aimed at enhancing and restoring the oyster fishery. 

Research to underpin the development of enhancement and restoration measures for the 

fishery is the primary subject of this study. 
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Figure 1.1 Location of Ostrea chilensis fisheries (Foveaux Strait , Tasman Bay and Cloudy Bay) 
and sites of previous studies in New Zealand. 
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Table 1.1 Relative estimates (millions) uncorrected for dredge efficiency of recruited and pre-

recruit (less than 58mm length) oysters in Tasman and Golden Bays from 
comparable surveys (1998–2008) (Horn 2006; Brown 2007; Ministry of Fisheries 
2008; Tuck & Brown 2008). 

 Tasman Bay  Golden Bay  

Year Recruits CV% 
Pre-
recruits CV% Recruits CV% 

Pre-
recruits  CV% 

1998 28.7 7.3 30.4 10.1 1.4 13.3 0.4 18.7 

1999 24.7 8.6 39.6 13.6 1.9 23.7 1.2 24.8 

2000 21.8 8.9 33.5 9.9 1 14.3 0.5 17.6 

2001 17.8 9 23.1 9.1 0.4 20.1 0.4 28.1 

2002 15.9 10.6 24.5 11.2 0.4 21.4 0.3 27.1 

2003 12.4 9.7 34.3 13.4 0.4 27.1 0.4 27.6 

2004 10.9 6.7 16.1 8.1 0.4 25.4 0.2 18.8 

2005 11.3 10.2 25.2 17.7 0.3 38.8 0.3 41.6 

2006 10.7 8.6 18.5 14.8 0.1 29.1 0.04 46.6 

2007 14.8 14.3 6.5 19.4 0.1 32 0.04 32.3 

2008 9.6 20.5 8.9 25.2 0.04 47.1 0.01 39.5 

2009 14.7 20.0 18.8 36 - - - - 

2010 14.3 23 9.6 54 - - - - 

 

1.2 Challenger oyster fishery background 

Commercial use of the native flat oyster Ostrea chilensis has a long tradition in the 

Nelson area where oysters were first harvested and traded as early as the 1850s (Wright 

1990). During the late 1800s shops known as ‘oyster saloons’ were prominent in 

downtown Nelson, supplied with oysters from fishing grounds in Golden Bay, Tasman 

Bay, and the Marlborough Sounds (Wright 1990; Drummond 1994). In the early 1900s 

local supplies gave way to oysters imported from Foveaux Strait and it wasn’t until the 

1960s that local oysters were again harvested, primarily as bycatch of the mussel and 
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scallop dredge fisheries. In 1963 the oyster catch was 3 tonnes, after which catches 

gradually increased until 1976 when 392 tonnes of oysters were landed (Drummond 

1994).  Catches through the 1980s and 1990s fluctuated between approximately 200 and 

600 tonnes, then in recent years oyster distribution has been reported as patchy and 

variable, and landings have been rather poor. Landings since 2000 have fluctuated 

between a low of 1.4 tonnes during 2001-2002 and 183 tonnes in 2002-2003. At the time 

this research programme was initiated in 2004, the 2003-2004 catch was 97.5 tonnes, in 

the 2007-2008 season approximately 20 tonnes was landed, and fishing was voluntarily 

suspended in Tasman Bay in 2009 and 2010 to allow stocks to rebuild.  Annual biomass 

surveys carried out by Challenger Oyster Management Company (COMC) to estimate the 

relative biomass of oysters in Tasman and Golden Bays show a steady decline in oyster 

biomass from 1988 to 2004 when this study was initiated, and then some fluctuation since 

2005 (Table 1.1). 

Management of the fishery has evolved under various legislative controls starting with the 

Oyster Fisheries Act in 1866 (New Zealand’s first piece of fisheries legislation) which 

specified various biological controls and area and effort restrictions.  Regulations under 

that Act included a minimum size determined as oysters which could not pass through a 

58 mm ring, a maximum dredge size, and a prohibition on dredging at night. The fishery 

was managed under this Act until 1983 when elevated catches prompted a review of the 

effectiveness of the legislation. A catch restriction of 505 tonnes was eventually 

introduced following biomass surveys of the fishery in 1984 and 1985. The Fisheries Act 

(1996) introduced the oyster fishery into the Quota Management System and the 

Challenger Oyster Management Company Ltd. (COMC) was formed in 1997, to 

administer quota holders’ obligations and also to protect quota holders’ rights. Under the 
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current management structure, fishers pay a percentage of the revenue from their catch in 

the form of a levy to the company, which is effectively a cost centre from which all the 

management functions for the fishery are administered. Company responsibilities include: 

administration of a Biotoxin Monitoring program and a Shellfish Quality Assurance 

program to ensure the quality of the fish remains high and the standard of the product as a 

safe food is protected; implementation of the annual biomass survey; allocation of 

moneys sourced from levies to meet compliance costs and fund fishery research; and 

management activities associated with resource management legislation under the 

Resource Management Act (1991), and the Fisheries Act (1996). 

1.3 Taxonomic status of the endemic flat oyster  

Ostrea chilensis is a commercially important flat oyster endemic to New Zealand and the 

Pacific Coast of South America (Osorio et al. 1979; Beu & Maxwell 1990; Jeffs & Creese 

1996). In New Zealand it is known by various common names including tiopara, mud 

oyster, flat oyster, Bluff oyster, Nelson oyster, deep sea oyster, dredge oyster, Foveaux 

Strait oyster, Stewart Island oyster, and southern rock oyster. The oyster’s systematic 

status has also varied through time. It was first described from New Zealand by Hutton 

(1873) who named it Ostrea lutaria, as distinct from the Chilean oyster O. chilensis 

described from Chile by Philippi (1845). Chanley et al. (1980) proposed to separate the 

New Zealand and the Chilean flat oyster from the genus Ostrea to form a new genus 

‘Tiostrea’ on the basis of morphological features. Then Buroker et al (1983) used protein 

gel electrophoretic analysis to show exceptionally high genetic similarity among the two 

geographically separated populations, and synonymised T. lutaria and T. chilensis as T. 

chilensis. In a comprehensive study of all living flat oyster species (Ostreinae), Harry 

(1985) reclassified both of these species and lumped them together with several other 
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southern hemisphere species as Ostrea puelchana on the basis of shell and soft-part 

morphologies. Harry’s classification was subsequently refuted by the DNA molecular 

phylogenetic analysis of Jozefowicz and O’ Foighil (1998) who proposed splitting O. 

puelchana into 4 separate species, and retaining the original species designation and name 

of O. chilensis for the conspecific New Zealand and Chilean flat oysters. This currently-

accepted name reflects the first description of the species from Chile (Philippi, 1845) 

prior to its discovery in New Zealand, although O’ Foighil et al. (1999) present strong 

evidence that the species originated in New Zealand and subsequently reached Chile 

through transoceanic range extension by rafting.  

1.4 Summary of knowledge of ecology and biology of Ostrea chilensis 

O. chilensis occurs throughout coastal New Zealand (Figure 1.1) in a range of depths 

from the intertidal zone (Westerskov 1980; Jeffs & Creese 1996) to 549 m (Record 

A0910-collection of the New Zealand Oceanographic Institute in Jeffs and Creese 1996) 

and occupies a range of habitats from intertidal bedrock and wharf piles (Westerskov 

1980) to soft mud substratum (Tunbridge 1962). It tolerates a range of salinities from 

oceanic concentrations (~34 ppm) in offshore areas to low salinities in coastal inlets 

where salinity may drop to 3-5 ppm for long periods (Westerskov 1980; Buroker et al. 

1983). Within its range in New Zealand, water temperatures can be as low as 8°C in 

winter in Otago Harbour (pers. obs.) and reach 27°C in northern New Zealand harbours 

during summer (Jeffs 1998b).   

O. chilensis is a protandrous hermaphrodite that exhibits a suite of unusual reproductive 

characteristics. Females produce a relatively low number of eggs (between 7000 and 

120,000) of large diametre (300–350 µm)(Cranfield 1975), that are fertilised within the 
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inhalant chamber of the adult oyster and then brooded in the gills through their entire 

development to late stage pediveligers (Hollis 1963; Cranfield 1968). The exceptionally 

long incubation period has been reported as ranging from 15 to 38 days in New Zealand 

(Hollis 1963; Westerskov 1980), and up to 62 days in Chilean waters (Toro & Morande 

1998). Following release from the parent, larvae enter an abbreviated free-swimming 

phase (a few minutes or hours duration according to earlier studies) before settling on 

suitable substratum and metamorphosing into sessile spat (Hollis 1963; Stead 1971; 

Cranfield 1975; Cranfield 1979).  

The growth rate of O. chilensis varies widely among individuals, populations, localities, 

and through time. Several growth studies have been conducted on oyster populations in 

Foveaux Strait (Stead 1971; Dunn et al. 1998; Michael et al. 2000) and Otago Harbour 

(Westerskov 1980). Data assimilated from various studies of the Foveaux Strait 

population indicate that mean height after one year is 18-25 mm, 25-35 mm after two, 30-

51 after three, 40-65 mm after four, and 65- 75 mm after the fifth year (Ministry of 

Fisheries 2009c). Previous studies describing growth of oysters in central New Zealand 

are limited.  A mark-recapture trial conducted in Tasman Bay between July 1990 and 

August 1992 did not provide any quantitative estimate of growth rate, but noted that 

oysters recovered with size-at-release and recapture data showed little incremental 

increase in shell height or width during the two year trial (Drummond 1994).  This low 

growth rate was attributed to the muddy habitat in Tasman Bay. However, live legal sized 

(>58 mm length) oysters were found growing on scallops that were seeded in the area 2 

years previously (Drummond 1993). Fishermen have also reported rapid growth to legal 

size of oysters in Golden Bay on scallops seeded in 2006 and harvested in 2008 (Parris, 
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Chris pers. comm.). Bull (1971) estimated oysters in suspended culture in the 

Marlborough Sounds could grow to 82 mm in diametre (height + length/2) in 18 months.   

Early studies reported that oysters become sexually mature in their second or third year 

(Hollis 1963; Cranfield 1975). Jeffs and Hickman (2000) re-analysed sectioned gonads 

sampled from Foveaux Strait between 1970 and 1971 and found that oysters first matured 

as males by the time they had grown to 20 mm in shell height, and most of those greater 

than 50 mm in height produced ova but generally did not brood larvae until they had 

attained 60 mm in shell height. Oysters in northern regions of New Zealand were found to 

mature as males at 12 – 16 mm height and to produce ova at 31 mm, indicating that 

rapidly growing oysters in those regions could begin to brood within one year of 

settlement (Jeffs 1998a).  

In a study of the Foveaux Strait population, Dunn et al. (1998) estimated a value for 

instantaneous natural mortality (M) of 0.042 y-1. The Ministry of Fisheries endorses a 

value for M of 0.1 y-1 for use in managing the Foveaux Strait oyster fishery, based on a 

revised model of Dunn et al. (2000) and the evidence of the recapture of two tagged 

oysters proven to have grown to recruit size and then lived a further 26-28 years (Ministry 

of Fisheries 2009c). Estimates of natural mortality for recruited oysters from the 

Challenger fishery (Tasman Bay and Golden Bay) in central New Zealand vary 

considerably. A mark-recapture study carried out between 1990 and 1992, reported values 

for M of 0.2 and 0.9 y-1, derived using two different analysis methods (Drummond 1993). 

Drummond concluded that the estimate of M=0.9 y-1, which equates to an annual 

mortality of 59% was likely to be the more accurate. Osborne (1999) considered a range 
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of potential values for M and settled on M=0.3 y-1 as being ‘suitably conservative’ for use 

in fisheries management but did not support this conclusion with empirical data. 

1.5 Anthropogenic impacts in Tasman Bay  

In Tasman Bay, there is evidence that the seabed habitat has been modified over time by 

twin impacts of sedimentation from land-based development (Gibbs 2001; Gillespie & 

Rhodes 2006; Handley 2006; Forrest et al. 2007), and disturbance from bottom-trawling 

and dredging for shellfish and finfish (Bradstock & Gordon 1983; Wright 1990; 

Drummond 1994). Deposition of terrigenous sediments may cause a range of significant 

effects to benthic communities (Stevens 1987; Cummings & Thrush 2004; Lohrer et al. 

2004; Cummings et al. 2009) while the direct and indirect effects of towed-gear fishing 

can cause a loss of structural complexity, reduced biodiversity and increased resuspension 

of sediments on the seabed (e.g. Thrush et al. 1995; Black & Parry 1999; Currie & Parry 

1999; Levin et al. 2001; Thrush & Dayton 2002; Kaiser et al. 2006). It is likely that the 

effect of these activities has been to homogenise the benthic habitat and promote the 

predominance of a fine-grained soft sediment substratum (Handley et al. in revision). This 

would reduce substratum suitable for oyster spat settlement on the seabed in Tasman Bay, 

a lack of which was noted by earlier researchers as a likely factor limiting oyster 

production (Tunbridge 1962; Stead 1976; Drummond 1994).  

1.6 Background to habitat enhancement 

The provision of settlement substratum as a means of habitat manipulation to improve 

oyster recruitment has been practiced in many countries for centuries. In Roman times (c. 

2000 years ago), the writings of Plini the Elder describe the work of Sergius Orata 

spreading brush oak in Lake Avermis to encourage the settlement of European flat oysters 
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(Ostrea edulis). The Japanese noted the settlement of oysters (Crassostrea sp.) on 

bamboo fish weirs in the 16th century, and the French used lime-coated tiles as oyster (O. 

edulis) spat collectors in Napoleonic times (Mann & Powell 2007). In New Zealand, 

Maori placed rocks in areas known to be good for oyster spat settlement as a means of 

habitat enhancement in pre-European times (Te Puni Kokiri 2009). 

The most intensive and extensive substratum enhancement efforts have undoubtedly been 

the shell ‘planting’ activities practiced on the eastern seaboard of the United States (Mann 

& Powell 2007). From the 1850s until now, millions of bushels of shell or ‘cultch’ have 

been planted in the mid-Atlantic bays of New Jersey, Maryland and most notably 

Chesapeake Bay in Virginia, in an effort to sustain commercial harvesting of the eastern 

oyster (Crassostrea virginica). Various types of cultch have been used including shell 

from oyster processing facilities, dredged shell from buried shell deposits, Rangia clam 

shell, crushed concrete, and coal fly-ash aggregate (Leard et al. 1995). Efforts to maintain 

the native oyster population in Chesapeake Bay have been steadily losing ground in the 

face of fishing pressure, habitat degradation, disease, low extant stocks, and unpredictable 

recruitment (Mann & Powell 2007). Contrary to this trend of failure, a recent restoration 

effort in Virginia using habitat enhancement principles, and focused on ecological 

restoration rather than fishery restoration has achieved a high level of success (Schulte et 

al. 2009). That study reported an increase in density of oysters from a mean of 2 m-2 to up 

to 1000 m-2 in portions of the enhanced area, representing a 57 fold increase overall in the 

resident population of C. virginica within the catchment area studied.  
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In the Nelson/Marlborough region, there is a considerable resource of waste shell 

accumulated from scallop and oyster fishing and also from the mussel aquaculture 

industry. Currently waste shell from those industries is disposed of in landfills.  

1.7 Initiation of enhancement research and PhD study 

At the request of Challenger Oyster Management Company (COMC), Handley and 

Michael (2001) produced a research plan proposal summarising existing knowledge about 

the fishery and recommending research options. That report stressed the point first made 

by Tunbridge (1962) and then Drummond (1994), that the habitat and biology of the 

oyster populations in the Challenger and Foveaux Strait fisheries differ to such an extent 

that the biological parametres determined for the intensively studied Foveaux Strait oyster 

population may not be applicable in modeling the Challenger population. Among the 

potential research directions identified in that report were experiments to quantify growth 

rates and natural mortality, indirect enhancement by returning fresh shell to the seafloor, 

direct enhancement via hatchery-settled spat, and investigating issues around determining 

an optimal ‘legal size’ measure to address the problem of landing oysters of legal size 

(≥58mm length, measured along anterior/posterior axis) with poor meat yield (“wafers”).  

On 19 April 2004 a Challenger Dredge Oyster Enhancement Workshop was held, 

attended by members of the COMC Board, COMC staff, a Ministry of Fisheries 

representative, and scientists from the National Institute for Water and Atmospheric 

Research (NIWA) and the Cawthron Institute. The objective of the workshop was to 

identify potential research pathways to underpin enhancement of the oyster fishery. The 

workshop discussed biological and ecological factors relating to Challenger oyster 

production and agreement was reached that: 
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• Enhancement based on hatchery production of spat for relaying to the fishery was 

considered prohibitively expensive and high risk. 

• Available evidence suggested that lack of suitable habitat for oyster spat settlement 

and early survival could be the most important factor limiting production in the 

Challenger oyster fishery. 

• Shell enhanced habitats and the use of brood stock aggregations were employed as 

enhancement tools in several oyster fisheries internationally. 

• Observations in Foveaux Strait indicated that returning shell to the seabed can 

enhance habitat and may boost oyster production of the fishery. 

Two main methods of enhancement were identified as options to be investigated. 

1. The enhancement of commercial fishery areas with shell to provide surfaces for 

settlement and habitat for early oyster spat survival.  

2. The aggregation of non-commercial oysters as brood stock to enhance larvae and spat 

supply to suitable habitats or areas enhanced with shell. 

Collaboratively, NIWA and COMC developed an oyster enhancement research proposal 

that was submitted as an application to the Technology for Business Growth Fund (TBG), 

administered by the Foundation for Science Research and Technology.  Funding was 

approved, and the research commenced in October 2004. 

The goal of the project was to provide research underpinning the development of an 

oyster enhancement program to increase the abundance of oysters to a level where it 
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would be commercially feasible to land the current statutory catch limit (total allowable 

commercial catch, or TACC) for the fishery of 505 tonnes. Any further gains from 

enhancement would then be expected to increase catch per unit effort (CPUE), and 

translate to reduced costs and increased profits. Fishers indicated that during the 2003 

fishing season, a daily catch for each boat of at least 10 cases of oysters per day was 

necessary for fishing to be economically viable (Campbell, Mitch pers. comm.).  This 

equated to 24 dredge tows yielding a catch of 3,500 oysters.  Thus the threshold relative 

density (number of oysters caught in dredge per m2 of seabed dredged), below which 

fishing would be uneconomic, was estimated as 0.022 oysters per m2.  

I led the project from inception to completion over a 4 year period and that project 

provided the basis of my PhD research. A multidisciplinary group of NIWA scientists, 

COMC fishery personnel, and industry fishermen contributed to the study.  

The main hypothesis of the PhD was that enhancement of benthic habitat by returning 

waste shell material from the fishing and aquaculture industries to the seabed would 

increase oyster production. The other focus of the study was to examine the effects of 

habitat enhancement on the composition of the benthic community, as a potential tool to 

aid in ecological restoration of the benthos.  The use of waste shell for benthic habitat 

enhancement could potentially confer multiple benefits to the fishery and the wider 

ecosystem by reducing terrestrial space required for landfills, returning calcium carbonate 

to its source in the sea, providing settlement substratum for benthic invertebrates 

including commercial species, and restoring structural complexity to the relatively 

featureless seabed in Tasman Bay. In addition to those primary objectives, the study 

sought to fill knowledge gaps relating to reproductive seasonality of the oyster in central 
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New Zealand, and larval dispersal characteristics. In addition, the study considered 

potential resource management measures to promote a sustainable oyster fishery, and 

facilitate ecosystem function within Tasman Bay.  

In summary, the the research activities fell within four broad themes: 

• Temporal patterns of larval abundance, 

• Spatial patterns of spatfall and larval dispersal, 

• Effects of habitat enhancement on oyster population productivity, and  

• Effects of habitat enhancement on the wider benthic community. 
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Chapter 2  

Temporal patterns of brooding and settlement 

2.1 Introduction 

To gain the maximum effect for the oyster fishery from habitat enhancement efforts, the 

timing of deployment of settlement substratum is fundamentally important. The 

enhancement substratum should be deployed immediately prior to seasonal peaks in larval 

release and settlement (Cole & Knight Jones 1939; Street 1994; Street 2003). 

Colonisation of enhancement substratum by species competing for space (‘fouling 

species’) is likely to affect the settlement success of oysters on enhanced habitat, 

underlining the importance of providing ‘clean’ shell as a settlement substratum for oyster 

larvae to maximise oyster recruitment (Osman et al. 1989; Street 1994; Street 2003). 

Oyster larvae will not settle on fine-grained sediment (e.g. Baker 1995; Tamburri et al. 

2008), so the deposition of fine-grained terrigenous and resuspended sediments on the 

seabed in Tasman Bay (Van der Linden 1969) is another process that is likely to reduce 

available settlement surface on newly deployed substratum. 

Within the genus Ostrea, brooding and settlement cycles are thought to be influenced 

primarily by changes in water temperature (Coe 1931; Korringa 1957; Westerskov 1980; 

Seale & Zacherl 2009). In particular, cold seasonal water temperatures are believed to 

play a key role in synchronizing larval production and settlement (Jeffs et al. 1996; Jeffs 

et al. 1997b). 

Orton (1920) and Thorson (1950) proposed a latitudinal gradient in a range of 

reproductive behaviours to be generic among benthic invertebrates. For instance, there is 
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a general trend of decreasing duration of breeding season with increasing latitude, and this 

has been demonstrated for pteriid oysters in Australia (Tranter 1958; O'Connor 2002). 

Populations of Ostrea chilensis from different geographical locations exhibit wide 

variation in temporal patterns of brooding and larval release, associated primarily with 

seasonal water temperatures (Cranfield 1968; Westerskov 1980; DiSalvo et al. 1983; Jeffs 

et al. 1996; Jeffs et al. 1997a). In New Zealand, the brooding period has been reported to 

range from a minimum of 16 days at temperatures of 18 - 20°C (Hollis 1963), to 38 days 

in Otago Harbour (13-14°C; Westerskov 1980), while studies in Chilean waters (c. 13°C) 

have reported a brooding period between 40 and 62 days (Toro & Morande 1998). In the 

warmer waters of the Manukau Harbour and Hauraki Gulf in northern New Zealand, 

larval brooding and spat settlement among O. chilensis populations continues throughout 

the year (Jeffs et al. 1996; Jeffs et al. 1997b), whereas southern populations show a 

sharply defined and abbreviated breeding season during summer (Cranfield 1968; 

Westerskov 1980; Jeffs & Hickman 2000). However, previous estimates of brooding 

parametres for oyster populations in central New Zealand have only been inferred from a 

very limited data set (Tunbridge 1962; Hollis 1963; Cranfield & Michael 1989) and no 

published data exist regarding annual patterns of settlement in this region. 

This chapter describes annual patterns of oyster larval brooding and spat settlement in 

Tasman Bay, and compare the results to research done elsewhere. New estimates of the 

proportion of the population brooding each year, which differ considerably from 

previously published figures, are presented. The relevance of the seasonal reproductive 

pattern in relation to timing of enhancement activities is discussed. 
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2.2 Methods 

2.2.1 Brooding 

Approximately 100 adult oysters were opportunistically sampled at monthly intervals 

between November 2004 and December 2006 from commercial fishing grounds in central 

Tasman Bay, from depths ranging between 20 and 35 m. The proportion of oysters 

containing brood was recorded for each sample. The height (the greatest distance across 

the shell from the umbo to the ventral margin) and length (the greatest distance across the 

shell from the posterior to the anterior end, perpendicular to the height) of sampled 

oysters were measured, and the diametre (the average of height and length) of each oyster 

was calculated. During the commercial harvest season (generally March to August) 

samples were taken from the landed catch (same day), while outside the harvest season 

samples were obtained from the MV Tasman Challenger (the scallop fishing industry’s 

enhancement barge), charter fishing operators, and trawl fishers.  

2.2.2 Larval settlement 

To determine the timing and magnitude of larval settlement (spatfall), collectors were 

deployed and collected at approximately monthly intervals in Tasman Bay between 

November 2004 and December 2006. This approach was used in previous studies of O. 

chilensis spatfall in other regions of New Zealand (Cranfield 1968; Cranfield et al. 1970; 

Bull 1971; Westerskov 1980; Jeffs et al. 1997b; Hickman 2000). In November 2004, two 

collectors spaced approximately 50 m apart were deployed at each of 10 sites in Tasman 

Bay ranging in water depth between 18 and 32 m (Figure 2.1). Sites were selected to 

provide a wide spatial coverage of the bay and were constrained to areas closed to scallop 

fishing during the 2004-2005 scallop season to reduce the chance of collectors being 

moved or caught through fishing activity. Aquaculture management areas and charted 



 

 

20 
shipping lanes were avoided. After April 2005, the number of sites monitored was 

reduced to 6 (sites 3, 4, 5, 6, 8, and 9; Figure 2.1) due to logistical limitations. 

Collectors consisted of 3 cement-fiberboard plates measuring 200 x 200 x 5 mm, drilled 

in the center and threaded onto a stand made with a galvanized steel pole 500 mm long 

and 20 mm diametre mounted in concrete (Figure 2.2). The 3 plates were spaced using 

100 mm sections of 30 mm diametre PVC pipe at heights 100, 200 and 300 mm above the 

concrete base.  

Collector stands were tethered to polystyrene surface floats (250 mm diametre) with 12 

mm polypropylene line to enable relocation and recovery. On each sampling occasion, 

collectors were winched to the surface and plates were retrieved and replaced with fresh 

plates. Plates were returned to the laboratory and all oyster spat (dead and alive) were 

counted using a stereomicroscope. For each sample event, the counts of spat per collector 

at each site were standardised to the number of spat per collector per month (30 day 

period). Data were ln(x+1) transformed to best meet assumptions of homogeneity of 

variance prior to ANOVA to test for monthly differences in spat settlement.  

2.2.3 Near-bottom water temperature 

To chart water temperature during the study, a Hobo® H8 temperature logger was 

mounted on collector stands at sites 5 and 8.  These recorded near-seabed water 

temperature to the nearest 0.01 ºC at 2 hourly intervals. At each plate exchange, the 

temperature loggers were also exchanged and temperature data were downloaded to an 

electronic file.  
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Figure 2.1  Spat collector locations (crosses) and depth (m) contours in Tasman Bay. Inset 
shows other key locations mentioned in the text. 
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Figure 2.2  Diagram of a spat collector assembly 

 

2.3 Results 

2.3.1 Brooding 

During the study, 2338 oysters were sampled of which 142 (6.1%) were brooding. 

Sampled oysters ranged in diametre from 28 to 95 mm (30 to 100 mm in height), and the 

mean diametre was 72 mm ± 8.5 (S.D.). The smallest brooding oyster was 61 mm in 

height and 57 mm diametre. The size range of samples encompassed that examined in 

previous work (for a summary of age and size of oysters at onset of brooding from other 

studies, see Jeffs et al. 1997a).  

The greatest proportion of brooders occurred during November in both 2005 and 2006 

(17.7% and 22.6% respectively), and in December 2004 (16.7%) (Figure 2.3). Only 3 
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brooding oysters were found from April through August in each year (2005 and 2006), 

and none were found in June samples in either year. There was a clearly defined period of 

brooding activity from late spring and through summer (between September and 

February, Figure 2.3). A very low proportion of oysters (1%) was found to brood in July 

of both years, demonstrating that a low level of reproductive activity occurred during the 

winter months in this population.   

2.3.2 Spat Settlement 

Spat settlement occurred in all sample periods during the study. A one-way ANOVA 

demonstrated that spat settlement differed significantly among months (F20,196 = 5.86, 

p<0.01; Appendix 1A), and a post hoc test (Tukey’s HSD, p <0.05) showed that peak spat 

settlement rate in summer was significantly greater than in winter when minimum rates 

occurred (Figure 2.3). Settlement was greatest between November and January, and very 

little settlement occurred from June through August. The highest mean settlement rate 

was 834 spat per collector per month (30 day period), or 113 spat.m-2.day-1 from 22 

November to 11 December 2006. The greatest concentration was 2057 spat (8570 spat.m-

2) on the collector at site 8. The lowest rate of settlement occurred between 28 June 2006 

and 14 August 2006, during which time only a single oyster spat (4 spat.m-2) settled (on 

one collector at site 5). Trends in the temporal pattern of spat settlement closely tracked 

temporal brooding patterns throughout the study period.  
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Figure 2.3  Percent of sample population brooding larvae (white dashed line), spat settled per 
collector per month (gray bars), and near-bottom sea temperature between 
November 2004 and January 2007 for the oyster population sampled from Tasman 
Bay. Months sharing letters at the top of each bar did not differ significantly in 
terms of spat settlement (post-hoc Tukey’s HSD, p < 0.05). 
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2.3.3 Seasonal water temperature pattern 

Mean daily water temperatures near the seabed fluctuated seasonally from around 18 ºC 

in summer down to 11 ºC in winter. The maximum mean daily temperatures were 18.3 ºC 

in February of both 2005 and 2006. The coldest mean daily temperatures were 11.1 ºC in 

August 2005, and 10.6 ºC in July 2006. Water temperature near the seabed generally did 

not vary by more than 1°C between sites 8 and 5.  

2.4 Discussion 

2.4.1 Summary of seasonal pattern of reproduction 

A distinct seasonal reproductive pattern was described for Ostrea chilensis in Tasman 

Bay. Brooding commenced in September or October and a peak in larval production and 

spat settlement occurred between November and January, with reduced levels of larval 

production and spat settlement continuing to March or April.  

2.4.2 The influence of water temperature and other environmental factors on 

reproductive seasonality of oysters 

A range of abiotic and biotic environmental factors including water temperature (e.g. 

Korringa 1957; Westerskov 1980; DiSalvo et al. 1983; Jeffs et al. 1996; Jeffs et al. 

1997b; Jeffs 1998a; Jeffs 1999; Hickman 2000; Jeffs et al. 2002), lunar periodicity 

(Korringa 1957; Westerskov 1980), photoperiod (Westerskov 1980), tidal periodicity 

(Korringa 1957), and food quality and quantity (Chaparro 1990; Toro & Morande 1998) 

can influence the timing and success of oyster reproductive processes. Phytoplankton 

blooms have been shown to stimulate production of larvae in some benthic invertebrates 

(e.g. Starr et al. 1990; Arsenault & Himmelman 1998), and food quality and/or quantity 

can influence the size and vigour of O. chilensis larvae during brooding (Westerskov 
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1980; Wilson et al. 1996; Toro & Morande 1998), and the viability and growth of spat 

(Wilson et al. 1996). The majority of available evidence indicates that water temperature 

strongly influences the seasonal timing of reproductive activity in Ostrea chilensis from 

New Zealand (Westerskov 1980; Jeffs et al 1996, 1997b; Jeffs 1999) and Chile (DiSalvo 

et al. 1983; Chaparro 1990; Toro & Morande 1998), Ostrea edulis from Europe (Korringa 

1957), and Ostrea lurida from California (Coe 1931; Santos et al. 1993; Seale & Zacherl 

2009). For example, Toro and Morande (1998), studying brooding Ostrea chilensis in the 

laboratory in Chile, reported a significant effect of temperature but not of food ration on 

brooding period. Similarly, Chaparro (1990) found that varying temperature had a 

significant effect on spawning time and incubation period, whereas varying plankton 

supply did not. However, that study also provided evidence for an interactive effect of 

temperature and food ration on gonad condition and brooding period. Westerskov (1980) 

found that both temperature and food levels in Otago harbour exhibited similar seasonal 

cycles, and were closely correlated with the annual reproductive cycle of O. chilensis.  

Rather than an absolute temperature threshold acting as the sole ‘trigger’ for reproductive 

activity, the annual variability of these events suggests that the precise timing is more 

likely a result of interaction of pre-requisite water temperature conditions with a range of 

other factors that include food availability and\or lunar periodicity. 

Given that it is widely accepted as a primary driver of annual reproductive patterns in O. 

chilensis, water temperature can be utilised as a coarse predictor of the reproductive state 

of the wild population for fisheries enhancement or aquaculture purposes. Brooding 

oysters became evident in the Tasman Bay population when the near-bottom sea 

temperature was 12°C, approximately one month after the minimum winter water 
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temperature (10-11°C). These data agree with the hypothesis that the commencement of 

spawning is likely to be activated by cold seasonal water temperatures (Jeffs et al. 1997b), 

possibly by the increase in water temperature following winter minima as postulated by 

Westerskov (1980). Tunbridge (1962) found oysters brooding when the sea surface 

temperature was above 14°C in Tasman Bay and this figure has been quoted as the 

threshold for oyster breeding there (Jeffs & Creese 1996). Sea temperature varies in 

Tasman Bay depending on the location and depth within the bay, and the position where 

Tunbridge’s measurements were taken is unknown. Due to periods of strong stratification 

of the water column that vary seasonally in Tasman Bay (MacKenzie & Adamson 2004) 

it is possible that the bottom temperature was around 12°C when Tunbridge measured sea 

surface temperature as 14°C. In the present study, brooding activity within the sampled 

population peaked between 17 and 23%, when the near-bottom sea temperature was 13-

14°C, c. 3 months after the minimum winter temperature. The seasonal increase in spat 

settlement commenced once the near-bottom sea temperature was 12-13°C, c. 6 weeks 

after minimum temperatures, and followed a similar pattern to brooding activity. 

2.4.3 Proportion of the population brooding larvae in Tasman Bay  

This study showed there were higher percentages of brooding oysters than reported 

previously for Tasman Bay. The peak rate of brooding was between 17% and 23% in 

November to December in each year of this study. Assuming a 30 day incubation period 

(based on previous figures of an incubation period ranging from 16 to 38 days: Hollis 

1963; Stead 1971), the total proportion of adult oysters incubating larvae each year was 

estimated by summing the proportion of brooding oysters in monthly samples during the 

annual summer breeding period from September through March. This provided an 

estimate of between 55% (minimum monthly figures summed) and 78% (maximum 
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monthly figures summed) of adult oysters brooding larvae annually in Tasman Bay. The 

earliest study of brooding in Tasman Bay was by Tunbridge (1962), who found 4.1% of 

oysters were brooding larvae in a single sample during October 1961. Cranfield and 

Michael (1989) considered this record, together with data from Hollis (1963) in 

Wellington Harbour, and calculated that in Tasman and Golden Bay 28.9% of oysters 

would incubate larvae during the entire summer and 2.6% would be incubating in 

January. M. F. Bull (1995) reported peak brooding levels of 15.9% to 18.0% in 

population samples taken from Tasman Bay during the summers of 1992-1993 and 1993-

1994. 

2.4.4 Latitudinal trends in reproductive patterns 

The proportion of the Tasman Bay population brooding annually is intermediate between 

northern and southern New Zealand populations (Table 2.1). Such a latitudinal gradient 

was proposed by Thorson (1950) to be generic among benthic invertebrates in relation to 

a suite of reproductive behaviours, and is best explained by the influence of water 

temperature on reproductive processes in oysters and other marine benthic invertebrates 

(Orton 1920; Thorson 1950; Korringa 1957; Giese 1959; Sastry 1963; Sastry 1970; Jeffs 

et al. 1997c; O'Connor 2002). Lester et al. (2007) in a case study in California, 

demonstrated that large scale spatial variation in reproductive output of purple sea urchin 

(Strongylocentrotus purpuratus) did not correspond to a latitudinal gradient. They instead 

hypothesized that spatial distribution of food supply (drift macroalgae) influenced by 

nutrient supply and alongshore transport processes coupled to topographic features, were 

the main drivers of urchin reproductive output. 
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Table 2.1. Estimated proportion of oysters brooding annually from northern, central and 

southern localities in New Zealand. 

 

Site Latitude 
% of oysters  

brooding annually 
Source 

Hauraki Gulf 36° 29’ S 90  Jeffs et al. (1997c) 

Manukau Harbour 36° 58’ S 78  Jeffs et al. (1997c) 

Tasman Bay 41° 00’ S 50 - 70  This study 

Tasman Bay 41° 00’ S 28.9  Cranfield & Michael (1989) 

Foveaux Strait 46° 40’ S 6 - 12  Cranfield & Allen (1977) 

 

However those researchers also stated that urchins throughout the range conformed to the 

same seasonal pattern of reproduction, peaking in late fall and declining in spring and 

summer, but that the southern populations showed lower amplitude peaks. Thus there was 

some evidence for a latitudinal gradient in terms of the amplitude of the reproductive 

peak. That study illustrates the point that latitudinal gradients should not be assumed as 

generic amongst invertebrates, but may be evident for some parametre/species 

combinations, and not others. Furthermore, the observed spatial gradient is not likely to 

be driven by ‘latitude’ per se, but rather by an environmental co-factor such as 

temperature or day length.  

Based on a comparison of very limited data from Tasman Bay, and results of work from 

Otago Harbour (Westerskov 1980) and Foveaux Strait (Cranfield & Allen 1977), 

Cranfield & Michael (1989) concluded that there was evidence for a latitudinal gradient 

of decreasing planktonic development and of increasing size of O. chilensis larvae with 

increasing distance from the equator, consistent with the life history principles of benthic 

invertebrates proposed by Thorson (1950). In agreement with the latter principle, O. 



 

 

30 
chilensis populations in northern New Zealand studied by Jeffs et al. (1997c) did exhibit 

smaller sized larvae than central and southern populations, but did not conform to the 

expectation by Cranfield and Michael (1989) of a higher proportion of planktonic larvae 

with decreasing latitude.  

Results from this study are consistent with another latitudinal trend identified in marine 

invertebrates including oysters: for breeding to start earlier and end later at lower latitudes 

(Orton 1920; Thorson 1950; Tranter 1958; O'Connor 2002). Like the southern 

populations of Otago Harbour and Foveaux Strait (Cranfield 1996, Westerskov 1980), 

Tasman Bay oysters exhibited a clearly defined single peak in brooding activity during 

November / December. This contrasts with northern populations where brooding occurs 

year-round, with lower activity in winter and peaks in brooding activity during spring and 

early summer (Jeffs et al. 1996; Jeffs et al. 1997b). However, brooders were present in the 

Tasman Bay population in winter months (May and July) in slightly higher proportions (1 

to 2%) than observed in southern populations (0 to 0.9 %, Westerskov 1980; Cranfield 

1996). Similarly, spat settlement in Tasman Bay occurred year-round, as observed in 

northern populations (Jeffs et al. 1997b), yet there was a distinct and pronounced peak in 

settlement between November and February that resembled the seasonal pattern observed 

by Cranfield et al. (1968) in Foveaux Strait where 80-90% of settlement occurred 

between December and February, and in Otago Harbour where settlement occurred only 

between November and February (Westerskov 1980). 

2.4.5 Relevance to enhancement operations 

To maximise oyster settlement on enhanced habitat, shell substrata should be deployed at 

the beginning of the spat settlement period (Cole & Knight Jones 1939; Street 2003). The 
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shell surface should be available for the maximum number of oyster larval encounters, but 

should not be deployed too early because sedimentation, and settlement and growth of 

competing organisms on the shell substratum could exclude oyster spat. Our results 

indicate that the optimal timing for shell deployment in Tasman Bay is late October or 

early November, 10 to 12 weeks after the winter minimum water temperature, at which 

time the incidence of larval brooding within the population is increasing, spat settlement 

has commenced, but the peak in spat settlement is yet to occur.  



 

 

32 
 

Chapter 3  

Spatial patterns of oyster spat settlement and dispersal 

3.1 Introduction 

Most sessile benthic marine invertebrates exhibit a complex life cycle comprising a 

mobile larval phase and a stationary adult phase (Thorson 1950; Olson 1985), and are 

subjected to biotic and abiotic mechanisms of population regulation during both phases 

(Eckman 1996). During the larval dispersal phase such mechanisms include 

hydrodynamic conditions, food supply and predation (Roughgarden et al. 1988; 

Underwood & Fairweather 1989; Hixon et al. 2002). Larval dispersal characteristics exert 

a strong influence on community and population dynamics of benthic invertebrates by 

interacting with these regulating mechanisms to determine larval supply to populations 

temporally and spatially (Scheltema 1986; Underwood & Fairweather 1989; Eckman 

1996; Hixon et al. 2002; Cowen & Sponaugle 2009).  

The duration of the pelagic larval phase varies widely according to an organism’s 

reproductive strategy and mode of larval development. Species that brood larvae tend to 

exhibit a shorter planktonic larval phase associated with reduced larval dispersal distance 

and a reduced geographic range (Strathmann 1985). Larvae of brooding organisms mostly 

obtain nutrition from reserves stored in the egg (lecithotrophic larvae), while 

planktotrophic larvae obtain nutrition by ingesting smaller planktonic organisms, and tend 

to have a longer dispersal phase and greater dispersal distance (Thorson 1950; Strathmann 

1985). Potential advantages of a shorter planktonic phase include lower mortality during 

the dispersal phase due to advanced development, less time vulnerable to predation 
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(Thorson 1950; Pineda 2000), and a greater chance of utilising favourable local conditions 

that allowed their parents to settle successfully (Strathmann 1985). Species with long 

duration planktotrophic larval development have a greater chance of settling in new areas 

further afield and founding new populations (Thorson 1950; Strathmann 1974). 

Lecithotrophic larvae do not rely on plankton for sustenance so face reduced risk in 

reaching metamorphosis. A disadvantage of this reproductive mode is that the large size 

of eggs limits the number of eggs per mother so there are fewer larvae and fewer potential 

recruits (Thorson 1950). Advantages of planktotrophic larvae are that they are smaller and 

require less energy per larva for the mother to produce, so they are more numerous 

(greater fecundity), thus increasing the number of potential recruits. Disadvantages are 

their dependence on external food supply condiitions, and greater mortality through 

predation and other factors (Thorson 1950; Strathmann 1985). The greater opportunity for 

stochastic environmental factors to influence larval supply means that generational 

recruitment into populations is likely to fluctuate more than for organisms with a brief 

larval phase and short-range dispersal capacity (Thorson 1950). 

Larval dispersal characteristics also influence long term processes of adaptation and 

evolution. Larvae from diffuse population sources arriving in a given location may vary in 

recruitment and subsequent survival success due to forces of competition and predation 

(Cowen & Sponaugle 2009). For organisms with long-range larval dispersal, the 

likelihood of offspring settling in the parental habitat decreases and the probability of 

traits being retained within the local population is reduced (Underwood & Fairweather 

1989). For example, specific adaptations to local sources of mortality are unlikely to be 

selected for, and adaptations over evolutionary time scales are more likely to be in 
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response to influences from a diverse range of processes. Conversely, if dispersal is 

predominantly short-range, this would explain high phenotypic variation in some species 

in response to localised adaptive influences (Olson 1985).  

Studies of larval dispersal in various oyster genera have identified a range of responses to 

environmental factors including haloclines, light levels, current speed, and presence of 

flocculated particles, that influence larval vertical migration, dispersal patterns, and 

settlement patterns (Cranfield et al. 1970; Dekshenieks et al. 1996; Baker 1997; Baker & 

Mann 1998; Baker 2003; Finelli & Wethey 2003; Knights et al. 2006; North et al. 2008; 

Zimmer et al. 2008). Biotic factors such as food supply, predation, and competiton also 

regulate the larval and adult phases of populations (Roughgarden et al. 1988; Underwood 

& Fairweather 1989; Hixon et al. 2002).  

Of particular interest in the case of ostreids, is their ability to produce both planktotrophic 

and well-developed brooded larvae, giving them the potential for both long and short-

range dispersal. Ostrea chilensis was initially assumed to be lecithotrophic because of the 

long period (up to eight weeks) larvae are brooded in the pallial cavity of adults, and 

because of its large egg diametre (250µm). However, larvae were also found to be 

capable of ingesting exogenous particles (Chaparro et al. 1993). Chaparro et al. (2006) 

demonstrated that the clearance rate of O. chilensis larvae was much lower than that 

known for any planktotrophic larvae, but also that the biochemical reserves of larvae are 

insufficient to meet metabolic needs throughout development. Those findings indicate 

that O. chilensis is not planktotrophic, but it is not completely lecithotrophic either. The 

larvae appear to obtain nourishment during development from biochemical reserves 
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within the eggs initially, then as larvae develop, they ingest exogenous food particles 

concentrated within the adult’s pallial cavity (Chaparro et al. 2006).  

In New Zealand, studies have found evidence for transport of Ostrea chilensis larvae at 

the scale of metres (short-range) and kilometres (long-range). Early studies concluded that 

following an extended brooding period of approximately 4 weeks, fully developed O. 

chilensis larvae are released from the parent and settle almost immediately (Hollis 1963; 

Walne 1963), although Hollis (1963) considered that a brief free swimming stage lasting a 

few days was possible in the absence of suitable settlement surfaces. Westerskov (1980) 

stated that the planktonic phase of O. chilensis is very brief and, according to his field 

observations, larval settlement normally takes place within 100 to 200 m of parents when 

suitable settlement substratum is available. Subsequent studies found evidence for longer 

range dispersal of larvae over several kilometres. Cranfield and Michael (1989) postulated 

that some O. chilensis larvae were released at a relatively early stage and completed the 

final phase of development while the larvae are free-swimming in the water column, thus 

enabling a greater dispersal range than fully developed larvae which are ready to settle 

immediately upon release. That study also suggested that in Tasman and Golden Bay, 

such pelagic larvae may become concentrated in patches and transported by currents 

leading to substantial spatfall in areas of the bay where there are presently few or no 

oysters. Studies conducted among two separate oyster populations in northern New 

Zealand found no conclusive evidence for the early release of larvae into the plankton 

(Jeffs et al. 1997c; Jeffs 1998b). The discovery of larvae within the upper 15 m of the 

water column in Tasman Bay by Cranfield and Michael (1989) also raised the possibility 

that a significant proportion of oyster larvae may be present in the upper water column. 
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This could enable the collection of oyster spat on structures suspended near the surface or 

in mid-water for aquaculture or fisheries enhancement purposes, in a manner similar to 

methods employed to collect scallop (Pecten novaezelandiae) and mussel (Perna 

canaliculus) spat in Tasman and Golden Bays. 

In an applied context, knowledge of larval dispersal characteristics and population 

connectivity is important in planning and implementing strategies for both conservation 

and fishery management (Cowen et al. 2007; Fogarty & Botsford 2007; Jones et al. 

2007). In planning the spatial configuration of enhanced habitat for the purpose of 

increasing oyster abundance within the O. chilensis fishery, knowledge of scales of larval 

dispersal is critical. For instance, if larval dispersal is predominantly short-range, then 

shell material intended as larval settlement substratum would need to be placed in close 

proximity to an existing population of adult oysters, i.e. near to a larval supply source. 

Conversely, if dispersal is long-range, then hydrodynamics and larval drift patterns may 

be more important in determining optimal locations for placement of substratum. 

Given the evidence from studies around New Zealand for both long and short-range 

dispersal of O. chilensis larvae, my primary objective was to determine the predominant 

spatial scale of oyster larval dispersal in Tasman Bay. Direct tracking of larval movement 

and measurement of larval dispersal in the marine environment is extremely difficult, and 

rarely feasible (Jones et al. 2007; Cowen & Sponaugle 2009). That would certainly be the 

case in Tasman Bay, where numerous logistical and cost constraints associated with water 

depth, distance from shore, weather, and often poor underwater visibility precluded direct 

larval tracking in the field. Instead, I examined spatial patterns of spat settlement (both 

horizontally and vertically) in Tasman Bay, and aspects of larval behaviour to gain 
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inferences regarding larval dispersal characteristics. Field experiments first explored 

broad scale spat settlement patterns in Tasman Bay and tested the relative importance of 

adult oyster density, water depth, and current speed within the bay as potential factors 

influencing spatfall distribution. An experiment tested whether spat could be collected by 

natural settlement in the water column, and settlement height and orientation on collector 

plates were analysed to characterise spat settlement patterns near the seabed. Laboratory 

experiments investigated the length of time that fully developed and earlier stage larvae 

remained capable of viable settlement (pelagic larval duration) following release from 

brooding oysters, and examined the effect of limiting the extent of settlement surfaces in 

relation to the duration of the period of larval settlement. 

3.2 Methods 

3.2.1 Broad scale patterns of larval settlement using artificial spat collectors 

To investigate factors potentially influencing spat settlement distribution, data from 

monitoring of spat settlement on paired spat collectors that were deployed at 10 sites 

throughout Tasman Bay (Figure 3.1) between December 2004 and February 2005 as 

described in section 2.2.2., were analysed further. This analysis was also intended to infer 

scales of larval dispersal. 

The level of variation in spat settlement between the paired collectors located 50 m apart 

within sites was compared to the variation among sites separated by several kilometres 

using one-way ANOVA to test for the effect of site during December 2004, January 2005 

and February 2005 respectively.  Data from those months were used because they 

spanned a summer period during which settlement was occurring, and also collectors 

were deployed and recovered at the greatest number of sites during that period. Sites  
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Figure 3.1.  Locations of paired spat collectors, industry dredge survey tow positions and 
relative oyster density (May 2004) in Tasman Bay. 
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where only one collector or none was recovered (collector/s lost) were not included in the 

analyses. Background densities of adult oysters in the vicinity of each collector location 

were estimated by interpolating relative oyster densities among dredge tow positions 

throughout Tasman Bay, determined in the oyster fishing industry’s annual dredge 

biomass survey conducted in May 2004 (Figure 3.1). The industry survey is a 2-phase 

stratified random design for the purpose of estimating scallop (Pecten novaezelandiae) 

and oyster (Ostrea chilensis) numbers and biomass within pre-defined strata throughout 

the Challenger fishery.  

The median distance between dredge tows was 1151 m (Table 3.1). Interpolation was 

done using the ‘nearest natural neighbour’ routine in the Arcview© Geographic 

Information System software package. Natural neighbour interpolation finds the closest 

subset of input samples to a query point and applies weights to them based on 

proportionate areas in order to interpolate a value. It is a ‘local’ interpolation, using only a 

subset of samples surrounding each query point, and interpolated values are always within 

the range of samples used. It works equally well with regularly and irregularly distributed 

data. A fuller explanation of the technique is in Sibson (1981).   

Table 3.1  Descriptive statistics of distance between neighbouring dredge tows during the 
industry’s 2004 oyster biomass survey. Each tow was ~740 m long and sampled an 
area of seabed of ~1780 m2. 

n Maximum Minimum Mean Median SD 95% CI 

173 4120 m 316 m 1344 m 1151 m 695 m 104 m 

 

Mean near-bottom current speed at each collector position was estimated by interpolating 

(using the nearest natural neighbour routine in Arcview©) grid data (1 km square 
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resolution) output of current speed in the bottom layer of a ten-layer ROMS 

hydrodynamic model of Tasman Bay (Hadfield, Mark pers. comm.).  

A Spearman rank correlation analysis was used to determine which of the factors: ‘adult 

oyster density’, ‘water depth’, and ‘mean near-bottom current speed’ were most strongly 

related to the observed pattern of spat abundance on collectors.  

3.2.2 Broad scale patterns of larval settlement using shell piles 

Enhanced habitat plots comprising piles of whole scallop shell were deployed on the 

seabed at 4 sites in Tasman Bay as detailed in section 4.2.2. To gain inference regarding 

the dispersal distance of oyster larvae, a two-way nested ANOVA (Statistica 8 © StatSoft 

Inc) was used to test the number of spat that settled on shell piles for the effects of site 

and shell plot (nested in site). ‘Site’ and ‘replicate shell plots within sites’ were treated as 

random factors and data were square-root transformed to better satisfy assumptions of 

homogeneity of variance. If spat settlement at sites A and B where background oyster 

density was relatively high (~0.1 m-2) was greater than at C and D where background 

oyster density was very low (~ 0.01 m-2), the inference would be that proximity to 

brooding adults is important in determining larval supply. If spat settlement on shell piles 

at C and D was greater than, or did not differ from A and B, then the inference would be 

that larval supply is not dependent on nearby adults, but must have come from relatively 

far away (>1 km radius area around the sites where adult oyster density was measured by 

ground-truth survey).  
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3.2.3 Height of spat settlement in the water column, and orientation of settlement 

surface 

3.2.3.1 Vertical distribution of spat settlement through the water column 

To test settlement at different heights in the water column, four replicate spat collecting 

arrays were deployed within 50 m of each other about the position 41° 03.721 south and 

173° 07.615 east (near collector site 3 in Figure 3.1) in Tasman Bay between January 12 

and February 13, 2008. Each array consisted of a single rope line with individual 

weathered scallop shells attached with cable ties at heights 0.3 m, 0.8 m, 1.0 m and 

thereafter at 1 m intervals to the surface, 23 m above the seabed. Scallop shells are 

effective settlement substratum for oyster larvae (see sections 4.2.1 and 4.3.1 of this 

study). Each array was anchored to the bottom with a concrete weight and held vertical by 

a small subsurface float 3 m below the water surface, with a surface float attached to 

facilitate recovery of the array. Following recovery of the arrays, scallop shells were 

returned to the laboratory and examined for the presence of oyster spat.  

3.2.3.2 Fine scale vertical distribution of spat settlement near the seabed, and the effect 

of settlement surface orientation  

Twenty spat collectors were deployed at 10 sites (two collectors per site) in Tasman Bay 

(Figure 3.1), and spat settlement was monitored on a monthly basis as described in section 

2.2.2. Spat settlement was compared among 3 plates on each collector positioned 100, 

200, and 300 mm above the seabed during December 2004, January 2005 and February 

2005. In addition, spat counts were analysed to test whether spat settlement differed on 

the top and undersides of plates.  
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Data were ln(x+1) transformed to satisfy assumptions of homogeneity of variance prior to 

testing differences in spat settlement with a 4-way ANOVA (Statistica 8 © StatSoft Inc) 

for the effects of date, site, plate height, and plate surface orientation. Date and site were 

treated as random factors. 

3.2.4 Laboratory experiment - Duration of larval viability, and Effects of limiting 

available settlement surface  

Duration of competency to settle was examined for two developmental stages of larvae: 

fully developed pediveligers with eyespots and earlier veliger larvae lacking eyespots. To 

examine whether a lack of availability of suitable settlement surface could prolong the 

period of settlement, larvae were exposed to two treatments: abundant settlement surface 

and limited settlement surface. Pilot experiments were done during December 2006 to 

confirm that silicon grease applied to glass slides inhibited spat settlement on that surface, 

and that PVC plastic was a suitable settlement substratum for O. chilensis larvae.  

A sample of 300 oysters was received on 17 December 2007 from the Challenger Oyster 

Management Company. Oysters were opened and a few larvae from each brooding oyster 

were immediately examined under a dissecting microscope to select broods at two distinct 

stages of development: (i) Late stage pediveligers with fully developed eyespots and shell 

length of 450-490µm and (ii) earlier stage veliger larvae lacking eyespots and measuring 

370-400µm in shell length. Broods at the late stage were stripped from six oysters and 

pooled to provide a stock slurry of late-stage larvae, and larvae from five oysters brooding 

earlier stage larvae were stripped and pooled in the same way. Aliquots of 26,000 (±5000 

95% C.I.) early stage larvae were introduced to each of three replicate glass aquarium 

tanks (dimensions 60 x 35 x 20 cm) containing 40 litres of seawater, with a coating of 
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silicon grease covering the inside walls of the tank (limited settlement surface treatment), 

and to three replicate tanks with bare glass walls (ample settlement surface treatment). 

Aliquots of 24,000 (±4000 95% C.I.) late stage larvae, were introduced to a further six 

tanks comprising three of each treatment. Treatments were randomly arrayed across tanks 

(Figure 3.2). Three replicate settlement surfaces made from white PVC plastic electrical 

conduit cut into sections 25 mm x 25 mm x 15 mm (PVC collectors) had already been 

haphazardly positioned at the bottom of each tank (Figure 3.3). At each sampling 

occasion plastic settlement surfaces were removed, gently rinsed to remove unattached 

spat and air dried for later counting of settled spat, and replaced with fresh surfaces. 

Plastic settlement surfaces were exchanged first after 10 hrs and thereafter at 

approximately 24 hour intervals for the duration of the experiment (25 days).  Water 

temperature was maintained at 18 °C. Seawater was exchanged by activating a 

recirculating seawater system twice daily and air was continuously bubbled into tanks via 

airstones. The recirculating seawater was passed through an in-line gravel biofilter, and 

appropriate mesh filters prevented escape of larvae from tank outlets. 

Spat settled on each of the three replicate plastic settlement surfaces from each treatment 

at each sample period were counted using a dissecting microscope. A plot of settlement 

through time and a cumulative settlement curve were constructed for each developmental 

stage/treatment combination. Results for each sample period were standardised to the 

percentage of the number settled on plastic substratum during the entire experiment in 

each tank in order to graphically represent cumulative settlement through time.  
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Figure 3.2 Schematic diagram of laboratory experiment to examine duration of larval viability 
and effects of limiting availability of settlement surfaces. Glass aquarium tanks are 
coded according to larval stage, treatment, and tank replicate number, e.g. LC1 
represents Late stage, Control, Replicate tank 1. 

 

 

Figure 3.3 Glass aquarium tank with PVC collectors. 
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Differences in the total number of spat settled was tested with 1-way ANOVA (Statistica 

8 © StatSoft Inc) for the effect of treatment. Statistical tests were done separately on the 

early and late stage larval experiments respectively. 

Qualitative visual observations were made on small samples of larvae extracted from 

tanks as the experiment progressed to gain information about the level of swimming 

and/or crawling activity of larvae through time. 

3.3 Results 

3.3.1 Broad scale patterns of larval settlement using artificial spat collectors 

Settlement rate between collectors separated by tens of metres was similar, compared to 

the wide variation among sites separated by several kilometres. That observation was 

supported by ANOVA results showing spat settlement differed among sites during 

December 2004 (F4,5 = 17.857, p<0.01; Appendix 1B), January 2005 (F5,6 = 24.973, 

p<0.01; Appendix 1C), and February 2005 (F6,7 = 8.705, p<0.01; Appendix 1D) 

respectively. A Tukey’s HSD post hoc test (α = 0.05) identified at which sites spat 

settlement differed significantly within each month (Figure 3.4). 

Of the variables tested using a Spearman rank correlation, background adult oyster most 

strongly associated with spat settlement density, and all three of the independent variables 

chosen (adult density, water depth, and mean current speed) were intercorrelated (Table 

3.2).  

A non-linear regression using a hyperbolic function best described the relationship 

between background density of adult oysters and spat settlement density on collectors 

(Figure 3.5). 
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Figure 3.4.  Comparison of number of spat settled on collectors (n=2) at each site (1-10) during 
summer 2004-2005. Site differences were analysed for each month separately. 
*signifies 0 spat settled on collectors. n.d. signifies no data (lost collectors). Spat 
settlement did not differ significantly among sites sharing lowercase letters at the 
top of error bars (Tukeys HSD, α = 0.05). Shaded bars denote only one of the two 
collectors was recovered at that site.  
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Table 3.2 Matrix of Spearman rank correlation coefficients (r), and associated significance 

values (p) for spat settled per collector, background adult oyster density (oysters m-

2), water depth (m), and mean current speed at 10 sites in Tasman Bay during 
summer 2004/2005. Statistical significance level after Bonferroni adjustment p = 
0.005. 

Adult density Depth Current speed 

 r p r p r p 

Spat per collector 0.889 0.000 0.483 0.000 0.179 0.215 

Adult density   0.648 0.000 0.244 0.088 

Depth     0.519 0.000 
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Figure 3.5. Regression of adult oyster density against the number of spat per collector (area 
0.24 m2) (ln(x+1) transformed) in Tasman Bay December 2004 – February 2005  
(R2= 0.88, p < 0.0001, N=50).  



 

 

48 
Thus, at low adult densities (< 0.01 m-2) there was very low settlement, but a slight 

increase in adult density produced a large increase in spat settlement density.  However, 

this effect was diminished at oyster densities greater than 0.02 m-2. 

3.3.2 Broad scale patterns of larval settlement using shell piles 

Spat settlement on piled shell plots differed significantly among sites A, B, C and D 

(Figure 3.6; F3,24 = 35.1, p<0.001; Appendix 1E), and also among replicate plots within 

sites (F8,24 = 2.87, p<0.05). A post hoc Tukey’s HSD test (α = 0.05) confirmed that 

settlement at sites A and B differed significantly from sites C and D.  
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Figure 3.6. Number of oyster spat settled per sample (0.04m2) on enhanced habitat (piled shell 
treatment) plots at sites A, and B, in areas of relatively high background oyster 
density (~0.01 m-2), and at sites C, and D in areas of lower background oyster 
density (~0.001 m-2 ). Spat settlement did not differ significantly among sites sharing 
lowercase letters at the top of error bars (Tukeys HSD, α = 0.05). 

Using the formula:  
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ώ2 effect =  SSeffect – (df effect)(MS error ) 

SS total + MS error 

to estimate the magnitude of experimental effects (Winer et al. 1991), it was determined 

that site differences accounted for 85% of the overall variance while the replicate(site) 

effect only accounted for 4% of the overall variance. Thus, significantly more spat settled 

on the bare piled shell treatment at sites A and B (where background adult oyster density, 

was ~ 0.01 m-2) compared to sites C and D (where background adult oyster density was ~ 

0.001 m-2), and the within-site variation in spat settlement among shell piles separated by 

tens of metres was less than the variation among sites separated by several kilometres. 

These results imply that the great majority of the larval supply to shell plots was from the 

adult population immediately surrounding plots rather than from a distant source, and also 

that spat settlement was relatively evenly distributed at the scale of tens of metres (within 

sites), compared to the distribution at the scale of kilometres (among sites). 

3.3.3 Height of spat settlement in the water column 

3.3.3.1 Vertical distribution of spat settlement  throughout the water column 

Spat only settled on scallop shells positioned at a height less than 1 m above the seabed on 

experimental arrays extending 23 m to the sea surface (Figure 3.7). The variation at 0.3 m 

above the seafloor was greater than at 0.8 m. The spat settled on the scallop shells is more 

likely to have been well-developed larvae from a near source of adults than planktotrophic 

larvae from a distant source.  
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Figure 3.7.  Mean number of spat settled on individual scallop shells (each ~168 cm2) suspended 
vertically throughout the water column on 4 experimental arrays during January 
2008 (open circles denote no settlement).  

 

3.3.3.2 Fine scale vertical distribution of spat settlement near the seabed, and the effect 

of plate surface orientation  

Spat settlement differed significantly between plates positioned 100, 200, and 300 mm 

above the seabed (Figure 3.8; F2,100=53.79, p < 0.05; Appendix 1F). A Tukey’s HSD post 

hoc test (α = 0.05) examining the main factor of plate height pooled across all sites and 

times indicated that differences were significant among all three plate heights. Thus 

settlement on average was greatest on the lowest plates and least on the upper plates  
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Figure 3.8.  Number of spat settled on plates mounted 100 mm, 200 mm, and 300 mm above the 
seabed during December 2004, January 2005 and February 2005. Data ln(x+1) 
transformed to meet assumptions of homogeneity of variance. Site 7 excluded due to 
lost and damaged collectors and site 10 excluded because 0 spat were found on 
plates on all sample occasions.  
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(Figure 3.8). The average number of spat per settlement plate pooled across all sites and 

times was 63 on the plates at 100 mm above the seabed, 40 on the plates at 200 mm, and 

26 on the plates at 300 mm. This pattern was not consistent across all sites and dates 

(Figure 3.8; F28,100=3.52, p < 0.001; Appendix 1F). At sites where very few larvae settled 

(e.g. sites 6 and 9), differences among plates were not detectable in some months. 

Average spat settlement was greater on the tops of plates than the bottoms (Figure 3.9; 

F1,100=19.77, p < 0.05; Appendix 1F) for all site*time combinations except at site 5 in 

February 2005 (Figure 3.9; F14,100=3.79, p < 0.001; Appendix 1F). The low numbers of 

spat settled at sites 6 and 9 is likely to have reduced the power of the analysis to detect 

differences between plate surfaces. These results illustrate the strong influence of site on 

the magnitude of spat settlement. 

3.3.4 Laboratory experiment - Duration of larval viability, and Effects of limiting 

available settlement surface  

In the cases of both late stage and early stage larvae, there was little variation of spat 

settlement among control tanks, but settlement varied substantially among the three 

replicate treatment tanks where settlement surface was limited by application of silicon 

grease to tank sides (Figure 3.10). There appeared to be a trend for greater numbers of 

both early and late stage larvae to settle on the plastic substrata within silicon treated 

tanks, compared to tanks where bare glass sides were available for settlement (Figure 

3.10), and this suggested that the grease discouraged settlement on the tank sides causing 

more larvae to continue ‘seeking’ behaviour until encountering the PVC collectors. 

However, the effect of the treatment on the total number of larvae settled on plastic  
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Figure 3.9 Number of spat settled on the top and bottom of spat collector plates at each site 
during December 2004, January and February 2005. Data ln(x+1) transformed to 
meet assumptions of homogeneity of variance.  
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Figure 3.10 Mean number of larvae settled on PVC collectors (82.5 cm2 surface area) per 
replicate tank vs time (n=3). a) late stage larvae b) early stage larvae + bare sides, d) 
tanks with silicon greased sides early stage in tanks with bare glass sides, + silicon 
grease.  
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settlement surfaces was not statistically significant (Figure 3.10; F1,4=0.911, p > 0.05; 

Appendix 1G; F1,4=1.536, p > 0.05 Appendix 1H).  

Settlement of both early and late stage larvae varied through time (Figure 3.10). 

Settlement of late stage larvae was greatest within the first 10 hours of the experiment and 

decreased rapidly between 10 and 24 hrsLow numbers of late stage larvae were recorded 

settling between 12 and 20 days. Early stage larvae commenced settling after 3-4 days 

and settlement rate climbed rapidly after 7 days and peaked between 7 and 9 days after 

release. On average, the peak settlement rate of early stage larvae was almost an order of 

magnitude less than the peak settlement rate of late stage larvae (Figure 3.10). Following 

the peak, the rate of settlement decreased more gradually for early stage larvae than for 

late stage larvae. A small proportion of the larvae that had been stripped at an earlier stage 

of development (early stage) were still settling when the experiment ended after 24 days.  

Cumulative settlement curves (Figure 3.11) depict the percentage settlement through time 

as a proportion of the total recorded on the plastic settlement surfaces (PVC collectors). 

Almost 40% of the settlement occurred within the first 10 hours following release of late 

stage larvae (eyed pediveligers, 450-460 µm shell length) (Figure 3.10 a). A small 

proportion of the late stage larvae remained competent to settle after 20 days, and no 

settlement was detected after 22 days. The first early stage larvae (veligers 350-360 µm 

shell length) did not start to settle for 3-4 days following release, with a sharp increase 

after 7 days. Approximately 60% settled between 7 and 11 days following release (Figure 

3.11 b).  

The trend for settlement on the plastic settlement surfaces to continue for a longer period 

in tanks where the settlement surface had been limited by applying silicon grease to the  
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Figure 3.11 Cumulative settlement curves showing the proportion of early and late stage larvae 
settling on PVC collectors through time subjected to conditions of limited settlement 
surface (silicon grease on tank sides) and ample settlement surface (bare glass tank 
sides) within the experimental tanks (n=3). 
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sides of tanks was apparent in the graph of cumulative settlement, but variation among 

tanks (within treatments) was clearly very high (Figure 3.11).  

Qualitative observations indicated that levels of crawling and swimming activity 

decreased through the course of the experiment. Late stage pediveligers appeared to cease 

swimming activity at 7 to 14 days after release and no crawling activity was detected after 

20 days. A few early stage larvae (veligers) were still swimming 20 days after release, but 

after 24 days none were swimming and only one individual was observed crawling. 

Another qualitative observation was that larval swimming activity was much reduced or 

absent after a period of darkness, and that swimming activity was initiated by switching 

on the lights in the laboratory, and then decreased again after several minutes.  

3.4 Discussion 

3.4.1 Applied significance of larval transport and dispersal 

In an applied context, knowledge of larval dispersal characteristics and population 

connectivity is important in planning and implementing strategies for both conservation 

and fishery management (Cowen et al. 2007; Fogarty & Botsford 2007; Jones et al. 

2007). In planning the spatial configuration of enhanced habitat for the purpose of 

increasing oyster abundance within the O. chilensis fishery, knowledge of scales of larval 

dispersal is critical. For instance, if larval dispersal is predominantly short-range, then 

shell material intended as larval settlement substratum should be placed in close 

proximity to an existing population of adult oysters (i.e., close to larval supply source).  

Given that there was evidence from studies around New Zealand for both long and short-

range dispersal of O. chilensis larvae, my primary aim in examining spatial patterns of 
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spat settlement was to determine the predominant spatial scale of larval dispersal in 

Tasman Bay. 

3.4.2 Areal scale of larval dispersal inferred from spat settlement patterns 

One approach was to examine the relationship between spatial patterns of adult 

population density and spat settlement density. If dispersal was primarily long distance, 

then spat settlement distribution should be independent of adult oyster distribution, 

whereas if short-range dispersal was predominant, greater spat settlement would be 

expected in areas of high adult density. My experiments showed that oyster density 

estimated at the scale of the industry’s biomass survey (median distance between sample 

tows ~ 1 km) was adequate to predict the relative magnitude of spat settlement among 

sites separated at the scale of several kilometres. Field experiments using artificial spat 

collectors demonstrated that background density of adults was a stronger predictor of spat 

settlement density than were the factors water depth or mean current speed (Table 3.2, 3.3 

and 3.4), and that spat settlement rate was less variable among artificial collectors 

separated by 50 m compared to collectors separated by kilometres (Figure 3.4).  

In agreement with the collector plate experiments, large scale field experiments involving 

the deployment of shell piles demonstrated that spat settlement density on experimental 

shell piles was greater at sites where background oyster density was higher, compared to 

sites of low background oyster density, and also that variation in spat settlement rates 

among shell piles separated by tens of metres within sites, was less than the variation 

among sites separated by kilometres.  

These results infer that during the spat settlement season, Ostrea chilensis larvae in 

Tasman Bay exhibit a relatively even areal distribution reflecting the variation among 
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background oyster densities, and that larval dispersal in Tasman Bay occurs 

predominantly over distances of tens to hundreds of metres rather than kilometres. 

A regression of spat density against adult oyster density described a hyperbolic 

relationship (Figure 3.5) such that at low adult densities (< 0.01 m-2) any increase in adult 

densities will produce a large increase in spat settlement density, but this effect is 

diminished at adult densities greater than 0.02 m-2. This indicates that larval distribution 

giving rise to the observed asymptote of mean spat settlement density (~600 – 1700 spat 

m-2 ) occurs at relatively low adult densities (~0.02 m-2) in Tasman Bay. Schulte et al. 

(2009) describe a similar relationship but with a parabolic regression function, for the 

same parametres on oyster (Crassostrea virginica) reefs in Virginia, where adult oyster 

densities are several orders of magnitude greater. The decline in spat settlement density at 

the very highest adult densities in their study is a notable feature, possibly caused by a 

density dependent limiting factor such as competition or predation (Hixon et al. 2002). A 

likely explanation for the relatively low adult densities producing the apparent asymptote 

of spatfall in Tasman Bay observed in my experiments is that the paucity of settlement 

substratum combined with the influence of currents and larval behaviour (discussed in 

following sections) facilitates dispersal and homogenisation of the larvae such that an 

increase in adult population density will not have an appreciable effect on larval 

concentration and spat settlement density above the threshold adult density of ~0.02 m-2. 

A few very high counts of spat on collectors were recorded during the entire spatfall 

monitoring program described in Chapter 2. For example, the greatest rate of settlement 

recorded was 8570 spat.m-2 on one collector deployed for a 3 week period during 

November/December 2006. Such a high spat settlement density could be considered a 
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data outlier, and a potential explanation for such high settlement is discussed below in 

section 3.4.6.  

3.4.3 Factors affecting potential dispersal distance of O. chilensis  in Tasman Bay 

The maximum swimming speed of benthic invertebrates generally does not exceed 10 to 

20 mm.s-1 (Olson 1985; Scheltema 1986) and the swimming speed of larvae of Ostrea 

edulis (a congener of O. chilensis) has been quoted as 0.12 mm.s-1 (Cragg 1980). Given 

that near-bottom current speeds in Tasman Bay have been quoted as ranging from 60 to 

300 mm.s-1 (Mark Hadfield, NIWA, pers. comm.), and 20 to 280 mm.s-1 (MacKenzie & 

Adamson 2004) the greatest influence on the direction and speed that oyster larvae travel 

in the water column will clearly be currents. This suggests that the maximum potential 

distance an oyster larva can be dispersed to viably settle is primarily determined by the 

current velocity, coupled with the length of time between larval release and settlement, or 

the pelagic larval duration (PLD, in Shanks et al. 2003). Another factor that interacts with 

current speed in determining the rate of larval transport is the vertical positioning of the 

larva in the water column (Scheltema 1986; Eckman 1996). Larvae with a short duration 

planktonic period are likely to remain near the bottom, either within or in close proximity 

to the bottom boundary layer. This is a region of shear arising from friction where the 

water moving in a current contacts the stationary substratum, resulting in a gradient of 

decreasing current velocity with proximity to the surface of the substratum (Scheltema 

1986). Larvae of many species are capable of adjusting their vertical position in the water 

column by swimming or sinking behaviour, and this can have a significant effect on 

dispersal (eg. Eckman 1996; North et al. 2008).  
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3.4.4 Implications of vertical distribution of O. chilensis spat 

Although oyster larvae have been found in the upper portion of the water column in 

Tasman Bay (Cranfield & Michael 1989), my field experiments found settlement only 

within 1 m of the seabed and, within the bottom metre, a gradient of increasing spat 

concentration with increasing proximity to the seabed was evident.  This supports the 

assertion that vertical distribution of spat settlement is driven by strong benthopelagic 

behaviour in O. chilensis (Westerskov 1980). The inference is that the vast majority of O. 

chilensis larvae remain close to the bottom, associated with the bottom boundary layer. In 

this zone, current speeds are likely to be reduced. The vertical swimming and sinking 

behaviour driving this benthopelagic larval distribution in O. chilensis is probably 

mediated primarily by response to light and current (Cranfield et al. 1970; Westerskov 

1980). It is likely that only a small proportion of the larvae are present in the upper water 

column, advected upward by hydrodynamic forces of vertical mixing and turbulence 

which would at times override the swimming and sinking behaviour of the larvae. This 

inference is supported by the assertion of previous researchers that larvae with a shorter 

planktonic duration are more likely to remain near the bottom (Scheltema 1986). 

Mackenzie and Adamson. (2004) described a nepheloid layer of turbid water containing 

resuspended sediments and high chlorophyll a levels close to the seabed (extending up to 

4 metres above the bottom) persisting during summer months in Tasman Bay. It may be 

that O. chilensis larvae comprise a component of this layer, and the association could 

facilitate habitat search, nutritional benefits or confer some other effect to the larvae 

(Zimmer et al. 2008). 
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3.4.5 Larval response to light and currents 

The influence of current and light on bivalve larval behaviour and settlement is complex. 

For instance Mytilus edulis larvae in the Irish Sea were distributed evenly throughout the 

water column during flow but were concentrated in mid and bottom waters during ebb 

tides (Knights et al. 2006).  Baker (2003) showed that larvae of Ostrea equestris were 

concentrated near the bottom of a shallow well-mixed estuary during the day but rose to 

be near the surface at night.  

Westerskov (1980) found that settlement peaks of O. chilensis in Otago Harbour 

coincided with slack tide. Estimates of near-bottom current speeds derived from previous 

studies using acoustic Doppler profilers in the vicinity of sites used for this study range 

between 6 and 9 cm s-1 increasing to around 30 cm.s-1 during high wind events (Mark 

Hadfield NIWA pers. comm., September 2008).  It has been noted in several studies that 

O. chilensis larvae tend to prefer to settle on the underside of surfaces in the presence of 

light (e.g. Cranfield et al. 1970; Westerskov 1980). Cranfield (1968) observed that in still 

water and low light intensities larvae swim up toward the light and tend to settle on the 

underside of surfaces, but in darkness or under conditions of high currents with dim light 

larvae tend to settle on upper surfaces. These previous observations can be related to the 

results and observations made in the present study under field conditions in Tasman Bay, 

to explain the dynamic interaction between the environmental conditions and larval 

behaviour that produced the observed settlement patterns. In my field experiments, most 

larvae settled on the top surface of the plates positioned closest to the seabed. Thus the 

conditions of low light intensity accompanied by current flow (albeit at a relatively low 

velocity) encountered near the bottom in Tasman Bay induced a similar response in the 

larvae to that described by Cranfield (1968) under conditions of dim light and current 
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flow in Foveaux Strait. Close inspection of the data in my field experiments revealed that 

where there was exceptionally high settlement, it often occurred on the underside of 

plates, contrary to the significant trend for settlement predominantly on the tops of plates. 

Cranfield (1968) found that in dim light conditions (such as prevail near the seabed in 

Tasman Bay) and still water, larvae tend to swim upward toward the light and settle on 

the underside of surfaces. Thus, it is plausible that exceptionally high settlement counts 

observed on a few occasions in my field experiments (data outliers) arose through the 

chance placement of spat collectors very close to a single brooding oyster or localised 

patch of brooding oysters and the observed high settlement rate occurred when larvae 

were released during slack water in close proximity to the collector. In Tasman Bay, due 

to the low densities of adult oysters, and the paucity of clean shell substratum, the 

majority of larvae are unlikely to contact suitable substratum during the slack tide period, 

and so will be moved about by currents for a greater proportion of their PLD (up to 

several days), giving rise to the more common settlement pattern (predominantly on the 

top of the settlement plates). 

During laboratory experiments, larvae which had not settled within the first 12 hours after 

release showed a behavioural response to light which could have important implications 

for dispersal in the bay. It was observed qualitatively in the laboratory that larval 

swimming activity was much reduced or absent after a period of darkness, and that 

swimming activity was at first stimulated if light levels were increased (by switching on 

the lights in the laboratory), then dropped back after several minutes.  This qualitative 

observation may relate to findings by Westerskov (1980) who described a diurnal pattern 

where 76% of settlement at experimental sites in Otago Harbour occurred in the early 

morning between 4 a.m. and 8 a.m. It could be that unattached viable larvae which have 
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not yet contacted a suitable settlement surface are passive and stay very near the bottom in 

darkness, then resume searching and settlement behaviours in the morning when light is 

available as a reference for orientation in the water column and fine scale positioning on 

settlement surfaces.  

3.4.6 Duration of larval competency after release 

Results from my laboratory experiments indicated that fully developed pediveliger larvae 

will begin settling immediately upon release, with around 40% settling in the first 10 

hours, but a low proportion are capable of remaining viable for up to 20 days. Thus, the 

pelagic larval duration of O. chilensis could be considered to be brief (hours), but with the 

potential to be extended and for metamorphosis to be significantly delayed (for several 

days) in the absence of suitable settlement substratum. This result is consistent with the 

findings of Hollis (1963). There is some evidence that larvae that are able to 

metamorphose soon after becoming competent to settle generally have higher growth 

rates and lower mortality than those that metamorphose after longer periods, but the 

ability to delay settlement allows a greater chance for encountering suitable substratum 

for development and survival (Strathmann 1985; Scheltema 1986). Qualitative 

observations of activity of larvae sampled from the experimental tanks indicated that 

swimming and crawling activity of larvae decreased through time. The trend for the 

intensity and duration of larval settlement on the plastic collectors to be greater where 

settlement surface within tanks was limited by application of silicon grease to tank sides, 

compared to tanks where bare glass was available for settlement suggested that larvae are 

capable of remaining in ‘search’ mode for several days in situations where settlement 

substratum is limited. However those results were not statistically significant. It may be 

that replication was simply insufficient to detect a real difference due to the wide variation 
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among replicates. These results imply that in the natural situation, a significant proportion 

of larvae ought to remain viable and capable of dispersal for several days. However it 

should also be noted that containment of larvae in an artificial environment in laboratory 

experiments, or even containment in the field may significantly alter their swimming time 

(Olson 1985). Food limitation may also have altered larval behaviour, as I added no 

additional feed to the recirculating seawater system. However, Hickman (2000) found that 

an exogenous supply of food is not essential for completion of development and 

settlement in an ex-parent rearing situation.   

The onset of settlement was delayed for several days in earlier stage veliger larvae and 

those larvae remained viable to settle for slightly longer than fully developed pediveliger 

larvae. Far fewer of the larvae introduced at an early stage eventually settled on 

experimental surfaces compared to larvae introduced at a fully developed stage, and it 

was assumed that this reflected higher rates of mortality and/or non-viability of larvae 

introduced at the earlier stage. The presence of early stage larvae sampled from the water 

column in Tasman Bay by Cranfield and Michael (1989) could simply be a result of 

inadvertent ‘spillage’ from the mantle cavity of the parent as observed in other studies (eg 

Westerskov 1980), due to constraints of brooding space available within the pallial cavity 

(Chaparro et al. 2008). The low viability of early stage veligers observed in the 

laboratory, and the empirical evidence for brood spillage due to space constraints do not 

support the theory of Stead (1971) also advanced by Cranfield and Michael (1989), of a 

dual dispersal strategy for O. chilensis, whereby a proportion of oyster larvae are released 

into the plankton at an early stage to disperse widely, while the majority are brooded to a 

very late stage to settle close to the parent.  
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3.4.7 Synthesis: Spatial patterns of spatfall and inferred larval dispersal 

characteristics 

Adult oysters occur at a relatively low density and a fairly even distribution over wide 

areas in Tasman Bay (Tunbridge 1962; Cranfield & Michael 1989; Drummond 1994; 

Brown 2007). Suitable settlement substratum for oyster spat is relatively scarce in 

Tasman Bay (Tunbridge 1962, Drummond 1994) mostly due to the predominance of fine 

grained mud substratum (Mitchell 1987) and the depositional nature of the benthic habitat 

(Van der Linden 1969). Near-bottom current speeds in the vicinity of sites used for this 

study generally range between 6 and 9 cm s-1 (Mark Hadfield, NIWA, pers. comm.). 

These preconditions coupled with the oyster larval behavioural parametres known from 

observations of previous workers (Hollis 1963; Westerskov 1980; Hickman 2000) and 

from my experiments, are consistent with the spatial patterns of spat settlement observed 

in the results from this study. The scarcity of suitable settlement substratum is likely to 

delay settlement of a significant proportion of larvae for a period of a few hours or up to a 

few days which is the duration larvae remained competent to settle in my experiments. 

The relatively slow current speeds are likely to provide a diffusive and homogenising 

influence on the horizontal distribution of larvae, while the strongly benthopelagic 

behaviour of O. chilensis larvae concentrates them close to the bottom. Dispersal occurs 

predominantly over distances of tens to hundreds of metres resulting in spat distribution 

which reflects adult oyster distribution (demonstrated in my field experiments).  

These dispersal characteristics of O. chilensis in Tasman Bay are consistent with traits 

generally associated with benthic invertebrates exhibiting strategies of larval brooding 

and lecithotrophy (Thorson 1950; Strathmann 1985). The pelagic larval duration is 

predomonantly brief (hours to days), and the dispersal distance is relatively short (tens to 
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hundreds of metres). These features may confer benefits of lower mortality during the 

dispersal phase due to less time vulnerable to predators (Thorson 1950; Pineda 2000), 

reduced nutritional risk in reaching metamorphosis, and a greater chance of utilising 

favourable local conditions where their parents recruited successfully (Strathmann 1985). 

The larvae are able to remain competent to settle for several days which allows for an 

extended period searching for suitable settlement substratum - a particular advantage in 

areas like Tasman Bay where shell or other hard substratum is limited. This phenomenon 

has been identified in relation to larval behaviour in a range of other species (Strathmann 

1985; Scheltema 1986). 

Results of this study do not support the proposition of Cranfield and Michael (1989) who 

inferred from the presence of some early stage larvae high up in the water column that a 

relatively high proportion of the oyster population in Tasman Bay may release early stage 

larvae into the plankton. They suggested this may facilitate long-range dispersal and 

aggregation of larvae leading to substantial spatfalls in areas of the bay where there were 

previously few or no oysters. It is more likely that changes in recruited oyster distribution 

proceed incrementally outward from established patches, and are influenced mostly by a 

range of factors including near-bottom currents, availability of suitable settlement 

substratum, food availability (for adults), disease, predation, and mortality associated with 

fishing. A population genetic study to examine the degree of genetic relatedness among 

oysters from different areas within the bay would further help to determine whether O. 

chilensis larvae can disperse over long distances in Tasman Bay.   

The short-range dispersal of O. chilensis in Tasman Bay implied by my experiments 

suggest that long term processes of adaptation and evolution will be most influenced by 
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local factors (e.g. local sources of mortality), and there is a higher probability of traits 

being retained within the local population (Underwood & Fairweather 1989; Cowen & 

Sponaugle 2009). There is also greater potential for high phenotypic variation at the bay-

wide scale in response to localised adaptive influences (Olson 1985). Local factors 

potentially influencing adaptive processes in Tasman Bay could include tolerance to high 

sediment loading in the water column. Inhibitory effects to feeding and respiratory 

function caused by high sediment concentration have been demonstrated for scallops 

(Stevens 1987; Silina & Zhukova 2007), and oysters are likely to be affected in a similar 

manner. The combination of sediment input to the bay from land based development via 

rivers, and sediment resuspension from towed-gear fishing activity is likely to result in 

selection for oysters best able to cope with high levels of suspended sediment.  

3.4.8 Relevance to enhancement operations 

The environmental conditions in Tasman Bay together with the dispersal characteristics 

of the oyster larvae combine to produce a scenario suitable for the employment of habitat 

enhancement techniques. The relatively uniform distribution of mature oysters over wide 

areas, weak to moderate current speed, the paucity of suitable substratum for settlement, 

and benthopelagic larval habit appear to elicit a relatively even distribution of larvae 

concentrated near the seabed. In areas where the background density of oysters is 

sufficient to provide an adequate larval supply, deployment of shell material onto the 

seabed should result in elevated numbers of larvae finding suitable surfaces for 

settlement. The key determinant in placement of enhanced habitat is the background 

density of oysters within the area to be enhanced, rather than position in relation to current 

flows, or water depth. In terms of maximising spat production, ideal areas for deployment 

of shell are those where background oyster density is near, but just below, the stated 
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commercially viable density of 0.02 m-2. Enhancement in those areas should result in the 

maximum likelihood of increased productivity for the fishery both in terms of increasing 

the areal extent of the commercial fishery and also in terms of maximising spat settlement 

density within that area. The annual industry biomass survey provides sufficient 

information to identify areas of the bay where adult oyster densities are suitable for 

habitat enhancement with waste shell. Given that the vertical distribution of spat 

settlement is strongly concentrated near the seabed, structures intended for the collection 

of O. chilensis spat for aquaculture or fishery enhancement purposes should be designed 

to collect spat between 0 and 1.0 m above the seabed.  
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Chapter 4  

Effects of habitat enhancement on oyster recruitment 

4.1 Introduction 

The provision of settlement substratum as a means of improving oyster recruitment has 

been practiced widely for centuries. In Roman times (c. 2000 years ago), the writings of 

Plini the Elder describe the work of Sergius Orata spreading brush oak in Lake Avermis 

to encourage the settlement of European flat oysters (Ostrea edulis). The Japanese noted 

the settlement of oysters (Crassostrea sp.) on bamboo fish weirs in the 16th century, and 

the French used lime-coated tiles as oyster (O. edulis) spat collectors in Napoleonic times 

(Mann & Powell 2007). In oyster fisheries on the southeast coast of the USA, the return 

of shell or other forms of ‘cultch’ has been carried out routinely for decades with mixed 

success in an effort to boost oyster settlement and survival (e.g. Haywood et al. 1995; 

Leard et al. 1995; Rodney & Paynter 2006; Mann & Powell 2007; Schulte et al. 2009), 

and the addition of scallop shell to the seabed was shown to increase the abundance of 

commercially fished invertebrate species in a study in eastern Canada (Guay & 

Himmelman 2004). In New Zealand, Maori placed rocks in areas known to be good for 

oyster spat settlement as a means of habitat enhancement in pre-European times (Te Puni 

Kokiri 2009). 

Tunbridge (1962) was the first to note that oyster productivity within the Challenger 

fishery might be limited by the predominance of soft sediment habitat and a lack of 

suitable settlement substratum in Tasman and Golden Bays. Evidence from studies of the 

Foveaux Strait fishery, indicated that three-dimensionally complex biogenic habitat is 
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beneficial for the settlement and survival of oysters (e.g. Cranfield et al. 2004).  A 

primary objective of this study was to test whether habitat enhancement would increase 

productivity of the Challenger oyster fishery, by comparing oyster settlement, growth and 

survival between enhanced and non-enhanced habitat. There are no previous studies of 

natural oyster spat settlement in Tasman or Golden Bay. Preliminary investigations using 

cement fibre settlement plates demonstrated spat settlement at widespread sites within the 

bay, including areas where adult oyster distribution was below commercial densities (see 

sections 2.3.2 and 3.3.1).  

Many studies have tested the suitability of various materials as a settlement substratum for 

a range of oyster species including O. chilensis (e.g. Westerskov 1980; Mann et al. 1990; 

Anderson & Underwood 1994; Haywood et al. 1995; Tamburri et al. 2008). The living 

and dead shells of marine bivalves and gastropods have been widely identified as a good 

settlement substratum for oysters, and in Tasman Bay it has long been known anecdotally 

that the valves of scallops are a very common attachment surface for oysters (local 

fishermen pers. comm.). Discarded shell material is available in substantial quantities as a 

by-product of the region’s scallop, oyster and mussel industries. Previous anecdotal 

information suggested that O. chilensis settled most readily on fresh oyster shell, and that 

scallop shell was a good substratum, but mussel shell was inferior. Mussel shell is 

particularly abundant and readily available as a by-product of the mussel aquaculture 

industry in the Nelson/Marlborough area, so one objective of this study was to compare 

the efficacy of oyster, scallop and mussel shell as settlement substratum for oyster spat. 

Previous studies examining the dynamics of recruitment of sessile invertebrates on 

artificial substratums have highlighted the importance of timing of deployment in 
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determining the initial order, and longer term abundance of colonising species (Gaines & 

Roughgarden 1985; Roughgarden et al. 1985; Minchinton & Scheibling 1991; Osman & 

Whitlatch 1995; Claar et al. 2011). Colonisation of enhancement substratum by species 

competing for space (‘fouling species’) is likely to affect the settlement success of oysters 

on enhanced habitat, underlining the importance of providing ‘clean’ shell as a settlement 

substratum for oyster larvae to maximise oyster recruitment (Osman et al. 1989; Street 

1994; Street 2003). Oyster larvae require a hard substratum for settlement, and will not 

settle on fine grained sediment (e.g. Baker 1995; Tamburri et al. 2008), so the deposition 

of terrigenous and resuspended sediments on the seabed in Tasman Bay (Van der Linden 

1969; Gibbs 2001; Forrest et al. 2007) reduces the available settlement surface on newly 

deployed shell substratum. In addition to competitors (for space), the colonisation of 

enhanced habitat by predators and pathogens of oysters will obviously affect the success 

of oyster enhancement activities (e.g. Barnes et al. 2010). To determine the short term 

changes in the area of bare shell available for settlement by oyster larvae, the percentage 

cover of bare shell, sediment and epifauna on enhanced habitat was measured on three 

occasions during the 12 months after shell substratum was deployed on the seabed.   

There is limited data on the growth of oysters within the Challenger fishery. A mark-

sample trial carried out in the Challenger fishery between July 1990 and August 1992 did 

not provide any quantitative estimate of growth rate, but noted that of the 85 oysters 

recovered with size-at-release and sample information, many showed little or no 

incremental increase in shell height or length during the two year trial (Drummond 1994).  

This was ascribed to poor growth on the muddy Tasman Bay habitat. However, the same 

study pointed out that live legal sized (>58mm length) oysters were found growing on 

scallops that were seeded in the area two years previously (Drummond 1994). Fishermen 
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have provided similar reports of rapid growth to legal size of oysters on seeded scallops of 

known age in Golden Bay between 2006 and 2008 (Chris Parris pers. comm.). Osborne 

(1999) utilised data from a tagging study conducted in 1990-1994 which provided 72 

records of zero or positive growth over periods of two to four years between release and 

sample, to construct a von Bertalanffy equation for Tasman Bay oysters. Osborne’s 

equation estimated Linf for oyster diametre ((height + length)/2) as 85.43 mm. Fast growth 

rates have been reported for young oyster spat grown in suspended culture in Tasman Bay 

(M. Bull pers. comm. in Drummond 1994) while Bull (1971) estimated oysters in 

suspended culture in the Marlborough Sounds should grow to 82 mm in diametre in 18 

months. O. chilensis showed considerably slower growth rates in suspended culture at 

various locations in Chile, attaining shell heights of between 36 and 48 mm by 24 months 

of age (Toro et al. 1995). 

More comprehensive growth studies have been conducted on oyster populations in 

Foveaux Strait (Stead 1971; Dunn et al. 1998; Michael et al. 2000) and Otago Harbour 

(Westerskov 1980). The growth model of Dunn et al. (1998) indicated that oysters in 

Foveaux Strait growing at the mean rate should reach commercial size (58 mm length) in 

their fourth year, while the models of Michael et al. (2000) used annual growth lines in 

the shells to estimate that oysters would grow to harvestable size in 5 to 8 years. Michael 

et al. (2000) concluded in their study that the use of external shell checks or annual 

growth lines in sectioned shells provided highly variable results. Stead (1971) found that 

oysters in shallow sheltered embayments on Stewart Island (e.g. Port Adventure) reached 

marketable size in less than 2 years.  
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Estimates of natural mortality for recruited oysters in the Challenger fishery vary 

considerably. Based on a mark-sample study carried out between 1990 and 1992, 

Drummond (1993) reported values for instantaneous natural mortality (M) of 0.2 and 0.9 

that were derived using two different analysis methods. Drummond concluded that the 

estimate of M = 0.9, which equates to an annual mortality of 59% was likely to be the 

more accurate. Osborne (1999) in estimating a maximum constant yield (MCY) for the 

Challenger oyster fishery considered a range of potential values for M and settled on M = 

0.3 as being suitably conservative for use in calculating an MCY of 505 tonnes. 

Various estimates of M have also been made for the Foveaux Strait oyster population. In a 

tag-sample study wherein oysters were tagged and released in 1973 and 1974, Cranfield 

and Allen (1979) estimated M as 0.009 year-1 for the year 1973 to 1974, and 0.015 year-1 

for the year 1974 to 1975. Sample data were collected in subsequent years through to 

1986 and Dunn et al. (2000) presented revised figures showing mortality had increased 

between 1974 and 1986 to 0.20 and 0.19 year-1 for the 1973 and 1974 tags respectively.  

Currently the constant value for natural mortality in the Foveaux Strait fishery officially 

accepted by the New Zealand Ministry of Fisheries for use in stock assessments is 0.1, 

based on estimates of Dunn et al. (2000). All of these existing mortality estimates relate to 

instantaneous rates of mortality for oysters already recruited into the fishery (>58mm 

length). Oysters tend to have a high rate of mortality as newly settled spat, which 

decreases as they mature (M. Bull pers. comm. in Drummond 1994, Cranfield & Allen 

1979).  

In summary, to research the effects of habitat enhancement on oyster recruitment, the 

objectives of this study were:  
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• To compare the relative suitability of oyster shell, scallop shell and mussel shell as a 

settlement substratum for oyster spat (preferred settlement surface);  

• To compare oyster settlement among 3 enhanced habitat shell density treatments - 

piled shell, scattered shell, and non-enhanced seabed (control);  

• To measure the effect of adding broodstock to enhanced habitat in terms of oyster 

settlement;  

• To quantify changes in availability of settlement surface on enhanced habitat due to 

sedimentation and species colonisation immediately after shell deployment; 

• To estimate growth and time to harvestable size of oysters on enhanced habitat; 

• To estimate survival rate of oysters on enhanced habitat;  

• To identify predators of oysters present on enhanced habitat. 

 

4.2 Methods 

4.2.1 Preferred settlement surface experiments 

4.2.1.1 Field experiment 

Arrays of oyster (Ostrea chilensis) shells and scallop (Pecten novaezelandiae) shells (4 

valves of each type) threaded alternately on wire (Figure 4.1) were deployed at sites 3, 7 

and 8 (Figure 2.1) in Tasman Bay on 16 December 2004. Attempts to drill mussel (Perna 

canaliculus) shells to be threaded on wire failed as the mussel shell was too fragile and 

broke or cracked. Instead, mesh bags filled with weathered scallop shells and mussel  
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Figure 4.1 Spat collector assembly with scallop and mussel shell in mesh bags and scallop and 
oyster shell threaded on wire attached. 

 

shells (Figure 4.1), were deployed on the seabed at sites 2, 3, and 5 (Figure 2.1) on the 

same date. All shells were recovered on 14 March 2005 and returned to the laboratory to 

count the number of attached oyster spat using a binocular microscope. Counts were 

standardised to number per m2 in order to compare numbers settling on each shell type. 
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4.2.1.2 Laboratory experiment 

On 17 January 2006, 50 oysters were collected by commercial fishers from the seabed in 

Tasman Bay. The next day, oysters were opened and late stage pediveliger larvae with 

eyespots were found in 3 of the oysters. Larvae stripped from those oysters were pooled 

in a slurry, and then distributed in approximately equal aliquots among 5 replicate tanks 

(dimensions 60 x 35 x 20 cm) containing 40 litres of seawater, each connected to a 

recirculating seawater system and maintained at 18°C. On the bottom of each tank, 6 

replicate valves from each shell type (oyster, scallop and mussel) had been placed in 

random positions the week previously, to allow formation of microbial biofilms 

associated with bivalve settlement (e.g. Crisp 1974; Zardus et al. 2008). Cupped valves of 

oysters and scallops were used and half of the shells of each type were placed ‘inside up’, 

while the other half were placed ‘outside up’. Larvae were allowed to settle for 24 hours 

after which time shells were removed from the tanks. Shells were lightly rinsed with 

seawater to remove unattached larvae, then air dried. Settled larvae were counted on both 

sides of each valve within a 95 mm2 area near the centre of the shell. 

4.2.1.3 Data analysis 

Differences in numbers of spat settled were tested with 2-way ANOVA (Statistica 8 © 

StatSoft Inc) for the effects of site and shell type in the field experiments, and for the 

effects of tank and shell type in the laboratory experiment. Sites and tanks were treated as 

random factors in the field and laboratory experiments respectively. 

Tukey’s HSD post-hoc tests (α = 0.05) were used when ANOVA indicated significant 

effects. Data were either ln(x+1) or square root transformed when necessary to satisfy 

assumptions of homogeneity of variance. 
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4.2.2 Habitat enhancement experiments (Shell substratum and broodstock) 

4.2.2.1 Site selection 

Experimental plots were located in Tasman Bay at four sites measuring one ha in area, 

and separated by more than 2 km (sites A, B, C and D in Figure 4.2). All sites were 

located where water depth was 23 m, at the shallow end of the normal depth range within 

which oysters are distributed in Tasman Bay (Challenger Oyster Management Company 

Ltd. biomass survey data), to enable sampling of experiments using SCUBA. Sites A and 

B were located within a zone where relative adult oyster density was approximately 0.01 

m-2 which was below the threshold relative oyster density above which dredge fishing is 

commercially viable (0.022 m-2; Campbell, Mitch pers. comm.), yet sufficient to assume 

there might be a significant supply of larvae. Those sites were selected to compare natural 

oyster spat settlement among 3 enhanced habitat shell density treatments: piled shell, 

scattered shell, and non-enhanced seabed (control).  

To test for an effect of adding broodstock to enhanced habitat, sites C and D were 

deliberately located within a zone where oyster densities were so low (≈ 0.001/m-2) that 

the natural supply of larvae from the oyster population in the near vicinity was likely to be 

negligible.  

Initial selection of all sites (A, B, C, and D) was based on results of the oyster industry’s 

annual biomass survey, and then background oyster densities were confirmed in the 

vicinity of each site by ground-truth sampling using a commercial dredge deployed from 

the Tasman Challenger scallop enhancement barge. Between 5 and 7 tows of 700 m  
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Figure 4.2 Enhancement experiment site locations. Water depth shown at 10m interval 
contours.  

 

length were undertaken within a 1 km radius of each site. Estimated relative oyster 

density and accompanying coefficients of variation at each site are shown in Table 4.1. 

Table 4.1. Oyster densities within a 1 km radius of experimental sites. 

Site Relative Density (Oys m-2) C.V. (%) 

A 0.0098 18.7 

B 0.0089 19 

C 0.0011 34.5 

D 0.0008 36.7 
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4.2.2.2 Shell deployment 

In October 2005, 13 tonnes of weathered whole scallop shell was loaded into 42 x 1.5 m3 

bulk sacks. The filled sacks were trucked to Port Nelson and loaded onto the industrial 

barge (the MV Tasman Challenger) for transportation to the sites, where the bags of shell 

were lowered and upended on the seabed to form piles of shell at the pre-determined plot 

positions (Figure 4.3). 

To compare oyster settlement among 3 enhanced habitat shell density treatments, at each 

of sites A and B, 9 plots comprising 3 replicate plots of 3 treatments were set up (Figs 4.4, 

4.5).  The treatments comprised: dense shell piled to a height of ~0.3 m above the 

substratum; scattered shell (approximately 300 shells per m2 covering the seabed in a 

single layer projecting up to 0.05 m above the substratum); and non-enhanced seabed as a 

control. Treatment plots were approximately 4 m in diametre and were located at least 30 

m apart at random positions within the 1 ha site. Following deployment of the shell piles, 

scattered treatment piles were spread out on the seabed by SCUBA divers using garden 

rakes to roughly attain the intended shell density. 

To measure the effect of adding broodstock to enhanced habitat in terms of oyster 

settlement, at each of sites C and D, 6 plots were set up comprising 3 replicate plots of 2 

treatments (Figs 4.6, 4.7). All plots comprised shell piles with dimensions of 

approximately 4 m diametre and projecting approximately 0.3 m above the substratum. 

The day after the plots were deployed, 180 adult legal sized (>58 mm length) oysters were 

collected from Tasman Bay and divers placed 30 broodstock oysters on 3 of the plots at 

each site. 
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Figure 4.3 Pictorial summary of deployment and sampling of shell enhancement plots in 
Tasman Bay. Phases of experiment progress clockwise from top left. 



 

 

82 

 

Figure 4.4 Experimental layout for habitat enhancement experiment at sites A and B. 

 

 

 

Figure 4.5 Experimental design for habitat enhancement experiment at sites A and B. 
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Figure 4.6 Experimental layout for broodstock experiment at sites C and D. 

 

 

 

Figure 4.7 Experimental design for broodstock experiment at sites C and D. 

 

 



 

 

84 
4.2.2.3 Sampling 

Following a 5 month interval encompassing the peak summer period of spat settlement in 

Tasman Bay, all plots were sampled in March 2006. Divers sampled oyster spat and the 

associated species assemblage by taking 3 haphazardly located scoops (each 

approximately 0.04 m2 in area, and 0.002 m3 in volume) off each plot. Samples were 

bagged by divers and then returned to the laboratory for counting and measurement of 

settled spat, and identification of macrofaunal predators and competitors, using a 

stereomicroscope. Settlement was nominally assumed to occur in January because that 

was the month of peak settlement during the summer season (see Chapter 2), so samples 

taken in March 2006 provided two data points: the spat settled during the summer season 

(nominally January 2006), and the spat surviving the early post-settlement period to 

March 2006. 

All plots were sampled again in October 2006 to estimate growth and mortality 12 

months after deployment of enhanced substratum. Sampling was carried out on a subset 

of the plots in April 2007, April 2008 and May 2009 in order to model oyster growth rates 

and examine survival through 3+ years. Between 2006 and 2008, three samples (scoops of 

area 0.04m2) were taken from each plot sampled. In 2009, in addition to the scoop 

samples, all visible oysters were removed from the plots in order to maximise sample size 

for growth determination. The sampling schedule is summarised in Table 4.2.  

4.2.2.4 Spat settlement analyses 

Differences in spat settlement density were tested with a 3-way nested ANOVA for 

effects of treatment (piled shell, scattered shell and control), site, and replicate plots  
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Table 4.2. Schedule of number of scoop samples (0.04 m2 area, 0.002 m3 volume) and number 

of plots sampled from each site/treatment combination. 

Date of sampling and oyster age measured 

Site and 
Treatment 

March 06 
Settlement 
(Nominally Jan 
06) 
and 
3 months 

Oct 06 
10 months 

April 07 
16 months 

April 08 
28 months 

May 09* 
41 months 

(n) 
Samp
les Plots 

Samp
les Plots 

Samp
les Plots 

Samp
les Plots 

Samp
les Plots 

A -Piled 9 3 9 3 3 1 6 2 6 2 

A -Scattered 9 3 9 3 ns ns 3 1 3 1 

B -Piled 9 3 9 3 3 1 9 3 9 3 

B-Scattered 9 3 9 3 ns ns ns ns 6 2 

C-Shell/Brood 9 3 9 3 3 1 3 1 3 1 

C -Shell only 9 3 9 3 ns ns ns ns ns ns 

D-Shell/Brood 9 3 9 3 ns ns 3 1 3 1 

D -Shell only 9 3 9 3 ns ns ns ns ns ns 

* Oyster numbers for growth model sampled at the scale of the entire plot at 41 months 

ns = not sampled 

 

(nested within treatment) at sites A and B. Samples within replicate plots were pooled due 

to a lack of degrees of freedom in the model, and data were ln(x+1) transformed to satisfy 

assumptions of homogeneity of variance. Site and replicate were designated as random 

effects. Spat settlement did not differ significantly among 3 replicate plots nested within 

treatments across sites (F6,36 = 1.506, p >0.25) so settlement on replicate plots was pooled 

within treatments for further analysis (Underwood 1981; Winer et al. 1991). 

At sites C and D, differences in spat settlement density were tested with three-way nested 

model ANOVA for the effect of treatment (enhanced habitat with broodstock, and 

enhanced habitat without broodstock), site, and replicate plots nested in treatments. 
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Samples within replicate plots were pooled due to a lack of degrees of freedom in the 

model, and data were ln(x+1) transformed to satisfy assumptions of homogeneity of 

variance. 

4.2.2.5 Short term changes in surface cover of shell substratum 

Seven replicate photoquadrats (0.25 m2) were taken randomly on piled shell treatment 

plots at site A in December 2005, March 2006 and October 2006. Photoquadrats were 

analysed using Coral Point Count with Excel Extensions, a computer program used for 

determining substratum coverage from random point counts (Kohler & Gill 2006). For 

each sampling occasion, percentage cover was estimated for three cover categories: bare 

shell, sediment; and epibiota (other than oysters). To test whether there was any 

significant change in each of the cover categories through time, one-way ANOVA was 

performed on data from each cover category separately, with time as a random factor. 

Data were Arcsin√ transformed to meet assumptions of homogeneity of variance. A post 

hoc Tukeys HSD test (α = 0.05) was done for each cover category respectively, to identify 

at which times cover varied significantly. 

4.2.2.6 Growth Analysis 

Oysters sampled from the enhanced plots at sites A and B in March 2006, October 2006, 

April 2007, April 2008 and May 2009 were measured to estimate growth. Size parametres 

measured were: shell height (the greatest distance across the shell from the umbo to the 

ventral margin), shell length (the greatest distance across the shell from the posterior to 

the anterior end, perpendicular to the height), and shell depth (the distance from the outer 

surface of the upper valve to the outer surface of the lower valve). Shell diametre is 

defined as the average of shell height and shell length. Time of settlement (time 0) was 
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assumed to be January 2006. All oysters sampled from the enhanced plots were assumed 

to belong to the 2006 year class.  

Oyster growth is known to be slow in winter (Westerskov 1980). This was corroborated 

by the 2006 data which confirmed the seasonal variation in growth rate. Therefore 

October 2006 data were excluded, and the growth analysis was based on annual 

increments measured in April/May each year. 

Size at age of oysters is expected to follow the von Bertalanffy growth curve: 

( ) ( )( )( )inf 01 exps age L k age t= − − −
 

The von Bertalanffy curve is parametreised by Linf, k, and t0; whereby Linf is the expected 

median maximum size (not the actual maximum size measured) and age is the expected 

age of the animal assuming they were all born at exactly the same time. 

For each age at collection (0.25, 1.33, 2.33 and 3.41 years), the likelihood of the growth 

parametres is a simple multinomial of the proportions observed at size, given the expected 

proportions at size in the measured population, with the sample size determined by the 

number of individuals sampled, i.e.,  

( ) ( ) ( )( ) ( )( )log log ! log ! log ,i i i
i

L N NO NO Z E r − = − + − ∑
 

where  N = the number of sampled oysters in that year 

 Oi = proportion of oysters at size i that were sampled 

 Ei = expected proportion of oysters at size i in the sampled population 

and Z(x,r) is a robustifying function with parametre r>0 (to prevent division by zero 

errors), defined as  
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( ) ( )
 where 

,
/ 2 /  otherwise

x x r
Z x r

r x r

≥
=  −  

The growth parametres were optimised using a minimisation of the log likelihood 

calculation. Results from these minimisations (Maximum Posterior Density runs or 

MPDs) provide a single point estimate for each parametre. The results from the MPD 

were then processed through an MCMC (Markov chain Monte Carlo) procedure, whereby 

the optimised point estimate of the parametres was re-evaluated 100,000 times with small 

jumps between estimations. The first 1,000 iterations were discarded as a burn-in period. 

MPDs are typically a good indicator of the quality of the fitting of the growth parametres 

to the data. However, the optimum growth parametres come from the MCMC runs, with 

some measure of confidence in the spread of possible values. Optimum growth 

parametres, and associated confidence measures were calculated by Dr S. Mormede 

(NIWA). 

4.2.2.7 Morphometrics, meat weight, and meat quality 

During this study, the shell height, shell length, shell width and wet meat weight of 662 

oysters were measured to estimate which shell dimension was most closely correlated to 

meat weight. Oysters measured were harvested at various times as part of a 

characterisation of temporal patterns of brooding (Brown et al. 2010). Shell height, length 

and width were measured to the nearest mm using a vernier caliper. Wet meat weight was 

determined by opening the oyster, lightly dabbing the meat on a paper towel and then 

weighing to the nearest 0.1 g using Mettler electronic scales. A correlation analysis was 

performed on the data to determine which shell dimension was most strongly related to 

meatweight.  
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Fifty commercially harvested oysters were measured for shell height, shell length, shell 

depth, and meat weight, and the meats were visually graded by the processors, to assess 

the relationship between morphometric parametres and meat grade. Meats were visually 

assessed as ‘A grade’ (>8 cm2 area, 32 mm diametre); ‘seconds’ which have been 

damaged during shucking or are between 23 mm and 32 mm diametre; and ‘rejects’ 

which are badly discoloured, very small (< 23 mm diametre) or lack any visible gonad. 

4.2.2.8 Survival 

Numbers of live oysters sampled from the plots in March 2006, October 2006, April 

2007, April 2008 and May 2009 were counted and the mean number of live oysters per 

m2 was calculated to construct survivorship curves at each site.  

4.3 Results 

4.3.1 Preferred settlement surface 

In the laboratory experiment spat settled well on all shell types (Figure 4.8). Shell type did 

not significantly effect spat settlement  (F2,75 = 1.2557, p = 0.3355; Appendix 1I). The 

number of oyster spat settled on shell differed significantly among tanks (F4,75 = 5.9665, p 

< 0.05), but the relative magnitude of spat settlement among shell types was similar 

across tanks (F2,75 = 1.2557, p= 0.3355). Tank 2 had the lowest overall spat settlement on 

all shell types (Tukey’s HSD, p<0.05; Figure 4.8).  

In the field experiments, there was no difference between oyster and scallop shells in 

terms of the number of spat settled. (F1,18 = 4.326, p = 0.1730; Appendix 1J). Spat 

settlement differed significantly among sites (F2,18 = 87.0174, p = 0.0114), and spat 

settlement at site 8 was lower than at site 4 on both shell types tested (Tukey’s HSD, 

p<0.05; Figure 4.9).  
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Figure 4.8 Results of laboratory experiment comparing oyster spat settlement density on 
oyster, scallop and mussel valves. Error bars represent 95% CI. Tanks sharing 
letters at the top of error bars did not differ significantly (Tukeys HSD, p<0.05). 

 

There was no significant difference in the number of spat settled on mussel shell 

compared to scallop shell in mesh bags attached to collectors at the seabed (Figure 4.10; 

F1,158 = 1.1251, p = 0.3664; Appendix 1K), but there were differences among sites in 

terms of the relative magnitude of spat settlement on the two shell types (F3,158 = 5.8998, p 

< 0.01). Exceptionally low settlement on the bagged mussel shell at site 3 accounted for 

this (Figure 4.10).  
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Figure 4.9 Comparison of oyster spat settlement density on oyster and scallop valves threaded 
on wire deployed at 3 sites in Tasman Bay between December 2004 and March 2005.  
Error bars represent 95% CI. Site/shell-type combinations sharing letters at the top 
of error bars did not differ significantly (Tukeys HSD, p<0.05).  
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Figure 4.10 Comparison of oyster spat settlement density on scallop and mussel valves held in 
mesh bags deployed at 4 sites in Tasman Bay between December 2004 and March 
2005. Error bars represent 95% CI. Site/shell-type combinations sharing letters at 
the top of error bars did not differ significantly (Tukeys HSD, p<0.05). 
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4.3.2 Enhancement experiments 

4.3.2.1 Settlement at Sites A and B – habitat enhancement using shell  

Oyster spat density was greater on seabed plots enhanced with shell substratum compared 

to non-enhanced seabed, and spat settlement density increased with increasing shell 

density (Figure 4.11; F2,48 = 1260.69, p<0.01; Appendix 1L). All treatments differed 

(Tukey’s HSD, p<0.05). At site A, spat density on the piled shell treatment was 

approximately 3 times that on the scattered treatment and more than 500 times greater 

than on unaltered seabed controls (Figure 4.11). 
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Figure 4.11 Number of oyster spat settled per sample (0.04m2) on enhanced habitat plots 
configured at 2 levels of shell enhancement (piled and scattered), and on adjacent 
control plots (not enhanced) on the seabed, at two sites within an area of moderate 
adult oyster density (relative density ≈ 0.01 oysters per m2) in Tasman Bay between 
October 2005 and March 2006. Treatments sharing letters at the top of error bars 
did not differ significantly (Tukey’s HSD, p<0.05). 
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At site B, mean spat density on the piled shell treatment was almost double that on the 

scattered treatment and was significantly more than on the non-enhanced control 

treatment (where no oyster spat was sampled) (Figure 4.11).   

4.3.2.2 Spat settlement at sites C and D – habitat enhancement + broodstock 

The provision of broodstock on enhanced habitat increased oyster settlement, but only at 

site C (Figure 4.12). The different effect of the addition of broodstock on spat settlement  

between the two sites (F1,24 = 24.72, p<0.05; Appendix 1M) is explained by the low spat 

settlement density at Site D (Figure 4.12). Very few oyster spat settled on the piled shell 

treatment plots without broodstock at both sites C and D, indicating that natural larval 

supply was very low. 
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Figure 4.12 Number of oyster spat per sample (0.04m2) on enhanced habitat plots (piled shell) 
with (Shell+Brood), and without (Shell) added broodstock (n=30 adult oysters), at 
two sites located in an area of very low adult oyster density (relative density ≈ 0.001 
oysters per m2) in Tasman Bay during summer 2005/2006. Treatments sharing 
letters at the top of error bars did not differ significantly (Tukey’s HSD, p<0.05). 
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4.3.2.3 Short term changes in surface cover of shell substratum 

The surface of the piled shell treatment plots changed considerably through time at site 

‘A’, after deployment of the shell in late October 2005 (Figs 4.13, 4.14). In December 

2005, six weeks after deployment, around 65% of the surface area of the plots sampled at 

site A was ‘bare’ scallop shell available for oyster spat settlement. In mid March, four 

months after shell deployment, approximately 18% of the plot surface in the 

photoquadrats was bare shell, and 40% was covered by epifauna, while another 40% was 

covered by sediment.  By November 2006, 1 year after shell deployment, around 13% of 

the surface of the enhanced substratum was bare shell, suitable for oyster settlement, and 

approximately 33% of the cover comprised benthic faunal species. Commonly occurring 

epifaunal organisms found covering the shell substratum included a range of species of 

bryozoans, didemnid ascidians, tube building polychaetes, hydroids, and at the latter 

sampling event, sponges.   

One-way ANOVA for each cover category demonstrated there was a significant effect of 

sampling date on percent cover. Percent cover of bare shell declined significantly in the 

three months between December 2005 (1 month after shell was deployed), and March 

2006, and did not decline further by October 2006 (F 2,18 = 27.117, p<0.05, Tukey’s HSD, 

p<0.05; Appendix 1N). Percent cover of sediment overlaying the shell piles increased 

steadily through time, and was significantly greater in October 2006 compared to 

December 2005 (F 2,18 = 3.612, p<0.05, Tukey’s HSD, p<0.05; Appendix 1O). The 

percent cover of species other than oysters colonising the shell piles increased 

significantly between December 2005 and March 2006, and then did not change 

significantly between March and October 2006 (F 2,18 = 25.616, p<0.05, Tukey’s HSD, 

p<0.05; Appendix 1P).  
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Figure 4.13 Change in percent cover of (a) bare shell, (b) sediment, and (c) epifauna on 
enhanced plots at site A ‘Piled’ treatment estimated from point counts in 
photoquadrats taken 6 weeks (December 2005), 4 months (March 2006) and 12 
months (October 2006) after deployment. Within each cover category, % cover 
values sharing letters at the top of error bars did not differ significantly (post-hoc 
Tukey’s HSD, p < 0.05, n=7). 
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Figure 4.14 Photographs taken on piled shell treatment plots illustrating changes in sediment 
and epifauana cover at times after shell deployment in October 2005. 

 

The colonisation by conspicuous epifauna and the sedimentation visible in the 

photoquadrats indicated that the area suitable for oyster spat settlement was substantially 

less immediately prior to the second spat settlement season in summer 2006/2007 

compared to the previous spat settlement season in summer 2005/2006.  Spat numbers in 

samples taken from shell enhancement plots in March 2006 after the first summer 
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settlement period, and then in April 2007 after the second settlement period supported this 

inference. In samples (each sample 0.04 m2 in area, and 0.002 m3 in volume) taken from 

two piled shell plots at sites A and B in April 2007, the mean number of spat per sample 

within the size range likely to have settled that summer (length 0 to 30 mm) was 0.7 (95% 

CI = 0.7, n=6). By comparison, the mean number of live spat per sample within that size 

range sampled from the same plots 12 months earlier was 42.3 (95% CI = 6.9, n=6). 

4.3.2.4 Growth 

A summary of the data available for growth estimation is in Table 4.3 and size frequency 

plots using available data are provided in Figure 4.15. Insufficient numbers of live oysters 

were sampled at all sites to allow comparison of growth rates among sites in April 2007, 

2008 and in May 2009, due to high oyster mortality on the experimental shell piles and 

logistical constraints that limited the sampling effort. Thus, oyster size data from all sites 

was pooled for the purposes of growth modeling. 

Table 4.3  Oyster data for growth estimation (data from all sites pooled). 

Date collected Age (years) Shell Diametres (n) Shell Depths (n) 

March 06 0.25 799 0 

April 07 1.33 23 9 

April 08 2.33 28 27 

May 2009 3.41 29 29 

 

The MPD runs were robust to all reasonable start values of the shell length parametres, 

and only deviated significantly when large start values were used (such as Linf =110 with 

t0=5). The von Bertalanffy growth curve parametres derived from the MPD runs were k0 

= 0.9, Linf = 62.2, t0 = 0.09 and sigma = 6.51. 
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Figure 4.15 Frequency distribution of the diametre of live oysters sampled from enhanced 
habitat in March 2006 (0.25 years), October 2006 (0.83 years), April 2007 (1.33 
years), April 2008 (2.33 years); and May 2009 (3.41 years). 
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MCMC runs using shell length data were carried out starting with Linf at either 80 or 

110mm. Both runs converged to almost identical values (Table 4.4), which were very 

close to those of the MPD analysis.  

Table 4.4 Oyster growth parametres for shell diametre, length, and depth as calculated 
through a Markov Chain Monte Carlo procedure (Mormede, S. pers. comm.) 

 Diametre (mm) Length (mm) Depth (mm) 

 mean sd mean sd mean sd 

k 0.8 0.1 0.9 0.1 0.08 0.02 

Linf 73.6 2.9 62.1 2.3 63 12 

t0 0.10 0.01 0.09 0.02 -0.7 0.4 

sigma 6.8 0.2 6.5 0.2 2.7 0.5 

 

A similar procedure was applied to shell depth and diametre values. Whereas the MPD 

runs for shell diametre parametres were robust to reasonable start values, the MPD runs 

for shell depth were very unstable. Final values were highly dependent on the initial 

parametres. Varying the initial Linf between 20 mm and 50 mm resulted in the “optimised” 

Linf ranging between 44 mm and 65 mm (not linearly linked). The mean value for 

diametre Linf was 74 mm, for length Linf was 62.1, and for depth Linf was 63 mm (Table 

4.4). Growth modeling indicates that on average, oysters will approach maximum shell 

diametre 4 years after settlement (Figure 4.16), and minimum legal size (≥ 58mm length) 

will be attained between two and three years after settlement (Figure 4.17). Shell depth 

initially increased more slowly than diametre or length, and did not approach an 

asymptote within the ten years modeled in this study (Figure 4.18). By the time of the 

fishing season of the third year after settlement, 96% of oysters are expected to reach 

minimum legal size (Table 4.5). However, it is the following year before a similar  
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Figure 4.16  Expected oyster diametre growth curve and distribution of sizes each year based on 
Markov Chain Monte Carlo procedure results (100,000 iterations)(Mormede, S. 
pers. comm.). 

 

Figure 4.17  Expected oyster length growth curve and distribution of sizes each year based on 
Markov Chain Monte Carlo procedure results (100,000 iterations)(Mormede, S. 
pers. comm.). 
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Figure 4.18 Expected oyster depth growth curve and distribution of sizes each year based on 
Markov Chain Monte Carlo procedure results (100,000 iterations)(Mormede, S. 
pers. comm.). 

 

proportion of the oysters are expected to attain a shell depth of 20 mm, to provide a high 

yield of marketable meats of ‘A’ grade quality (Table 4.5; section 4.3.2.5). 

Table 4.5 Percentage of oysters at legal size (≥58mm length) and nominal depth (≥ 20mm 
depth) expected to yield high quality meats in each year class (Mormede, S. pers. 
comm.). 

 

Age (years) 0.25 1.25 2.25 3.25 4.25 5.25 6.25 7.25 8.25 9.25 

% ≥ 58 mm length 0 0 71 96 98 98 98 98 98 98 

% ≥ 20 mm depth 0 0 0 0 92 100 100 100 100 100 
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4.3.2.5 Morphometrics and meat weight 

Meat weight was most strongly correlated with shell depth followed by shell height, then 

shell length (Table 4.6). The mean shell depth of 499 commercially harvested oysters ≥ 

58 mm length (legal size) was 18.7 mm ± 0.34 (95% CI). 

To gauge morphometric parametres of top grade commercial sized oysters, mean values 

were determined for shell height, length and depth, and meat weight of 50 grade ‘A’ 

commercially harvested oysters sampled at the point of processing (Table 4.7). 

Table 4.6 Results of correlation of each shell dimension against meatweight. N = 622. 

 

Shell dimension Height Length Depth 

Correlation coefficient 0.480 0.393 0.524 

Pearson probability P<0.01 P<0.01 P<0.01 

 

Table 4.7 Mean values for morphometric parametres of 50 grade ‘A’ oysters  

 

Parametre Height (mm) Length (mm) Depth (mm) Meat Weight (g) 

Mean 83.93 66.76 19.84 10.72 

95% CI 1.68 1.87 0.97 0.87 

 

4.3.2.6 Survival 

Survival from settlement generally followed a log-linear relationship (Figure 4.19). At 

sites A, B, and D, survival from settlement (Summer 2005-2006) to the second sample 

occasion in late October 2006 ranged from about 10% to 25%, and up to 44% at site C  
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(Figure 4.19). On the third sample occasion in April 2007 (oysters aged 1+), survival at 

both sites A and B was about 8%, but at site C the population appeared to have crashed 

such that only a single live oyster from the initial cohort (other than the broodstock) was 

sampled within that plot.  

In April 2008 (age 2+) survival had dropped to about 1% at site A, and 6% at site B 

(Figure 4.19 a,b).  All plots sampled at site A on that occasion appeared scattered, 

possibly as a result of physical disturbance, such as trawling, or a storm event causing 

exceptionally strong currents in the vicinity. Such a disturbance would provide one 

possible explanation for the sudden decline in oyster abundance.  

In May 2009, no live oysters were found on either of the two piled shell treatment plots 

sampled at site A and only one live oyster was found on the single scattered shell 

treatment plot sampled at that site. However, at site B, the mature oyster density was 0.37 

m-2 +/-0.13 (1SE) on both the piled and scattered shell treatment plots (Figure 4.19 b,d). 

This equated to a rate of survival to age 3.41 years of ~0.05%. By applying a dredge 

efficiency conversion factor of 36% (Drummond 1987), relative oyster density (oysters 

caught in a commercial dredge) was estimated as 0.13 m-2, and this demonstrated an 

appreciable increase in oyster production compared to the original background oyster 

relative density of 0.01 m-2 estimated at site B prior to enhancement (Table 4.1).  

Shell plots within sites C and D on which no broodstock oysters were placed were 

excluded from the analysis of survival because the initial settlement rates were so low that 

there were an insufficient number of oysters to warrant subsequent sampling.  
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Variability of oyster abundance among samples across sites, treatments and at different 

times was high. Nevertheless, interpretation of the data collected provided an estimate of 

survival rate for oysters from spat settlement through the pre-recruit phase up to the 3+ 

year class and demonstrates the high variability in survival among different sites and 

treatments sampled in the experiments.  

Percentage mortality was calculated from the decrease in mean abundance within samples 

on piled shell treatments at site A and site B in the first year from settlement (nominally 

assigned to January 2006) to April 2007, and for the following year from April 2007 to 

April 2008 (Figure 4.20). Average mortality within samples was around 92% at both sites 

in the first year.   
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Figure 4.20 Percent mortality at site A and site B in the first year after settlement (January 
2006-April 2007), and in the second year after settlement (April 2007-April 2008). 
N=9 for A piled and B piled in January 2006, n=3 for A piled and B piled in April 
2007, n=6 for A piled and 9 for B piled in April 2008. Standard errors were 
propagated for the % mortality calculation (Bevington & Robinson 2002). 
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In the second year, mean mortality for the piled treatment at site B decreased to around 

20% (although variability was high) but was still high for the piled treatment at site A 

(85% ± 7.99). 

The length frequency distribution of dead oysters sampled from experimental plots in 

May 2009, 3.5 years after settlement provides some evidence for two significant mortality 

events within the population (Figure 4.2.1). There is a peak in the number of dead oysters 

when oysters were between 10 and 15 mm in length corresponding to an age of about one 

year, and another peak when oysters were approximately 55 mm in length corresponding 

to an age of about 38 months. 

Length (mm)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

C
ou

nt

0

5

10

15

20

25

30

 

Figure 4.21 Length distribution of dead oysters sampled from experimental plots in May 2009. 
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4.3.2.7 Predators and shell borers 

Screening of invertebrate samples taken from enhanced plots revealed a number of 

potential predators and competitors (Figure 4.22). Three individuals of the flatworm 

Enterogonia orbicularis, which is a confirmed predator of oysters (Handley 2002) were 

found in samples taken from shell enhanced plots. The eleven armed starfish 

(Coscinasterias calamaria) is another known predator of oysters (Stead 1971) and was 

seen on enhanced habitat by divers but was not observed feeding on oysters. Three 

species of boring gastropods which are likely to prey on O. chilensis were found in the 

invertebrate samples: Poirieria zelandica; Xymeme ambiguus; and Xymenella pusillis. 

The smallest and most abundant of these was Xymenella pusillis. Small bore holes found 

in a few oyster spat (Figure 4.22 d) were of a size consistent with predation by X. pusillis 

(Hayward, Bruce pers. comm.). The octopus (Octopus maorum) is commonly found 

throughout Tasman Bay, and was often encountered within or nearby enhanced shell plots 

during sampling. However it is unknown whether, or to what extent oysters form a part of 

the octopus diet.   

A boring sponge Cliona sp. was found ramified throughout a few oyster shells, and this 

has been observed previously, particularly in the northeast portion of Tasman Bay (Stead 

1976). The sponge does not prey on O. chilensis but weakens the shell and causes loss of 

condition (Coppins, Ted pers. comm.). Mudworm (Polydora sp.) was also found in the 

shell of a few of the sampled oysters and this organism is known to cause shell blisters 

and reduce oyster meat quality (Handley 2002; Dunphy et al. 2005).  
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Figure 4.22 Predators and competitors of oysters in the vicinity of the enhanced plots:a) 
flatworm ( Enterogonia orbicularis), b) boring gastropod (Xymeme ambiguus), c) 
boring gastropod (Xymenella pusillus), d) dead oyster spat with drillhole, e) oyster 
competing with bryozoan for space on shell substratum, f) Octopus maorum. 
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4.4 Discussion 

4.4.1 Preferred shell type for spat settlement  

Any combination of waste scallop, oyster and mussel shell would be suitable for use as 

spat settlement substratum. Although oyster spat will settle at a similar rate on all three 

shell types, scallop shell is probably the best for habitat enhancement in Tasman Bay 

because the relatively large dimensions of an individual scallop shell compared to a 

mussel or oyster valve ought to provide for the greatest proportion of surface area 

available for spat settlement projecting above the soft substratum of the seabed. 

4.4.2 Settlement on enhanced habitat 

Spat (settled larvae) production was significantly increased as a result of deploying shell 

settlement substratum on the seabed. In areas where background adult oyster density was 

~ 0.01 oysters m-2, mean larval settlement density on shell piles ranged on average from 

1125 m-2 (at site B), to 1450 m-2 (at site A). Spat settlement was two to three times greater 

on piled treatment plots than on scattered treatments and at least fifty times more than 

non-enhanced plots (where only a single oyster spat was recorded in one of the nine non-

enhanced plots sampled). Thus, spat density was directly related to the amount of shell 

substratum provided. This confirms the hypothesis that the availability of suitable 

settlement substratum is a key factor limiting spat abundance in the fishery in Tasman 

Bay. 

In the southeastern United States various techniques have been used to re-expose buried 

shell in an effort to increase oyster spat settlement (Leard et al. 1995). Methods have 

included the use of towed implements such as pasture harrows (Sayce & Larson 1966) 

commercial dredges with the bags removed, and hydraulic escalators (Wesson et al. 
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1995). In Tasman Bay, scallop and oyster dredging activities may also promote increased 

abundance of oyster spat inadvertently through disturbance to the seabed. The action of 

the dredge serves to turn over or plough the top layer of sediment to a depth ranging from 

several millimetres to several centimetres, (pers. obs.) and this action could expose shell 

material which had lain buried in the soft sediment. This shell material is free of fouling 

organisms as a result of having been buried, and therefore would present a favorable 

surface for spat settlement. Historically, dredging activity has been concentrated during 

the scallop fishing season in September and October (Campbell, Mitch pers. comm.) 

which is immediately prior to the peak period of oyster larval availability in summer 

(Brown et al. 2010). Thus the dredging activity could serve to increase available 

settlement substratum at an opportune time for spat settlement. While dredging 

disturbance to the seabed could potentially help to alleviate the shortage of settlement 

substratum for oyster larvae, other effects of dredging including resuspension of 

sediments and direct damage and burial of benthic invertebrates including adult oysters, 

are likely to negatively impact the oyster population and the wider benthic community 

(e.g. Thrush et al. 1995; Black & Parry 1999; Currie & Parry 1999; Levin et al. 2001; 

Thrush & Dayton 2002; Kaiser et al. 2006)(also see section 6.3.3).  

4.4.3 Effect of adding broodstock 

At Site C, the addition of broodstock to shell piles elevated mean spat settlement density 

from an average of 25 spat m-2 to 925 m-2, but spat distribution was highly variable 

among enhanced habitat plots where broodstock was added and at Site D the addition of 

broodstock had no significant effect. Considerable effort and cost is associated with 

obtaining broodstock and transferring it, and there is a potential risk of high mortality 

associated with re-laying oysters in the soft sediment/high silt environment in Tasman 
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Bay.  Earlier experiments whereby spat newly settled on shell, and spat which had been 

growing suspended in cages in the water column was placed directly on the seabed in 

Tasman Bay resulted in very poor survival after a few months (Bull 1993). Adult oysters 

dropped as brood stock from the sea surface to the bottom may sink into the soft mud that 

is the predominant substratum type on the Tasman Bay seabed, or land in the soft 

sediment in an orientation which compromises feeding and growth, or causes death (e.g., 

posterior end down into the mud). In Tasman Bay, oyster spat appear to only settle on 

hard shell material projecting above the mud. Consideration of these factors alongside the 

elevated spat numbers that were achieved merely through the placement of shell on the 

seabed (without broodstock) suggests the collection and relaying of broodstock is unlikely 

to be an optimal use of enhancement resources. 

4.4.4 Relevance of short term changes in cover on enhanced habitat (shell 

substratum) 

The surface area of bare shell representing favourable surface for oyster settlement on the 

enhanced habitat had decreased by almost 50 % in the 4 months following deployment of 

the shell on the seabed. The decrease was due to both the deposition of sediment and the 

settlement and growth of various epifaunal species (‘fouling’). This result confirms the 

importance of placing shell substratum immediately prior to the main larval settlement 

period between November and January (see Chapter 2).  

Although deposition of sediment continued steadily, the percentage of bare shell did not 

change appreciably during the subsequent sampling interval between March 2006 and 

October 2006, but remained low at between 10 and 20%. Results of samples taken from 

shell piles in April 2007 to measure spat settlement density in the second season 
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following shell deployment indicated that sedimentation and colonisation by conspicuous 

epifauna had significantly limited available settlement surface by the time of the second 

spat settlement season because spat settlement density was 98% less than the previous 

season.  Thus, the loss of potential settlement surface clearly outweighed any potential 

facilitation of oyster spat settlement due to interspecific interactions such as those 

suggested by Barnes et al (2010), and the benefits of habitat enhancement in terms of 

elevated settlement rate appears to decrease markedly through successive settlement 

seasons. 

4.4.5 Growth and morphometrics 

Modeling of growth using data from repeated sampling of the oyster cohort settled in 

summer 2005/2006 estimated that 96% of surviving three year old oysters and over 98% 

of surviving four year old oysters would have attained legal size as defined by shell length 

(58 mm). Young oysters tend to be flat with low meat volumes and as they age the left 

shell becomes more cupped (Cranfield 1975; Westerskov 1980) so that the meat value per 

oyster increases with age. Oyster meats are visually graded according to meat diametre, 

color, and gonad condition. Meats larger than 32 mm diametre and of consistent white 

color are considered grade ‘A’ (Ted Coppins, Talleys Fisheries Ltd. pers comm.). 

Analysis of shell height, length, width and wet meat weight data from all oysters 

measured during this study demonstrated that shell width was the dimension most 

strongly correlated with meat weight, followed by height and then length. The mean shell 

depth of commercially harvested legal sized oysters sampled was 18.7 mm ± 0.34 (95% 

CI), and the mean shell depth of grade ‘A’ oysters sampled at the point of processing was 

19.9 mm ± 0.97 (95% CI). Growth modeling estimated that 92 % of oysters are likely to 

attain a shell depth of 20 mm once they are 4.25 years old.  In consideration of these 
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factors, it is recommended that the minimum target age for harvesting of enhanced oysters 

be 4 years, to allow time for oysters to attain sufficient shell depth to accommodate high-

grade meats.  

The low sample size is likely to have affected the accuracy of the growth analysis. For the 

purposes of the analysis, all oysters sampled were assumed to be in the appropriate year 

class. Although the error associated with this assumption is unknown, it is likely to be 

small, because microscopic inspection of shell material comprising the settlement 

substratum revealed that spat settlement occurred principally on the fresh shell during the 

first settlement season immediately after the shell was deposited, and very few new spat 

were found on shell substratum during successive sampling events.  Available shell 

surface for spat settlement in successive summers was limited by sedimentation and 

growth of other organisms on the shell, and this effect has been noted by previous 

researchers (Osman et al. 1989; Minchinton & Scheibling 1991; Street 1994; Osman & 

Whitlatch 1995; Street 2003, see also Chapter 5 of this study).  

4.4.6 Survival  

The rate of survival of juvenile oysters was low at all sites in the months immediately 

following settlement, as expected in oyster populations (Cranfield 1975) and survival rate 

was fairly consistent (~ 10%) among all sites for the first 12 months.  However, 

monitoring carried out in April 2007, immediately following the second summer, revealed 

very low survival at site C (~1%) relative to sites A and B (~8 - 10%).  The reasons for 

this were not determined, although it was possibly a result of predation or disease. 

Previous studies have shown an increase in predator species as a result of adding shell 

material to soft sediment seabed (Dumbauld et al. 1993; Guay & Himmelman 2004). 
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While several known predators of oysters were found in invertebrate samples taken from 

plots at site C, the same predator species were found in similar numbers at sites A and B. 

Spat densities settled on ‘shell + broodstock’ plots in site C were very high relative to 

sites A and B because the settled spat had probably come from broodstock oysters which 

had been placed on the treatment plots at sites C and D. The high initial spat settlement 

density on those plots may have precipitated the abrupt decline in oyster numbers by 

facilitating the spread of disease, or by attracting and supporting elevated numbers of 

predators.  Survival rates at sites A and B were similar on the first three sampling 

occasions. However, SCUBA sampling at those sites in April 2008 (age = 2+) revealed 

that plots at site A appeared flattened and scattered as though by physical disturbance 

such as trawling or exceptional current flow accompanied by large amounts of sediment 

which may explain the decline in abundance within those plots.  

At the site with the lowest mortality of the four sites studied, the density of oysters 

surviving to 3.41 years on enhanced habitat was estimated as 0.4 m-2, representing 

survival of ~0.04%. Allowing that 96% of those should be of commercial size, and 

assuming a dredge efficiency of 36% (Drummond 1987), this equated to an increase in 

relative density (the density caught in a commercial dredge) of mature oysters from 0.01 

m-2 prior to enhancement (Table 4.1), to 0.14 m-2 at the end of the enhancement 

experiment.  

4.4.7 Causes of mortality 

There was a bimodal length distribution of dead oysters sampled from sites A and B, 

which inferred that there were two significant mortality events occurring within the 

experimental plots at approximately one year old and three years old respectively. While 
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the cause was not determined, there was some evidence that sources of the two mortality 

events may differ. Known predators of oysters including flatworms (Enterogonia 

orbicularis), and boring gastropods (Xymeme ambiguous and Xymenella pusillus) were 

identified in samples from the enhanced habitat, and the protozoan parasite Bonamia sp. 

is known to be present in the Tasman Bay oyster population (Hine & Jones 1994).  The 

mortality event occurring at age 1 year was unlikely to have been caused by Bonamia 

because the oysters were too young to produce ova. High suspended sediment 

concentrations inhibit feeding and respiration of bivalve shellfish (Stevens 1987; Silina & 

Zhukova 2007), and the high rates of sediment deposition and resuspension in Tasman 

Bay (Gibbs 2001; Gillespie & Rhodes 2006) may contribute significantly to the low 

survival rate of juvenile oysters. Other possible causes are predation by any or all of the 

predators identified above, or disease caused by a pathogen other than Bonamia.  The 

timing of the later mortality event (occurring at age 3 years) was consistent with the 

possibility of a localised infestation of Bonamia, concievably aggravated by the relatively 

high oyster densities in experimental plots (Hine 1996). Bonamia proliferates most in 

haemocytes entering the ovary to reabsorb unspawned eggs (Culloty & Mulcahy 1996; 

Hine 1996; Cranfield et al. 2005).  O. chilensis individuals do not develop ova until they 

are two years old (Hollis 1963; Westerskov 1980) and generally do not spawn until they 

are three years old (Westerskov 1980). The length distribution of the dead oysters in the 

experimental plots indicates that they died a few months prior to the sampling in May 

2009, in late summer, which is the time of year when Bonamia pathogenicity is greatest 

(Hine 1996; Cranfield et al. 2005).  

High densities of oysters are likely to increase the risk of disease epizootics (Hine 1996) 

although a recent study in a marine lake in the Netherlands found no evidence for a 
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density effect of Bonamia prevalence in Ostrea edulis (Engelsma et al. 2010). Another 

potential effect of elevated oyster densities is predator attraction and aggregation 

(Cummings et al. 1997; Hines et al. 1997), which may also facilitate reproductive success 

leading to a predator population increase  (Inglis & Gust 2003). Given the strong evidence 

for density-related mortality, further work to define optimal densities for enhanced oyster 

populations would be helpful for both fishery and aquaculture purposes. 

4.4.8 Summary  

The placement of weathered scallop shell on the seabed as a substratum for oyster spat 

settlement in areas where background relative oyster density was approximately 0.01 per 

m2, resulted in increased oyster spat production.  In terms of recruitment to the fishery, the 

magnitude of increased oyster production is dependent primarily on the larval supply 

density, the density of bare shell substratum available for settlement, and the survival rate 

of oysters. The increase in spat densities was offset by high post-settlement mortality 

(only about 10% of spat survived the first year following settlement).  Survival varied 

greatly among experimental sites and through time. Survival of oysters to 3+ years at the 

best-performing site was ~0.04%. This resulted in an increase in relative density of 

commercial sized oysters from 0.01 m-2 prior to enhancement, to 0.14 m-2, at the end of 

the experiment, and demonstrated that habitat enhancement can elevate adult oyster 

densities to commercial levels on areas of seabed where oysters were previously below 

threshold densities (0.02 m-2) for commercial fishing.  

Peaks in mortality occurred within experimental plots when oysters were one year and 3 

years old respectively. It is likely that high levels of suspended sediment, and density 

dependent effects of disease and/or predation influence mortality rate. Regulation of the 
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density of shell deployed on the seabed as settlement substratum would be a useful 

mechanism for managing enhanced oyster densities. 

Modeled growth estimates indicated that the optimal age to harvest oysters is 4.33 years, 

by which time 98% of oysters should reach legal size (≥ 58mm length), and a similar 

proportion should have attained a shell depth (≥20mm) satisfactory to provide high grade 

meats.  

Given that oyster spat abundance can be significantly increased by deploying bare shell 

on the seabed, the net gain in productivity achieved by laying broodstock on top of 

enhanced habitat is unlikely to be cost-effective when the expenses and uncertainties of 

harvesting, transporting and re-laying broodstock on enhanced habitat are considered.  
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Chapter 5  

Community effects of habitat enhancement 

 

5.1 Introduction 

A central theme of this study is the effort to redress the paucity of habitat suitable for 

oyster settlement in Tasman Bay by depositing shell on the seabed. In addition to 

providing substratum for oyster settlement (a population-level effect) that confers benefit 

to the fishery, the return of shell may have wider effects on the benthic ecosystem. This 

type of habitat enhancement has been widely practiced in efforts to rehabilitate, restore or 

enhance oyster fisheries, particularly in relation to the eastern oyster (Crassostrea 

virginica) along the eastern seaboard of the United States (e.g. Eggleston 1995; Hargis & 

Haven 1995; Haywood et al. 1995; Kennedy & Sanford 1995; Leard et al. 1995; Wesson 

et al. 1995; Rodney & Paynter 2006). In this context, habitat enhancement involves 

deployment of a hard substratum on the seabed (often referred to as ‘culching’) to 

facilitate oyster settlement and growth in areas where the habitat has been degraded 

through anthropogenic impacts of overfishing, sedimentation from land based activities or 

pollution (Rothschild et al. 1994; Eggleston 1995; Mann & Powell 2007). The 

deployment of a substratum such as shell material on the seabed increases habitat 

heterogeneity which has flow-on effects to the wider marine benthic community (Jones et 

al. 1997; Thrush et al. 2001; Guay & Himmelman 2004; Hewitt et al. 2005; Tolley & 

Volety 2005; Rodney & Paynter 2006; Hewitt et al. 2008).  
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In Tasman Bay, there is evidence that the seabed habitat has been modified over time by 

anthropogenic impacts of sedimentation from land-based development (Gibbs 2001; 

Gillespie & Rhodes 2006; Handley 2006; Forrest et al. 2007), and disturbance from 

bottom-trawling and dredging for shellfish and finfish (Bradstock & Gordon 1983; 

Wright 1990; Drummond 1994). Deposition of terrigenous sediments can cause a range of 

significant effects to benthic communities (Stevens 1987; Cummings & Thrush 2004; 

Cummings et al. 2009), including the alteration of benthic species composition (Lohrer et 

al. 2004; Thrush et al. 2006) while the direct and indirect effects of towed-gear fishing 

can cause a loss of structural complexity, reduced biodiversity and increased resuspension 

of sediments on the seabed (e.g. Thrush et al. 1995; Black & Parry 1999; Currie & Parry 

1999; Levin et al. 2001; Thrush & Dayton 2002; Kaiser et al. 2006). It is likely that a net 

effect from the land based activities and the dredging and trawling in Tasman Bay has 

been to homogenise the benthic habitat and promote the predominance of a fine-grained 

soft sediment substratum (Handley et al. in revision). One consequence of this is to 

exacerbate the lack of substratum suitable for oyster spat settlement on the seabed in 

Tasman Bay, highlighted by earlier workers as a likely factor limiting oyster production 

(Tunbridge 1962; Stead 1976; Drummond 1994).  

Replenishment of the seabed with settlement substratum in the form of mollusk shell 

material is likely to alter the benthic species composition in enhanced areas. In the words 

of Gutierrez et al. (2003): “Shells and shell aggregations introduce complexity and 

heterogeneity into benthic environments and are important elements of habitat structure 

affecting population-, community-, and ecosystem–level processes.” Habitat heterogeneity 

encourages larval settlement and retention, provides refugia from predators and 

competitors (McLean 1983; Tupper & Boutilier 1995; Talman et al. 2004), reduces 
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physiological stress by decreasing current velocity (Wright et al. 1990; Breitburg et al. 

1995) and helps mediate biogeochemical processes at the sediment water interface (Mann 

2000; Gutierrez et al. 2003; Mann & Powell 2007). Thus increased habitat heterogeneity 

generally increases species richness and abundance and other facets of biodiversity per 

area of seabed (Menge et al. 1985; Jones et al. 1997; Thrush et al. 2001; Gutierrez et al. 

2003; Guay & Himmelman 2004; Hewitt et al. 2005; Tolley & Volety 2005; Rodney & 

Paynter 2006; Thrush et al. 2006). Greater taxonomic and functional diversity may confer 

a range of beneficial effects upon marine communities and ecosystems including 

increased population stability and ecosystem resilience in the face of disturbance (Tilman 

et al. 1997; Schlapfer & Schmid 1999; Duffy 2002; Hooper et al. 2005; Stachowicz et al. 

2007; Palumbi et al. 2008; Oliver et al. 2010).  

The relationship of biodiversity to ecosystem function is a relatively new and fast-

growing field of study (Giller et al. 2004; Hooper et al. 2005; Petchey & Gaston 2006; 

Stachowicz et al. 2007). One primary issue highlighted by most researchers in this field is 

the selection of appropriate measures of diversity (e.g. Hurlbert 1971; Cousins 1991; 

Magurran 2004; Hooper et al. 2005). Biodiversity can be described in terms of numbers 

of entities (e.g. individual organisms, species or taxa), the evenness of their distribution, 

differences in their functional traits, and their interactions.  The majority of studies have 

considered taxonomic richness (the number of different taxa) as a proxy for functional 

identities in assessing biodiversity effects on ecosystem function, but increasingly the 

importance of incorporating measures of evenness and functional traits has been 

recognised (Giller et al. 2004; Norberg 2004; Hillebrand & Matthiessen 2009).  The 

diversity of functional traits of species (characteristics that influence ecosystem 

properties, or species responses to ecosystem conditions) such as an organism’s trophic 
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group, mobility or body size, is considered to be more closely linked to ecosystem 

function than strictly taxonomic diversity (Hooper et al. 2005). However, an increase in 

species diversity is likely to be accompanied by an increase in the diversity of functional 

traits and functional groupings at the community scale (e.g. Micheli & Halpern 2005).  

Diversity based on taxonomic richness is commonly measured at several scales, defined 

in this study as α diversity (average species richness within spatially defined plots or 

patches of a habitat), β diversity (differences in the compositional diversity of areas of α 

diversity), and γ diversity (total taxonomic richness of an area of substantial spatial and/or 

temporal scale) (following Magurran 2004). Alpha diversity within patches or habitats is 

an important form of biodiversity for studies considering heterogeneous environments at 

broad scales such as catchments or bays (Giller et al. 2004; Hillebrand & Matthiessen 

2009). One way to gauge the change in diversity among habitats is to measure beta 

diversity, to determine the extent of change in the species composition of communities 

among the samples of a data set (Whittaker 1975). Hewitt et al (2005) demonstrated that 

naturally occurring patches of shell debris increased beta diversity in areas of Tasman 

Bay. In the context of examining the potential for rehabilitative effects of habitat 

enhancement in Tasman Bay, it would be useful to measure the level of change in 

diversity measures resulting from habitat enhancement at a scale incorporating patches of 

shell-enhanced habitat and non-enhanced seabed. 

Determination of the effects on ecosystem function of changes in biodiversity resulting 

from habitat enhancement in Tasman Bay is beyond the scope of this study. If however, 

habitat enhancement increases biodiversity, it would imply benefit to marine conservation 

of biodiversity and would infer potential benefits to ecosystem function in the bay. 
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In this study, I set out to:  

• Determine what changes to the benthic faunal assemblage resulted from habitat 

enhancement of the seabed using waste shell. 

• Examine the effect of habitat enhancement on within-patch (α) taxonomic and 

functional group diversity and abundance. 

• Examine the effect of habitat enhancement on among-patch (β) diversity, and total 

taxonomic richness (γ). 

5.2 Methods 

Whole waste scallop shell was deployed on the seabed as a means of creating artificially 

enhanced habitat plots in Tasman Bay as described in section 4.2.2. The experimental 

treatments comprised: dense shell piled to a height of ~0.3 m above the substratum; 

scattered shell (approximately 300 shells per m2 covering the seabed in a single layer 

projecting up to 0.05 m above the substratum); and non-enhanced seabed as a control. 

Three replicate samples of substratum and associated flora and fauna (each approximately 

0.04 m2 in area, and 0.002 m3 in volume, ie 20 cm x 20 cm x 5 cm) were taken from non-

enhanced control plots and plots enhanced with piles of oyster shell and scattered oyster 

shell at sites A, and B, in Tasman Bay (Figure 4.2) in March and October 2006 as 

described in section 4.2.2.. Samples were individually bagged by divers and then returned 

to the laboratory and washed through a 1 mm sieve. Material retained on the sieve was 

examined and all fauna was identified and counted.  
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5.2.1 Effect of enhancement on community species assemblages 

To examine differences in composition of species assemblages in response to enhanced 

habitat treatments (piled shell, scattered shell, and non-enhanced seabed controls), 

macrofaunal data from sites A and B were expressed as a matrix of Bray-Curtis 

similarities among samples, then analysed using Canonical Analysis of Principle 

Components (CAP). CAP is a constrained ordination method that depicts the samples in 

2-dimensional space such that differences in Bray-Curtis values among the sample 

groupings (in this case treatments, sites, and sample times) are maximised (Anderson & 

Willis 2003). Individual taxa were then correlated with the CAP axes to identify those 

having the greatest influence on the differences among species assemblages in samples 

taken from different treatments at different sites and at different times (Anderson & Willis 

2003).  

Differences between species assemblages were tested statistically using Permutational 

multivariate analysis of variance (PERMANOVA, Anderson 2001), for the effects of site, 

time (random factors), and treatment (fixed factor). The PERMANOVA designs included 

random factors and the number of unique permutations was too low to get a robust test, so 

a Monte Carlo sample was drawn to improve the power of the test (Anderson & Robinson 

2003; Anderson & Millar 2004). Where significant results were evident, pairwise tests 

were used to determine which site-time combinations differed.   

5.2.2 Effect of enhancement on taxonomic diversity and abundance within patches 

– alpha (α) diversity 

Two-way analysis of variance (ANOVA) was used to test the effects of site (A and B), 

and treatment (piled shell, scattered shell, and non-enhanced seabed controls) on taxon 
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richness (S), evenness (J’), diversity (Shannon Index values), and total organism 

abundance at the scale of treatment plots or habitat patches (α diversity). Site was 

designated as a random effect, and treatment was a fixed effect. Only data from the 

October 2006 sampling were analysed because the biotic communities had longer to 

develop at that time compared to the sampling in March 2006. 

5.2.3 Effect of enhancement on functional diversity 

All macrofaunal taxa were assigned to a functional group derived from a combination of 

three functional traits: trophic feeding type, mobility; and habitat niche, in a similar 

approach to that used by Micheli and Halpern (2005). Trophic level, especially divided in 

terms of feeding mode, is a widely used trait in studies of functional diversity, and is 

considered to be important in structuring invertebrate communities, determining a species 

role in energy transfer within a food web, and influencing organisms’ responses to 

environmental impacts (Pearson 2001; Micheli & Halpern 2005; Petchey & Gaston 2006; 

Hewitt et al. 2008). Mobility is considered to be a functionally important trait because it 

can directly influence processes such as use of food resources, and bioturbation and 

irrigation at the sediment/water interface (Pearson 2001; Hewitt et al. 2008), and a 

species’ ability to recolonise a site following disturbance (Micheli & Halpern 2005). 

Habitat niche is a broad functional classification that links an organism to the physical 

habitat it occupies (Pearson 2001) and is an important trait in studies of community 

responses to habitat manipulation (e.g. Rodney & Paynter 2006). The approach of 

combining more than one functional trait into functional groupings was adopted to avoid 

the risk of overlooking distinct functional roles of species that could result from 

functional categorization based on only a single trait (Pearson 2001; Bellwood et al. 2004; 

Micheli & Halpern 2005; Petchey & Gaston 2006). Taxa were allocated to one of six 
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trophic feeding groups: deposit feeders, deposit feeder/scavenger/grazers, grazers, 

predators, scavenger/predators and suspension feeders. The adult mobility of each taxon 

was incorporated by division into mobile (free swimming fish or crawling crabs) semi-

mobile (organisms with restricted mobility such as some tube building polychaetes and 

sedentary bivalves), and sessile (attached stationary organisms such as bryozoans and 

ascidians) groups. Finally, each taxon was classified according to their adult habitat 

location in relation to the seabed, either as epifaunal (on the substratum surface), infaunal 

(in the sediment) or demersal (freely moving near the substratum surface). All taxa were 

thus classified into one of 14 functional groups (Table 5.1).  

Two-way analysis of variance (ANOVA) was used to test functional richness (S), 

functional evenness (J’), and functional diversity (Shannon Index values) for the effects of 

site (A and B), and treatment (piled shell, scattered shell, and non-enhanced seabed 

controls) in October 2006. Site was designated as a random effect, and treatment was a 

fixed effect. Tukey’s HSD post-hoc test (α = 0.05) was used to identify differences among 

each of the site-treatment combinations. 

Three way ANOVA was used to test for the effects of site (A and B; random effect), 

treatment (piled shell, scattered shell, and control plots; fixed effect) and functional group 

(fixed effect) on taxon richness and faunal density within functional groups in October 

2006. Tukey’s HSD post-hoc test (α = 0.05) was used to identify differences among 

treatments within each functional group. 



 

 

126 
Table 5.1 Functional group classification of sampled macrofauna used in functional group 

analyses.  

 

Feeding type Mobility Habitat niche 

Deposit feeder Mobile Infaunal 
Sipunculus sp, .Unidentified sipunculid, Urechis novaezelandiae, Capitellidae, Opheliidae, Orbiniidae, 
Polynoidae, Echinocardium cordatum, Heterothyone alba, Unidentified holothurian 

Deposit feeder Semi Mobile Infaunal 
Maldanidae, Sternaspidae, Terebellidae, Trichobranchidae, Ennucula strangei, Macomona liliana, Neilo 
australis, Nucula hartvigiana, Nucula nitidula, Theora lubrica  

Deposit feeder Scavenger Grazer Mobile Demersal 
Amphipoda,  

Deposit feeder Scavenger Grazer Mobile Epifaunal 
Notomithrax sp., Petrolisthes sp., 

Grazer Mobile Epifaunal 
Acanthochitona zelandica, Unidentified chiton, Cryptoconchus sp., Maurea sp, Micrelenchus sp, 
Pseudechinus albocinctus 

Predator Mobile Demersal 
Grahamichthys radiata, Hemerocoetes monopterygius, Enterogonia orbicularis, Octopus maorum 

Predator Mobile Epifaunal 
Philine sp., Unid nudibranch   

Predator Mobile Infaunal 
Glyceridae   

Scavenger Predator Mobile Epifaunal 
Amalda mucronata, Amalda novaezelandiae, Austrofusus glans, Xymeme ambiguus, Xymeme plebeius, 
Ebalia laevis, Halicarcinus sp., Macrophthalmus hirtipes, Nectocarcinus integrifrons, Pagurus sp. 

Scavenger Predator Mobile Infaunal 
Nemertean, Dorvillidae, Goniadidae, Lepidontus sp., Lumbrineridae, Aglaophamus sp., Nereidae, 
Phyllodocidae, Sigalionidae, Amphiura rosea  

Suspension feeder Mobile Epifaunal 
Maoricolpus roseus, Chlamys zelandiae, Pecten novaezelandiae, Pinnotheres novaezelandiae 
Ophionereis fasciata 

Suspension feeder Semi-mobile Epifaunal 
Sigapatella novaezelandiae, Zeacolpus pagoda, Zegalerus tenuis, Hiatella arctica, Limaria orientalis, 
Modiolarca impacta 

Suspension feeder Semi-mobile Infaunal 
Flabelligeridae, Borniola reinformis, Corbula zelandica, Dosinia greyi, Dosinia lambata, Mysella larochei, 
Nemocardium pulchellum, Notocallista multistriata, Ruditapes largillierti, Tellina edgari 

Suspension feeder Sessile Epifaunal 
Asterocarpa cerea, Cnemidocarpa bicornuta, Cnemidocarpa nisiotis, Cnemidocarpa regalis, Corella 
eumyota, Didemnum sp., Molgula sp., Serpulidae 1, Serpulidae 2, Anomia trigonopsis, Ostrea chilensis, 
Perna canaliculus, Magasella sanguinea, Opaeophora lepida, Aimulosa marsupium, Caberea rostrata 
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5.2.4 Effects of shell enhancement on diversity of areas incorporating patches of 

enhanced and non-enhanced seabed– gamma and beta diversity 

Total taxonomic richness (gamma diversity) within areas of seabed incorporating many 

treatment plots or habitat patches was determined by prediction. Sample-based taxon 

accumulation curves estimate taxonomic richness per area (Ellingsen 2001; Gotelli & 

Colwell 2001). Curves were generated from the experimental sample data using the Mao 

Tau function of EstimateS software (Colwell 2009) and a best fit curve was determined. 

Curves were extrapolated to 100 samples, deemed a sufficient number of samples to 

estimate gamma (γ), because the separation between the curves was well established and 

the curve slope was approaching an asymptote at that level of sampling. Gamma diversity 

of areas of non-enhanced seabed habitat (control plots), was compared to areas 

incorporating patches of piled and scattered shell habitat (treatment plots) interspersed 

with patches of non-enhanced seabed habitat (control plots). 

Another approach to testing whether combining patches of shell-enhanced habitat with 

patches of non-enhanced seabed affected diversity within a given area was to compare 

beta diversity (βw) (Whittaker 1960) among pairs of samples from different treatment 

plots, following methods adapted from Hewitt et al (2005) and Vellend (2001).  In this 

context, βw is defined as ‘the proportion by which a given area is richer than the average 

richness of the samples within it’ (Anderson et al. 2006), and was calculated for each pair 

of plots using the formula from Vellend (2001): 

βw = (2 - Ss)                
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where Ss = the Sorensen coefficient calculated as: 

Ss = c/α 

where c is the number of taxa shared by both plots and α is the average number of taxa in 

each plot. 

Three types of βw were estimated from the number of taxa in pairs of samples taken from 

plots at sites A and B in October 2006: (1) βw between control seabed plots, (2) βw 

between control and scattered shell plots, and (3) βw between control and piled shell plots. 

Mean beta values between pairs of plots were calculated for each type of βw using all 

possible pairwise combinations of plots.  

5.3 Results 

A total of 104 species of macrobiota were identified in samples from enhanced habitat 

and control plots. The identity and abundance of all taxa found in each sample are 

presented in Appendix 2. 

5.3.1 Effect of enhancement on community species assemblages 

Based on Bray-Curtis similarities among taxonomic assemblages, the CAP analysis 

clearly showed that samples separated into two distinct groups or communities 

corresponding to those taken from enhanced habitat treatment plots (both piled and 

scattered shell treatments), and those from non-enhanced seabed control plots (Figure 

5.1a). There was also evidence for grouping of samples according to time of sampling 

(Figure 5.1a). 
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PERMANOVA showed that there was an interaction effect of treatment with site and date 

of sampling (F2,96 = 2.516, p<0.01; Appendix 1Q), and also an interaction effect of site 

and time (F1,96 = 2.268, p<0.05). There were significant differences in community 

composition according to enhancement treatment (F2,96 = 12.065, p<0.01) and date of 

sampling (F1,96 = 5.022, p<0.05).  Pairwise tests showed that in March 2006 community 

composition at both sites A and B differed significantly between piled and scattered 

treatments (Site A, t = 1.971, p<0.01; Site B, t = 2.002, p<0.01), piled and control 

treatments (Site A, t = 3.879, p<0.01; Site B, t = 4.514, p<0.01), and scattered and control 

treatments (Site A, t = 3.555, p<0.01; Site B, t = 3.886, p<0.01 ). In October 2006, 

community assemblages differed significantly at sites A and B between piled and control 

treatments (Site A, t = 3.916, p<0.01; Site B, t = 4.064, p<0.01), and scattered and control 

treatments (Site A, t = 3.699, p<0.01; Site B, t = 4.192, p<0.01). Assemblages did not 

differ significantly between piled and scattered treatments at site A in October (t = 1.303, 

p>0.05), nor at site B in that month (t = 1.298, p<0.01). 

Spearman correlation vector analysis showed that species most commonly associated with 

the control plots were infaunal deposit feeders including the adventive bivalve Theora 

lubrica, the heart urchin Echinocardium cordatum and polychaete worms of the genus 

Aglaophamus and the family Sigalionidae (Figure 5.1b).  These taxa are known to be 

widespread and common on the soft sediment habitat in Tasman Bay (McKnight 1969a; 

Barter & Forrest 1998; Forrest 1999; Brown 2001). Taxa most strongly associated with 

the enhanced habitat were sessile suspension-feeding invertebrates including Ostrea 

chilensis, Limaria orientalis (an adventive bivalve), serpulid polychaetes, bryozoans, and 

also predatory and scavenging crabs Petrolisthes sp. (half crabs), Notomithrax sp. 

(camouflage crabs), Pagurus sp. (hermit crabs). Representatives of two tube building  
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Figure 5.1 (a) CAP analysis depicting separation of samples according to similarity of 
community composition among treatments (piled shell, scattered shell, and non-
enhanced seabed controls) at sites A and B in March and October 2006. Data was 
fourth root transformed and CAP was based on Bray-Curtis similarities. (b) 
Spearman correlation coefficient vector biplot of species in relation to CAP 1 and 
CAP 2 axes. Vectors displayed only for those species with correlation values  ≥ 0.4.  
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polychaete families Flabelligeridae and Terebellidae were strongly associated with piled 

shell plots, particularly during the October 2006 sampling, while Grahams gudgeon 

(Grahamichthys radiata) a predatory fish, and the suspension-feeding bivalve Chlamys 

zelandiae were most abundant in enhanced plots during March 2006 (Figure 5.1b and 

Appendix 2). 

5.3.2 Effect of enhancement on taxonomic diversity and abundance within patches 

Taxon richness varied significantly among treatments at both sites A and B (Figure 5.2a; 

F2,12=34.546, p<0.05; Appendix 1R). Taxon richness was lower in the control treatment 

compared to the scattered or piled treatments at both sites, but there was no significant 

difference between scattered and piled treatments (Figure 5.2a; Post hoc Tukey’s HSD 

test, p=0.05). Neither Pielou’s evenness nor Shannon diversity differed significantly 

among plots according to treatment (Figure 5.2b and c; Appendix 1S, T).  

Abundance expressed as macrofaunal density (total number of organisms per m2) differed 

significantly among the treatments at both sites (Figure 5.2d; F2,12=144.008, p<0.01; 

Appendix 1U). Faunal density was three to four times greater in piled and scattered shell 

treatments than in the non-enhanced controls (Figure 5.2 d; Post hoc Tukey’s HSD test, 

p=0.05).  

5.3.3 Effect of enhancement on functional diversity 

Functional group richness varied significantly among treatments at both sites A and B 

(Figure 5.3a; F2,12=82.333, p<0.05; Appendix 1V), and between sites A and B (Figure 

5.3a; F2,12=25.000, p<0.05). Richness was lower in the control treatment compared to the 

scattered or piled treatments at both sites, but did not differ significantly between 

scattered and piled treatments (Post hoc Tukey’s HSD test, p=0.05; Figure 5.3a).  
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Figure 5.2 (a) Taxon richness S, (b) Pielou’s evenness J’, (c) Shannon Wiener index H’log e , 
and (d) Mean organism density, of faunal assemblages sampled from piled and 
scattered shell plots and non-enhanced control plots at Sites A and B in October 
2006. Sampled area of each plot was 0.12 m2. Error bars represent 95% CI. 
Treatments sharing letters at the top of error bars in graphs (a) and (d) did not 
differ significantly (post-hoc Tukey’s HSD, p < 0.05, n=3). 
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Figure 5.3 Functional group (a) richness S, (b) Pielou’s evenness J’, and (c) Shannon Wiener 
index H’log e values of faunal assemblages sampled from piled and scattered shell 
treatment plots and non-enhanced control plots at Sites A and B in October 2006. 
Sampled area of each plot was 0.12 m2. Error bars represent 95% CI. Treatments 
sharing letters at the top of error bars in graphs (a) and (b) did not differ 
significantly (post-hoc Tukey’s HSD, p = 0.05, n=3). 
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Functional group evenness differed significantly according to treatment (Figure 5.3b; 

F2,12=137.295, p<0.01; Appendix 1W) and site (Figure 5.3b; F2,12=19.189, p<0.05). 

Pielou’s evenness values were greater in the control treatment than the scattered or piled 

treatments (Figure 5.3b; Tukey’s HSD test, p=0.05). Shannon diversity (H’ log e) of 

functional groups varied significantly between sites (Figure 5.3c; F2,12=117.641, p<0.05; 

Appendix 1X), but not among treatments.  

Taxonomic richness within functional groups in October 2006 differed significantly 

among treatments according to functional group and site (Figure 5.4; F26,168 = 1.692, 

p<0.05; Appendix 1Y). The effect of treatments varied according to groups (F26,168 = 

14.062, p<0.01), and there were significant effects of functional group (F13,168 = 40.570, 

p<0.01), and treatment (F2,168 = 41.025, p<0.05). Effects size analysis (Winer et al. 1991) 

showed that differences among functional groups accounted for the greatest proportion of 

variance (48%), followed by the treatment effect among functional groups (25%), and 

then the main treatment effect (3%).  At site A, the number of taxa differed significantly 

among treatments within four of the 14 functional groups (Figure 5.4 a; Tukey’s HSD, 

p=0.05). Of those four groups, taxonomic richness was greater within both enhancement 

treatments compared to controls in three of the groups (suspension-feeding sessile 

epifauna, suspension-feeding semi-mobile epifauna, and predator/scavenger mobile 

epifauna). The control treatment had significantly more taxa than either of the 

enhancement treatments in one group (deposit-feeding semi-mobile infauna; Figure 5.4 

b). At site B, the number of taxa differed significantly among treatments within two of the 

14 functional groups. Taxonomic richness was greater within both enhancement 

treatments compared to controls in one of the groups (suspension-feeding sessile 

epifauna), and the control treatment had significantly more taxa than the scattered  
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Figure 5.4 Mean taxon richness for each treatment (piled shell, scattered shell and control) 
within each functional group. Functional groups are a combination of three 
functional traits: Trophic feeding type; mobility; and habitat niche (in=infauna, 
epi=epifauna, dem=demersal; Table 5.1). Error bars represent 95% CI. Letters at 
the top of error bars indicate statistically significant differences among treatments 
within each functional group (Tukeys HSD, p<0.05). Asterisks denote functional 
groups not represented in control plots, but present in enhanced treatment plots.  
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treatment in one group (deposit-feeding semi-mobile infauna, Figure 5.4 b). At sites A 

and B, six and five of the 14 functional groups respectively were found within enhanced 

treatment plots but not within non-enhanced control plots (Figure 5.4). Overall, there was 

greater taxonomic redundancy within functional groups in enhanced treatment plots (both 

piled and scattered shell plots) compared to non-enhanced control plots. 

Faunal density within functional groups differed significantly among treatments 

according to functional group at both sites A and B. (Figure 5.5; F26,168 = 16.537, p<0.01; 

Appendix 1Z). Faunal density within functional groups also differed significantly 

according to the main effects of functional group (F13,168 = 60.625, p<0.01) and treatment 

(F2,168 = 131.924, p<0.01). Densities differed significantly among treatments within six of 

the 14 functional groups (Figure 5.5; Tukey’s HSD, p=0.05). Representatives of five of 

those six groups (suspension-feeding sessile, semi mobile and mobile epifauna; 

predator/scavenger mobile epifauna; and deposit/scavenger/grazer mobile epifauna) 

occurred at greater densities in both enhancement treatments compared to non-enhanced 

controls. In one group (deposit-feeding semi-mobile infauna), organism density in the 

control treatment was greater than the scattered shell plots but not the piled shell plots.  

5.3.4 Effects of shell enhancement on diversity of large areas incorporating patches 

of enhanced and non-enhanced seabed– gamma and beta diversity 

Gamma diversity (γ) estimated as total taxonomic richness predicted from sample-based 

taxon accumulation curves was greater within areas comprising a combination of control, 

scattered shell and piled shell patches, than within areas of non-enhanced seabed only 

(figure 5.6). The γ diversity predicted to be obtained from 100 samples within areas 

comprising non-enhanced control plots was 59 taxa, whereas the γ diversity calculated for  
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(b) Site B October 2006
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Figure 5.5 Mean faunal densities in each treatment (piled shell, scattered shell and control) 
within each functional group. Functional groups are a combination of three 
functional traits: Trophic feeding type; mobility; and habitat niche (in=infauna, 
epi=epifauna, dem=demersal; Table 5.1). Error bars represent 95% CI. Letters at 
the top of error bars indicate statistically significant differences among treatments 
within each functional group (Tukeys HSD, p=0.05). Asterisks denote functional 
groups not represented in control plots, but present in enhanced treatment plots.  
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Figure 5.6 Sample-based taxon accumulation curves (±95%CI) (Mao Tau function from Gotelli 
& Colwell 2001; Colwell 2009) at 100 samples per area of seabed for non-enhanced 
seabed (controls), and for control, piled and scattered treatments combined. 

 

the same number of samples (i.e., the same area) from heterogeneous habitat comprising 

patches of non-enhanced seabed combined with patches of piled and scattered shell was 

89 (Figure 5.6). It should be noted that the curves did not reach a true asymptote after 100 

samples, so they do not provide an absolute estimate of total species richness. 
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Mean beta diversity values (βw) were higher (>1.7) among pairs of samples comprising a 

control and a shell treatment than among pairs of samples from non-enhanced control 

seabed plots alone (<1.5) at both sites A and B in October 2006 (Figure 5.7).   
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Figure 5.7 Mean Whittakers beta diversity values calculated between pairs of samples from 
non enhanced control plots (C-C), controls and scattered shell plots (C-S), and 
controls and piled shell plots (C-P) at sites A and B in October 2006. Error bars 
represent 95% confidence intervals. 
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These results confirmed that areas of heterogeneous habitat comprising patches of non-

enhanced seabed interspersed with enhanced patches of varying densities of shell material 

contain a greater variety of taxa than equivalent sized areas of relatively homogeneous 

non-enhanced seabed.   

5.4 Discussion 

Experimental deployment of shell material on the seabed to increase settlement 

substratum for oysters in Tasman Bay resulted in changes to the benthic community. 

Habitat enhancement with shell material caused a shift in dominance from mobile deposit 

feeders and infaunal scavenger/predators to sessile filter feeders and epifaunal 

scavenger/predators. Results demonstrated increased total taxonomic and functional 

richness, and density of macrofauna within enhanced plots. Beta diversity was also 

increased due to patchiness of the habitat created within enhanced experimental sites. 

These results are consistent with previous studies indicating that biodiversity generally 

increases with habitat heterogeneity (Menge et al. 1985; Bros 1987; Thrush et al. 2001; 

Guay & Himmelman 2004; Hewitt et al. 2005; Tolley & Volety 2005; Rodney & Paynter 

2006; Hewitt et al. 2008).  

5.4.1 Habitat enhancement changes the benthic invertebrate assemblage 

Multivariate analyses showed that the differences between the enhanced and non-

enhanced plots explained the greatest amount of variation in the benthic community 

assemblages. The assemblages also differed considerably (but to a lesser extent) between 

sample dates, and according to location in the bay.  

PERMANOVA showed that the effect of enhancement treatment on taxonomic 

composition differed significantly according to site and date of sampling. In March 2006 
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there were differences between each of the treatments (piled shell, scattered shell, and 

controls) at both sites studied. However in October 2006 at both sites, control plots 

differed from piled shell and scattered shell plots, but there was no significant difference 

between the piled and scattered shell treatment plots. The temporal variation in the 

species assemblages is likely to reflect a combination of successional processes, and 

seasonality and recruitment patterns. For further analyses of community diversity, I 

utilised data from the October 2006 samples, because the biotic communities had longer 

to develop at that time compared to the sampling in March 2006. It should be noted that 

the community sampled represented a snapshot in time, and that further successional 

changes are likely to have occurred subsequently.  

Correlation analysis showed that taxa most commonly associated with the control plots 

were infaunal deposit-feeding bivalves, echinoderms and polychaetes, while taxa 

associated with the shell habitat plots were sessile invertebrates including serpulid 

polychaetes and bryozoans, bivalves including Ostrea chilensis and Limaria orientalis (an 

adventive sessile bivalve), and also mobile predator/scavenger crabs. The shift in 

dominance from mobile deposit feeders toward sessile suspension-feeding taxa in 

enhanced plots was expected, given the paucity of hard substratum in the non-enhanced 

control plots, and the significant increase in suitable surfaces for settlement and growth of 

sessile epibiota in the enhanced plots. Analysis of functional groupings in my experiments 

further demonstrated that taxonomic richness within functional groups (redundancy) 

increased within enhanced habitat plots. Density of suspension-feeding epifauna and 

predatory/scavenging mobile epifauna increased within enhanced habitat, but infaunal 

deposit feeders were more diverse and occurred in greater densities in non-enhanced 

plots. These trends were also demonstrated by Rodney and Paynter (2006) in a 
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comparison of macrofaunal assemblages on restored and non-restored oyster reefs in 

Chesapeake Bay. In a similar manner to my experiments, their treatments differed 

according to habitat heterogeneity, so that ‘restored’ plots exhibited greater surface 

complexity and density of shell material compared to ‘non-restored’ plots. Hewitt et al 

(2008) also found more suspension-feeders associated with complex biogenic habitat 

compared to simple mud habitat. These findings highlight the importance of habitat 

heterogeneity in facilitating biodiversity. 

5.4.2 Effect of habitat enhancement on diversity measures 

Habitat enhancement via the deployment of shell substratum on the seabed caused an 

increase in taxonomic richness and functional richness. There was a trend for both 

taxonomic and functional group evenness (Pielou’s J’) to be greater in non-enhanced 

control plots (statistically significant for functional groups but not for taxonomic 

richness). Neither taxonomic diversity nor functional diversity measured using the 

Shannon diversity index (which integrates measures of both richness and evenness) 

differed significantly between control and enhanced treatments. The lack of a significant 

difference in the Shannon index values reflects how the Shannon index may confound 

richness and eveness because the increase in richness in enhanced plots was countered by 

a decrease in evenness (Hurlbert 1971; Magurran 2004; Petchey & Gaston 2006). 

Redundancy (the occurrence of multiple distinct taxa exhibiting similar ecological 

functions) (Walker 1992; Naeem 1998; Micheli & Halpern 2005) increased with the 

addition of shell enhanced plots, and some functional groupings were only found within 

enhanced treatment plots (absent from control plots). These results largely concur with 

Micheli and Halpern (2005) who, in a study of two distinct datasets from kelp forests in 

California and a global synthesis of marine reserves, demonstrated a positive relationship 
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between species richness and functional richness. They also found average numbers of 

taxa within functional groups were greater in no-take marine reserves and that a suite of 

functional groups were present in reserves that were absent in fished areas.  

Macrofaunal density was three to four times higher on enhanced habitat than non-

enhanced habitat in this study whereas Rodney and Paynter (2006) found an order of 

magnitude increase on restored reefs relative to non-restored reefs. Although the 

experimental treatments were similar, the difference between the study results may be 

explained by differences in habitat and environmental factors. Their study was conducted 

on large areas of restored reef in a mesohaline estuarine environment at water depths of 3 

to 5 m that had been restored for three to five years at the time of sampling. My plots 

were established in a mixoeuhaline environment at ~23 m water depth and plots had only 

been in place for 12 months at the time of sampling. Nevertheless, the increase in 

macrofaunal density, especially of suspension-feeding epifauna and predatory/scavenging 

mobile epifauna represents a significant change in community composition. 

In the context of large scale habitat enhancement using waste shell, the process of 

depositing shell from a vessel over a delineated area of the seabed in water depths of 

between 10 and 40 m, will result in a patchwork of shell material on the seabed of varying 

density and dimension, ranging from high-relief patches of piled shell to flat patches of 

soft sediment lacking shell. Therefore, to assess the effect of habitat enhancement in terms 

of faunal diversity it is of interest to compare the diversity of an area of non-enhanced 

seabed against that of an area comprising patches of shell of varying intensity interspersed 

with patches of non-enhanced seabed. The experimental sites in this study provided a 

model of such a patch distribution represented by the control (non-enhanced seabed), 
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scattered shell (low relief/density shell) and piled shell (high relief/density) plots. One 

means of comparison of diversity was to compare estimates of total species richness (γ) 

for areas of non-enhanced habitat, and for areas comprising patches of all the habitat 

treatments combined. The results showed that taxonomic richness was greater in an area 

comprising patches of all three treatments compared to an equivalent sized area of non-

enhanced seabed (Figure 5.6). Another approach to measuring the effect of habitat 

enhancement on diversity at the scale of many patches (plots) within an area 

(experimental site) is to calculate and compare values of beta diversity (βw) (Whittaker 

1960) among pairs of samples from different treatment plots. Here, βw is a measure of 

heterogeneity in taxonomic composition (Vellend 2001), or more specifically the 

proportion by which the total richness within samples from a pair of plots is richer than 

the average richness of the two samples (after Anderson et al. 2006). The hypothesis was: 

If two patches of non-enhanced seabed (control plot samples) are combined, their 

heterogeneity in taxonomic composition ought to be less than that derived from the 

combination of one patch of non-enhanced seabed with a patch of enhanced seabed 

(either a scattered shell or piled shell plot sample). The results confirmed that mean values 

of βw were higher where controls were paired either with scattered shell or piled shell 

plots than where control plots were paired together (Figure 5.7). Consideration of the γ, 

and β estimates, and also the distinct separation of samples according to enhancement 

treatment in Figure 5.1 indicates that the patchy distribution of soft sediment interspersed 

with shell of varying density created by return of waste shell would be likely to increase 

diversity if habitat enhancement was implemented on a large scale in Tasman Bay. Hewitt 

et al (2005) highlighted the importance of naturally occurring patches of shell debris in 

driving biodiversity in a study within a marine reserve in Tasman Bay. 
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These effects of shell enhancement on taxonomic diversity could have implications for 

the functioning of the ecosystem within the bay. An increase in species richness, 

functional richness, or in other facets of biodiversity is likely to affect the function of 

marine communities and ecosystems (e.g. Gutierrez et al. 2003; Hooper et al. 2005; 

Stachowicz et al. 2007; Palumbi et al. 2008). For example, sessile taxon richness was 

elevated in our enhanced plots and this has been shown to decrease variability (i.e. 

increases stability) in aggregate community properties such as biomass or production and 

increase resistance to, or recovery from, disturbance or invasion (Hooper et al. 2005; 

Stachowicz et al. 2007; Palumbi et al. 2008). Walker (1992) stressed the importance of 

diversity at the community level or ‘patchiness’ in maintaining long term stability of 

communities. Also multi-trophic studies have indicated that diverse prey assemblages as 

seen in our enhanced plots relative to control plots, are more resistant to top-down control 

(Duffy 2002), use their own resources more completely (are more efficient) and may 

increase consumer (predator) fitness (Worm et al. 2006). The effect on the ecosystem 

from changes in species richness varies according to the ecosystem type, and the nature 

and scale of properties and processes examined (Schlapfer & Schmid 1999; Hooper et al. 

2005). For example, manipulative experiments by Valdivia et al. (2009) indicated that 

efficiency of feeding by sessile suspension-feeding assemblages was strongly affected by 

the loss or gain of particular species (species identity), rather than the richness of 

functional types or species richness per se, but they also point out that the effects of 

changes in species richness on the functioning of benthic ecosystems may become greater 

in systems with higher species richness than those they studied. Norberg (2004) advanced 

the theory of complex adaptive systems which similarly emphasized the importance of 

species traits rather than species richness in terms of how species distributions in 



 

 

146 
communities affect ecosystem processes. The conclusions of Tilman et al. (1997) in their 

study of a terrestrial plant system, provide a balanced perspective regarding the relative 

importance of species diversity and functional group diversity. They concluded that 

functional diversity had a greater impact on ecosystem processes than did species 

diversity, but they stressed that species diversity and functional diversity are correlated; 

each was significant by itself; as was species diversity within functional groups; and both 

may provide some measure of ecosystem functioning.  

The increased density of suspension-feeding organisms on enhanced habitat could 

improve benthic ecosystem function in Tasman Bay by facilitating energy transfer to 

primary producers at the base of the benthic food web. High densities of suspension 

feeders improve water clarity by consuming plankton and detritus in the water column 

allowing more light energy to penetrate to the seabed (Rodney & Paynter 2006). This 

facilitates growth of the microphytobenthos (benthic microalgae) (Gillespie et al. 2000) 

which is a significant component in the diet of many deposit and suspension-feeding 

macrofauna including molluscs such as oysters and scallops (Shumway et al. 1987; 

Pellizzari et al. 2005). Hence such benthic diatoms represent a potentially important 

contribution to the food web in Tasman Bay.  

The energy in plankton and suspended detritus in the water column is removed from the 

water column by suspension feeders and transferred to the benthos in the form of faeces 

and pseudofaeces. Those biodeposits in turn are then consumed by predator/scavengers 

and deposit feeders which represent a higher trophic level of the benthos. This is another 

way that the greater density of suspension feeders on enhanced habitat facilitates transfer 

of energy through the benthic food web (Rodney & Paynter 2006). 
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A third way that the increase in macrofaunal densities on the enhanced habitat may 

facilitate transfer of energy from the benthos to higher trophic levels is by providing 

improved foraging for predatory fishes. Peterson et al. (2003) estimated that restoration of 

10m2 of oyster reef in the southeast United States generates an additional 2.57 kg 10m-2 

year-1, of fish biomass. There was evidence for a similar type of effect in the present study 

in the greater numbers on enhanced habitat of Grahams gudgeon (Grahamichthys 

radiata), a predatory fish. Once more widespread heterogeneous biogenic habitat now 

distributed in relict patches and protected areas in Tasman Bay provides habitat for 

organisms including polychaetes and crustaceans that are important in the diets of 

commercially important predatory fish including snapper (Chrysophrys auratus), tarakihi 

(Cheilodactylus macropterus) and blue cod (Parapercis colias) (Bradstock & Gordon 

1983). The greater density of macrofauna on the enhanced habitat is likely to provide 

improved foraging for these fish species in a similar manner. 

Results from the present study demonstrated increased taxonomic and functional richness, 

increased faunal densities, and increased taxonomic redundancy within functional groups 

in enhanced habitat. Beta and gamma diversity also increased due to patchiness of the 

habitat created within enhanced experimental sites. Thus, large scale habitat enhancement 

in Tasman Bay via the deposition of waste shell on the seabed is likely to confer benefits 

to ecosystem function associated with those community level effects on benthic diversity.  
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Chapter 6  

Synthesis – Discussion and Conclusions 

 

6.1 Habitat enhancement using waste shell increased oyster density 

My research demonstrated that deployment of waste shell as a substratum for oyster spat 

settlement increased oyster density on the seabed (Figure 6.1). The research provided 

relevant information that contributed to the success of the enhancement method at an 

experimental scale. Determination of the seasonal timing of maximum oyster larval 

availability identified late October or early November as the optimal timing for shell 

deployment to coincide with the period of maximum larval availability, yet minimise the 

time available for sedimentation, and settlement and growth of competing organisms that 

could exclude oyster larvae. Characterisation of spatial patterns of spat settlement and the 

inference of short range larval dispersal indicated that background adult oyster density is 

an excellent determinant of the spatial location of enhanced habitat in order to optimise 

gains to the fishery. A growth model was constructed based on the experimental data, 

enabling prediction of the time required for the oysters to attain commercial size. The 

research also highlighted potential problems associated with habitat enhancement. 

Potential and known predators of oysters were identified within enhanced habitat plots, 

and there was high oyster mortality on enhanced habitat plots, with evidence of bimodal 

age dependent mortality events, potentially associated with predation or disease.  
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Figure 6.1 Diagrammatic model of enhancement experiment results at 2 sites in Tasman Bay. 
Figures presented +/- 1 SE. ‘Relative density’ is the number of oysters caught in a 
commercial dredge per m2 of seabed, assuming dredge efficiency of 36% 
(Drummond 1987). Oyster density estimates from scattered and piled shell 
treatments were pooled to provide generalised estimates for each site. 
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In areas where the relative density of adult oysters (ie the numberof oysters caught by a 

commercial dredge per m2 of seabed) was ~ 0.01 m-2, spat settlement was 200 to 400% 

greater than on adjacent seabed control plots.  In terms of recruitment to the fishery, the 

magnitude of increased oyster production depends primarily on the larval supply, the 

percent cover of bare shell substratum available for settlement, and the survival rate of 

oysters. The increase in spat densities was offset by high post-settlement mortality (only 

about 10% of spat survived the first year following settlement).  Survival was highly 

variable among experimental sites and through time. At the two sites from which long-

term data were collected (sites A and B in Figure 4.2), the density of oysters surviving to 

3.41 years on enhanced habitat  (scattered shell and piled shell treatments pooled) was 

0.032 m-2 (+/-0.026), and 0.37 (+/- 0.13) respectively (Figure 6.1). This represented a 

survival rate of 0.0042% at site A and 0.05% at site B. Allowing for commercial dredge 

efficiency of 36%, this equated to an increase in relative density of commercial sized 

oysters from ~0.01 m-2 at both sites prior to enhancement, to ~0.011 m-2 at site A, and 

~0.13 m-2 at site B. These results demonstrated that habitat enhancement can elevate adult 

oyster densities to commercial levels (deemed to be a relative density of 0.02 m-2; 

Campbell, Mitch pers. comm.) on areas of seabed where oysters were previously below 

threshold densities for commercial fishing such as at site B. At site A, if uncertainty 

around the figure is taken into account, oyster densities at the end of the experiment could 

have been greater or less than threshold commercial densities (Figure 6.1). The causes of 

the low survival at site A were not determined, but SCUBA sampling in April 2008 (age 

= 2+) revealed that the site appeared to have been subjected to a major physical 

disturbance such as trawling which may explain the decline in abundance of oysters there.  
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Peaks in mortality occurred within experimental plots when oysters were one year and 

three years old respectively. The percent cover of sediment on the shell plots had 

increased from ~ 30 percent six weeks after shell was deployed, to ~ 50 percent after one 

year. Such high rates of sediment deposition and also resuspension in the water column in 

Tasman Bay may contribute to the high spat mortality in the first year after settlement. 

Predation and disease are the other likely factors causing high mortality of oysters. Few 

predators of oysters were found in macrofaunal samples taken from enhancement plots, 

and this precluded a quantitative analysis of predator/oyster interactions. However, there 

is potential for high densities of oysters to increase disease epizootics (Hine 1996) and 

predator aggregation (Cummings et al. 1997; Hines et al. 1997) and facilitate predator 

aggregation or population increases (Inglis & Gust 2003), so further work to define 

optimal densities for enhanced oyster populations would be helpful. Regulation of the 

density of shell deployed on the seabed as settlement substratum would be a useful 

mechanism for managing enhanced oyster densities. Spat settlement density increased 

with shell density (Figure 4.11), but mortality may be density dependent. Thus, the 

optimal density of shell deployed on the seabed may be a compromise between 

maximising spat settlement while minimising the effect of density dependent causes of 

mortality.  

Modelled growth estimates indicated that 96% of the surviving population will attain 

legal size at an age of 3.25 years. However, the optimum age to harvest oysters is 4.25 

years old, by which time 98% of oysters should reach legal size (≥ 58mm length), and a 

similar proportion should have attained a shell depth (≥20mm) satisfactory to provide 

high grade meat.  
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6.2 Considerations in assessing feasibility of fishery restoration 

The confirmation that spreading shell on the seabed will increase oyster densities is an 

important, but by no means exclusive consideration in assessing the overall suitability of 

this approach to fishery restoration.  

Another important consideration is economic feasibility. It is beyond the scope of this 

study to provide a detailed analysis of the economic budget for a full-scale habitat 

enhancement exercise. The economic viability of such an enhancement program will vary 

from year to year based on fluctuations in implementation costs (e.g. fuel, shell material 

etc.) and returns (oyster market price). However, a cost/benefit analysis by fisheries 

managers in 2008 to assess the economic feasibility of fishery scale enhancement efforts, 

using a set of assumptions based on our study results concluded that habitat enhancement 

was economically feasible on a commercial scale (Campbell, Mitch pers. comm.). 

The ultimate determinant of the viability of an oyster fishery supported by a habitat 

enhancement program is ecological sustainability. If the oyster population is unable to 

sustain sufficient yield because of fishing pressure, or the benthic ecosystem in the bay is 

unable to maintain sufficient integrity in the face of anthropogenic effects from land based 

development and/or towed-gear fishing impacts, then the economic and biological 

feasibility of enhancement efforts would be of little value. A discussion of the ecological 

factors affecting sustainability of the fishery and the potential role of habitat enhancement 

for fishery restoration and ecological restoration in Tasman Bay follows. 
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6.3 Anthropogenic impacts, fishery decline and ecosystem degradation 

Earlier researchers postulated that a lack of suitable settlement substratum on the seabed 

in Tasman Bay limits oyster production (Tunbridge 1962; Stead 1976; Drummond 1994). 

Fishers have been motivated to act to enhance both the oyster and scallop populations in 

Tasman Bay partly due to a decline in the biomass and catches of those mollusks since the 

1980s (Ministry of Fisheries 2009b). It is plausible that the earlier observations of a 

paucity of settlement substratum and the more recent evidence of mollusk population 

decline are both linked to historical modification of the benthos in Tasman Bay caused by 

various anthropogenic impacts.  

6.3.1 Sedimentation  

Since pre-European times the seabed in Tasman Bay has been subjected to impacts in the 

form of sedimentation resulting from deforestation by Maori fires, and associated hillside 

erosion into catchments feeding into the Bay (McGlone 1989; Handley 2006; McWethy 

et al. 2009). With the arrival of Europeans, impacts escalated as a result of erosion and 

sedimentation associated with land clearance for forestry, agriculture and subdivision 

(Park 1995; Pawson & Brooking 2002; Morrison et al. 2009), and point-source pollution 

from various industrial and domestic discharges into the bay. With continued 

deforestation and excavation of catchment hillsides due to human activities, the quantity 

of terrigenous sediment entering coastal bays via river catchments is increasing (Lohrer et 

al. 2004). It is estimated that 820,000 tonnes of sediment enters Tasman and Golden Bays 

via rivers every year (Morrison et al. 2009). The greatest source of terrigenous sediment 

in Tasman Bay is the Motueka River plume, which has been the subject of an extensive 

integrated catchment management study (e.g. Gillespie & Rhodes 2006; Forrest et al. 

2007). 
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Effects on benthic communities from deposition of terrigenous sediments can range from 

inhibition of settlement, burrowing, and respiratory and feeding function of bivalves and 

other biota (Stevens 1987; Ellis et al. 2002; Cummings & Thrush 2004; Cummings et al. 

2009) and increased susceptibility to disease (Newcombe & Macdonald 1991), to 

alteration of benthic species composition (Lohrer et al. 2004; Thrush et al. 2006; Forrest 

et al. 2007; Morrison et al. 2009), or even complete burial of entire bivalve communities 

(McKnight 1969b; Thrush et al. 2003). Suspension-feeding bivalves are particularly 

vulnerable because they rely on filtering food particles from the water for nutrition. The 

responses of filtering bivalves vary according to sediment concentration. For example, the 

summer growth rate of European oyster (Ostrea edulis) increased at low concentrations of 

sediment resuspension, but were inhibited with increased sediment deposition (Grant et 

al. 1990). Adult northern quahogs (Venus mercenaria) and eastern oysters (Crassostrea 

virginica) exposed to sediments with high silt-clay content suffered reduced growth and 

lower survival, respectively (Pratt & Campbell 1956; Kirby 1994). A study by Gibbs and 

Hewitt (2004) in the Hauraki Gulf demonstrated that the heart urchin (Echinocardium 

sp.), an important burrowing deposit-feeding species in Tasman Bay, was adversely 

affected after 3 days in suspended sediment concentrations of more than 80 mg l-1, and 

burial times and death rates increased with increasing exposure to suspended sediments.  

Suspended sediment also affects finfish in the water column to varying degrees according 

to synergistic factors including duration, frequency, and magnitude of exposure, 

temperature, and other environmental variables (Servizi & Martens 1991), and responses 

vary greatly between species and developmental stages (Morrison et al. 2009). The 

responses of finfish to elevated concentrations of suspended sediment fall into four broad 

categories: no response, behavioural, sub-lethal, and lethal (Wilber & Clarke 2001). An 
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example of a behavioural response is disruption and inhibition of feeding behaviour (e.g. 

Berg & Northcote 1985), and sublethal responses include physiological responses such as 

an increase in red blood cell count, while death by suffocation as a result of silt coating of 

gill epithelia is a lethal response (Wilber & Clarke 2001). The effects of these responses 

can ultimately compromise fish health, reproduction, year class strength, and distribution 

of adult populations.  

6.3.2 Towed-gear fishing in Tasman Bay  

Bottom trawling and dredge fishing have been likened to forest clear-felling in terms of 

the threat to biological diversity and economic sustainability worldwide (Watling & 

Norse 1998). Since the time of European colonisation, the seabed in Tasman Bay has also 

been altered by bottom fishing for shellfish and finfish (Wright 1990; Drummond 1994; 

Handley 2006). With the advent of steam-powered trawlers in the 1880s, and then oil 

marine engines in the early 1900s, powered fishing methods were widely adopted (Jones 

1992; Jackson et al. 2001; Ministry of Fisheries 2010) and the potential for effects on the 

benthos increased. During the 1940s in particular there was an increase in trawling 

targeting various finfish including snapper (Chrysophrys auratus) and tarakihi 

(Cheilodactylus macropterus)(Turner et al. 1999). Such species were known to be 

associated with areas of coral-like bryozoan growths in Tasman Bay, comprising the 

endemic bryozoan species Celleporaria agglutinans and Hippomenella vellicata, and 

other epifauna including sponges, ascidians, bivalves and polychaetes (Bradstock & 

Gordon 1983). The advent of abrasion-resistant synthetic net material in the 1960s 

allowed bottom trawlers to target these areas, leading to their gradual degradation and 

depletion. Currently, the predominant trawl method used in Tasman Bay is single vessel 
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ground trawling whereby wire bridles, ground chains, a net, and trawl doors that spread 

the mouth of the trawl all contact the substratum. 

Oysters were first targeted as a commercial catch in Tasman Bay in the late 1800s 

supplying a vigorous local market (Wright 1990). There was a hiatus in commercial 

harvesting of shellfish during the early 1900s, then in 1959 the first scallops were 

commercially harvested using dredges, closely followed by increased targeting of oysters 

and mussels in the early 1960s (Drummond 1994; Ministry of Fisheries 2008). Catches 

and vessel numbers involved in the scallop fishery increased steadily through the 1960s 

and 1970s, peaking in 1975 when 1,246 meatweight tonnes were caught by 245 vessels 

(Mincher 2008). This level of fishing effort proved unsustainable and the scallop fishery 

rapidly declined by 1980 to 41 tonnes with 61 vessels, then was closed for the following 

two years. Stocks recovered slightly by 1983, and at the same time, the first scallop spat 

catching and reseeding (enhancement) operations were initiated. A scallop enhancement 

program continued from that time through the 1990s, and appeared to be successful in 

conjunction with a range of other management measures and restrictions including a 

broad rotational fishing policy initiated in 1989. However, since 2002 harvests in the 

fishery have steadily declined and in Tasman Bay and the Marlborough Sounds there 

have been repeated natural spat failures. Both enhanced and unassisted spat that settled 

in the fishery failed to thrive and harvest condition was consistently poor, particularly in 

Tasman Bay. By 2006 the scallop biomass in Tasman Bay was the lowest observed in 

any survey, and there has been no commercial fishing of scallops in Tasman Bay since 

then. Commercial harvest of scallops has continued in Golden Bay and the Marlborough 

Sounds, and the oyster fishery in Tasman Bay has been open for dredge harvesting, 

subject to annual review by fishery managers. The oyster population has also shown a 
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steady decline over the last decade to the point where commercial fishing for oysters 

was suspended in 2010. Thus, dredging intensity in Tasman Bay has declined 

significantly then stopped altogether over the last few years as a result of progressively 

tighter fishing restrictions, implemented in response to declining shellfish populations. 

6.3.3 Ecological effects of dredging and trawling 

Dredge and bottom trawl fishing both cause impacts to the seabed. While the following 

discussion focuses on dredging, the effects of bottom trawling in terms of ecological 

impacts are largely similar (Jones 1992). Modern dredges used for harvesting scallops and 

oysters in Tasman Bay are known as ‘ring bag dredges’. Towed behind the vessel, the 2.4 

m wide dredges ride on narrow skids mounted each side of the dredge. The skids, the 

‘tickler’ and ground chains, and the wire mesh bag and cod end all contact the substratum 

during a commercial tow.  

The primary negative impact resulting from dredge fishing is a reduction in abundance 

and diversity of seabed flora and fauna (Currie & Parry 1999; Kaiser et al. 2006). This 

impact arises through direct physical damage to biota, and from the resuspension of 

sediments on the seabed. The severity of impact varies depending on the type of dredge, 

the nature of the habitat, and the frequency of disturbance. Dredging causes significant 

negative short term impacts in sand and muddy sand habitats, where intense scallop 

dredging has been found to reduce biota by up to 20 to 30% for several months post-

disturbance (Jones 1992; Thrush et al. 1995; Currie & Parry 1999). The effects of 

dredging are most severe in biogenic habitats composed of shell hash, bryozoan coral and 

other biologically derived substrata, where studies have demonstrated measurable impacts 

up to 4 years following the dredging event (Cranfield et al. 2003; Kaiser et al. 2006).  



 

 

158 
Secondary effects of dredging arising from the alteration of the physical structure of the 

seabed, a reduction in abundance of particular faunal taxa, and the resuspension of 

sediments, can impair ecosystem function. The physical effects of repeated dredging 

activities cause a decrease in the three-dimensional structural complexity of the seabed 

which results in lowered biodiversity and affects the provision of ecosystem services by 

various components of the benthic community (Thrush & Dayton 2002; Cranfield et al. 

2003; Cranfield et al. 2004; Kaiser et al. 2006; Airoldi et al. 2008). Talman et al (2004) 

found evidence that predation of scallops was greater in areas of low habitat complexity 

in Tasman Bay and suggested this may be due to the refuge from predators afforded by 

three-dimensional features on less disturbed seabed areas. Widdicombe and Austen 

(1999) used a mesocosm experiment to demonstrate that a decrease in large-bodied 

bioturbating species can lead to reduced macrofaunal diversity. They asserted that 

dredging causes a decrease in abundance of large-bodied bioturbators leading to a 

reduction in oxygen penetration into the sediment. This reduces the ability of the benthic 

community to process organic material, and in areas subjected to eutrophication from 

other anthropogenic activities, may exacerbate effects of excessive nutrient enrichment 

causing a reduction in ecosystem resilience and further reduction in faunal diversity.  

Several other studies have highlighted the effects of dredging and trawling in reducing the 

diversity and abundance of large-bodied bioturbating species in light of their importance 

to ecosystem functioning in terms of exchange processes of organic matter and nutrients 

(Thrush & Dayton 2002; Olsgard et al. 2008).  

Watling et al. (2001) found a significant reduction in microbial biomass in surface 

sediments following dredging, and a shift in composition of the microbial assemblage 

from microeukaryotes and phototrophic microeukaryotes to anaerobic prokaryotes. This 
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change effectively reduced the quality and availability of feed in the surficial sediments 

that could be utilised by scallops and other suspension feeders. 

By generating turbid plumes of resuspended sediment, dredging may cause a range of 

detrimental effects to the seabed biota including burial, clogging of respiratory and 

feeding mechanisms (Stevens 1987; Ellis et al. 2002), and reduced light availability 

(Black & Parry 1999; Beninger et al. 2008). By breaking up the biological bonds which 

bind loose sediment, dredging also facilitates further resuspension of sediments during 

naturally occurring turbulent events such as storms or during periods of particularly high 

current flow (Black & Parry 1999; Gillespie & Rhodes 2006). Scallops, especially young 

spat, are considered to be particularly vulnerable to the inhibitory effects to feeding and 

respiratory function caused by excessive inorganic sediment concentrations in the water 

column (Stevens 1987, Silina and Zhukova 2007).  

Photosynthetic microalgal species forming MPB communities require light to 

photosynthesize and in Tasman Bay their biomass decreases with light levels as depth 

increases from inner Tasman Bay to Cook Strait. The direct and indirect effects of 

dredging which increase sediment resuspension and water turbidity could potentially have 

a significant detrimental effect on the growth and persistence of microphytobenthic 

communities due to a reduction in light reaching the seabed (Cahoon & Cooke 1992; 

Black & Parry 1999). This could result in reduced benthic primary productivity and 

decreased food availability for deposit and suspension-feeding components of the 

macrofaunal community including scallops and oysters. 

Hine (1996) and Cranfield et al. (2005) considered that the effects of fishing may increase 

the vulnerability of oysters to infection by the parasite Bonamia sp.. They proposed that 
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effects of dredging on the benthic habitat in reducing the abundance of filter feeders able 

to remove Bonamia infective material from the water column may increase transmission 

to oysters. Also, the mechanical disturbance associated with dredging may directly stress 

oysters, thereby increasing infection and subsequent mortality rates.  

In summary, regular dredging in soft sediment habitat subjects the affected communities 

and ecosystems to chronic physical disturbance. This changes the physical habitat and 

biological structure of ecosystems resulting in loss of structural complexity of the seabed, 

reduced biodiversity, and increased resuspension of sediments (e.g. Jones 1992; Thrush et 

al. 1995; Black & Parry 1999; Currie & Parry 1999; Levin et al. 2001; Thrush & Dayton 

2002; Kaiser et al. 2006). These changes can ultimately reduce benthic productivity, and 

impair ecosystem function, to the detriment of a range of organisms including 

commercially and ecologically important species (Thrush & Dayton 2002; Kaiser et al. 

2006; Airoldi et al. 2008). Of particular relevance to shellfish restoration locally, Bull 

(1986) found that survival of scallop (Pecten novaezelandiae) spat reseeded as part of an 

enhancement program in Golden Bay was up to 20% in areas closed to trawling compared 

with 0.8% for adjacent trawled areas.  

6.4 Management measures to aid recovery of the fishery 

Various management tools are available to reduce impacts, and to aid in enhancement and 

rehabilitation of fisheries that are declining as a result of anthropogenic influences such as 

habitat destruction, pollution or overfishing. The effects of bottom-towed fishing gear 

may be mitigated through reduction in temporal frequency, spatial extent, or magnitude of 

disturbance to the benthic community. Measures have also been devised to restore marine 
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habitats that have been subjected to damaging effects from land based activities or 

fishing.  

6.4.1 Dredge design, trawling, and alternative harvest methods 

Design improvements to dredging gear to improve dredge efficiency and reduce the 

severity of effects on the benthos have been considered and some initiatives tried. In 

Tasman Bay on the predominantly muddy soft sediment, ring bag dredges with heavy 

tickler chains are used when harvesting both scallops and oysters, as opposed to northern 

fisheries in the Auckland and Northland region where scallops are harvested on the firm 

sandy substratum using a single box dredge with a rigid tooth bar (Bull 1989). A 

comparison of the performance of the box dredge, ring bag dredge and the Japanese keta 

ami by Cryer and Morrison (1997) in the northern scallop fishery found that the ring bag 

dredge caused the least incidental mortality and had the least effect on scallop growth 

among shellfish left behind after encountering the dredge, but was less efficient than the 

box dredge on the firmer sandy substratum. Various dredge designs have been proposed 

including pivoting skids and other modifications to mitigate disturbance to seabed 

features by reducing the area of contact, weight or rigidity of dredges on the seabed. 

However, in the words of one engineer when considering the problem of designing a 

dredge to harvest shellfish whilst causing the least effect on the benthos: “…the lingering 

difficulty is that traditional designs are by design and optimisation, excellent at their 

function…” and “…a relevant analogy is the current interest in making handguns safer” 

(Goudey 1999). Other concepts to reduce the impact on the seabed include alternative 

shellfish harvesting methods such as the use of divers on SCUBA or hookah. But 

harvesting by SCUBA or hookah would require very high densities of oysters or scallops 

in order to be economically viable. 
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6.4.2 Trawl methods 

The disturbance associated with bottom trawling varies according to how hard to the 

bottom the gear is set and this depends on the preference of the fisher and the intended 

target species. For example, the bridles, doors and ground chain are all likely to be set 

relatively hard to the bottom when single trawling for flatfish, whereas when pair trawling 

for snapper (Pagrus auratus), only the wire bridles and sweeps will contact the bottom 

comparatively lightly (Bloomfield, Lex pers. comm.). In Tasman Bay, single bottom 

trawling is currently the most common finfish harvesting method. There appears to be 

scope for exploring alternative trawling methods when targeting snapper. Possible 

alternatives to bottom trawling for snapper include midwater or surface trawling methods, 

and ‘four warp pair trawling’ which would allow rather precise setting of gear close to the 

bottom without actual contact (Lex Bloomfield, fisherman, pers. comm.).  

6.4.3 Rotational fishing 

Spatial rotation of fishing effort (rotational fishing) is a management measure intended to 

reduce the spatial extent and frequency of disturbance, and allow time for the target 

population to recover after harvest. The concept of serially resting areas of the fishery to 

allow recovery of the stock originated from the land based agricultural practice of 

fallowing. Rotational fishing in the Foveaux Strait oyster fishery was advocated by 

Cranfield et al. (2005) to allow benthic habitat and the oyster population to regenerate in 

undisturbed areas, but has not been formally adopted in the current management regime 

for that fishery (Ministry of Fisheries 2009a). Structured rotational fishing in concert with 

a spat catching and reseeding program utilising a 3 year seeding-to-harvest cycle are key 

components in the recovery from collapse and successful management of a significant 

scallop fishery (~ 300,000 tonnes per annum) in Japan (Uki 2006). The Atlantic sea 
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scallop (Placopecten magellanicus) fishery in the Georges Bank area off the eastern U.S. 

coast nearly collapsed in the mid-90s, and subsequent recovery of that fishery has been 

ascribed to imposition of area closures allowing stocks to recover, and utilisation of 

rotational fishing strategies (Hart & Rago 2006; Valderrama & Anderson 2007). 

Rotational fishing has been shown to be effective in countering effects of high indirect 

fishing mortality of the Atlantic scallop (Myers et al. 2000).  

A nominal rotational fishing regime has operated within the Challenger scallop fishery 

since 1989 where the fishery in each bay (Tasman Bay and Golden Bay) is divided into 3 

areas that are seeded and harvested consecutively on a 3 year cycle. However, the scallop 

enhancement company may override the rotation policy in order to harvest areas of high 

commercial densities of scallops that are found to be out of phase with the rotation based 

on their annual biomass survey (Mincher 2008). Furthermore, commercial oyster 

dredging and finfish bottom trawling are managed independently from the scallop fishery, 

leaving open the possibility of fishing disturbance to the seabed in areas closed to scallop 

dredging. It may be that the less-than-rigorous adherence to the rotational fishing regime, 

and/or the intrusion of bottom-towed harvesting of other species into nominally closed 

areas diluted the efficacy of the rotation. Whatever the cause, the policy of rotational 

fishing in the Challenger scallop fishery as practiced, has not in itself, nor in tandem with 

spat catching and reseeding operations, been sufficient to sustain the scallop fishery in 

Tasman Bay. 

6.4.4 Marine Reserves 

Another resource management tool relevant to sustainability of fisheries is the 

establishment of marine reserves or marine protected areas (MPAs). Marine reserves were 
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initially developed purely as a conservation tool, but now are perceived as a valuable tool 

in fisheries management (e.g. Dayton et al. 1995; Tuck & Possingham 2000; Gell & 

Roberts 2003; Pauly et al. 2005). Reserves have been shown to promote increased species 

richness, density and biomass relative to adjacent areas (e.g. Bevilacqua et al. 2006; 

Stewart et al. 2009). Roberts et al. (2005) argue that the establishment of extensive 

marine reserves that are permanently off-limits to fishing are essential to reverse fishery 

declines and sustain ecosystem processes. They maintain that only reserves will enable 

the development of natural, extended age structures of target species, maintain their 

genetic variability and prevent deleterious evolutionary change from the effects of 

fishing. Species with natural age structures will sustain higher rates of reproduction and 

will be more resilient to environmental variability. Higher stock levels maintained by 

reserves will provide insurance against management failure, including risk-prone quota 

setting, provided the broader conservation role of reserves is firmly established and 

legislatively protected. Fishery management measures outside protected areas are 

necessary to complement the protection offered by marine reserves, but cannot 

substitute for it. Kaiser (2005) on the other hand, warns of over-reliance on marine 

reserves for fisheries management, pointing out that such systems do work for certain 

habitat-specific and non-mobile species, but their utility for highly mobile stocks is 

questionable. He states that MPAs should not be considered as the singular solution to the 

problem of inappropriate implementation of fishing effort controls, but may be useful in 

concert with properly devised and applied controls. Hart (2006) stresses that reserve areas 

will only benefit fisheries in terms of increased yield under specific conditions, in 

particular citing conditions of low spawning stock biomass. Although most studies of the 

effects of marine reserves focus on effects to finfish population parametres, and there is a 
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lack of information regarding algae and invertebrates (Stewart et al. 2009), a meta-

analysis of biological effects of marine reserves by Lester et al. (2009) found that 

invertebrate fishery target species showed highly significant increases in density within 

marine reserves. 

An area in Tasman Bay designated as off-limits to trawling and dredging is an early 

example of the establishment of a partial marine reserve ostensibly to protect habitat that 

provides an ecosystem service to a fisheries resource. A decline in numbers of juvenile 

tarakihi (Nemadactylus macropterus) and snapper (Pagrus auratus) was associated with 

the decline of the ‘bryozoan coral’ habitat in Tasman Bay due to the effects of towed-gear 

bottom fishing (Saxton 1980). In response to the recognition of the importance of this 

habitat to juvenile fish (Vooren 1975), an area off Separation Point in northwestern 

Tasman Bay was closed to power fishing methods in 1980 (Mace 1981; Bradstock & 

Gordon 1983).  

Marine reserves need to be scaled appropriately for the species, habitats and fisheries they 

are designed to support, and this aspect of MPA design has been the subject of numerous 

studies. In coastal areas, marine reserves of a few to a few tens of square kilometres have 

proven effective in recovering stocks and habitats (Gell & Roberts 2003; Halpern 2003; 

Shanks et al. 2003; Roberts et al. 2005). An important consideration in determining the 

size of marine reserves, especially for fisheries management purposes, is dispersal 

distance of key species (Grantham et al. 2003; Shanks et al. 2003). Shanks et al. (2003) 

found a bimodal distribution of dispersal distances for propagules of benthic organisms. 

Most dispersed either short distances (<1 km) or else long distances (>20 km) and very 

few organisms possessed mid-range dispersal strategies (1-20 km). They concluded that 
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reserves should be large enough to contain the short-distance dispersing propagules (4–6 

km in diametre) and separate reserves be spaced close enough (10– 20 km apart) to 

capture long-distance dispersing propagules released from adjacent reserves. Hastings and 

Botsford (2003) pointed out that the optimal size of reserves varies according to whether 

the goal of the reserve is for fisheries or biodiversity. In their analysis, cost considerations 

determined that the conservation goal would be best met by reserves as large as 

practically possible, whereas the fisheries goal of maximizing yield requires maximizing 

larval export outside of reserves so that reserves should be as small as practically possible. 

Meeting the fisheries goal is more costly because it suggests a larger area of the coastline 

should be in reserves, but it also improves on conservation goals by enhancing 

sustainability for species dispersing longer distances. 

6.5 Habitat enhancement – wider benefits to the ecosystem 

Anthropogenic impacts from land development, fishing, and global human activity 

causing climate change have potentially affected the functioning of the ecosystem in 

Tasman Bay. Although the extent to which these factors have affected the ecosystem 

within the bay is unknown, evidence of the link between human activities and detrimental 

changes such as the decline of the shellfisheries in the bay is increasing (eg. Handley et al. 

in revision). To counter such effects, ways must be sought to enhance aspects of 

ecosystem function, particularly the properties of ecosystem stability and resilience. 

Ecosystem stability can be defined as the extent to which a system (eg. a community) 

varies over time (the less the variation the greater the stability), and resilience is the 

capacity of a system to recover from a disturbance or perturbation (Stachowicz et al. 

2007). 
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Previous studies have shown that increased habitat heterogeneity and biodiversity 

promote greater stability among species assemblages, and increased resilience of biotic 

populations subjected to disturbance, invasions or long-term stresses such as climate 

change (Walker 1992; Hooper et al. 2005; Stachowicz et al. 2007; Palumbi et al. 2008; 

Oliver et al. 2010). My experiments demonstrated that habitat enhancement via the 

deployment of waste shell on the seabed increased macrofaunal densities, α (taxonomic 

richness within patches of habitat), β (diversity among patches), and γ (taxonomic 

richness at a large scale incorporating many patches) diversity, and functional richness 

and redundancy were also increased. It follows that such a demonstrated increase in a 

range of measures of diversity is likely to confer benefits of greater stability and resilience 

to the benthic community in Tasman Bay.  

In large, shallow, semi-exposed embayments such as Tasman Bay, one potentially 

important ecosystem component that may be affected by elevated levels of sediment 

deposition and resuspension associated with anthropogenic impacts is the 

microphytobenthos (benthic microalgae). High levels of suspended sediment can reduce 

the amount of light reaching the seabed, and the growth of photosynthetic algae could be 

inhibited by low light levels (Gillespie et al. 2000; Newell 2004). Benthic microalgae are 

a significant component in the diet of many deposit and suspension-feeding macrofauna 

including molluscs such as oysters and scallops (Shumway et al. 1987; Pellizzari et al. 

2005) and are considered to be a potentially important contributor to the benthic food 

web. The increased density of suspension-feeding organisms on enhanced habitat 

demonstrated in my experiments could improve water clarity by consuming plankton and 

detritus in the water column, allowing more light energy to penetrate to the seabed 
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(Rodney & Paynter 2006), and thereby facilitating growth and maintenance of the 

microphytobenthos.  

Increased biodiversity was here demonstrated at the experimental or patch scale. It 

follows that these effects should confer benefits such as increased ecosystem stability and 

resilience to the ecosystem of Tasman Bay at a landscape scale if habitat enhancement via 

shell deployment was implemented at a scale relevant to the fishery, or for conservation 

purposes. 

6.6 Restoration and management - What can be learned from other oyster 

fisheries? 

6.6.1 Eastern oyster fishery USA 

Throughout the eastern seaboard and Gulf coast of the United States, the native eastern 

oyster (Crassostrea virginica) population has been depleted over time by the effects of 

fishing pressure, habitat degradation, disease, low extant stocks, and unpredictable 

recruitment (Rothschild et al. 1994; Eggleston 1995), and extensive restoration efforts 

expended over a long period have largely proved unsuccessful (Mann & Powell 2007). 

Mann and Powell (2007) suggest that such failure was to be expected because of poorly 

defined goals with no realistic measure of success in terms of time, space or biomass. A 

fundamental problem in their view was to muddle the objectives of fishery restoration and 

ecological restoration. They point out that basic information on oyster population 

dynamics and ecology has not been used in defining the quantitative problem, citing 

particularly a lack of ability to predict recruitment, and to limit the prevalence of disease 

as key reasons for the inability to manage populations so they can rebuild. Provision of 

settlement substratum as a restoration measure to expand the extent of the population is 
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prohibitively expensive, beyond the limits set by the availability of substratum material, 

and futile in the presence of disease and susceptible oysters. Proper evaluation of 

biological limitations will lead to realistic modest goals for ecological restoration. Mann 

and Powell (2007) argue that the best option is to clearly define separate goals comprising 

ecological restoration to stabilize the existing beds as a sustainable population, combined 

with the promotion of aquaculture to increase commercial yields. Similar views regarding 

oyster reef restoration were expressed by Coen and Luckenbach (2000) who stated that 

ecosystem services derived from oyster habitat have been largely ignored or 

underestimated due to a preeminent focus on commercial restoration, noting the 

importance of linking success criteria to specific goals and the need to clarify ecological 

functions of shellfish and shellfish habitats. Contrary to the apparent trend of failure, a 

recent restoration effort in Virginia utilising habitat enhancement principles, and focused 

on ecological restoration rather than fishery restoration has achieved a high level of 

success (Schulte et al. 2009). The clear mandate for ecological restoration guiding the 

restoration initiative described in that study supports the contention of Mann and Powell 

(2007), that the muddling of fishery with ecological restoration may preclude success.  

While some lessons can be taken from the efforts to restore and sustain the eastern U.S. 

oyster populations, major differences between those oyster populations/fisheries and the 

Tasman Bay situation must be considered. The importance of having basic information on 

oyster population dynamics and ecology, particularly relating to aspects of recruitment 

and disease should be heeded to have the greatest chance of success here. This study 

addresses previous gaps in knowledge with respect to population dynamics and aspects of 

recruitment of O. chilensis in Tasman Bay, but further work on the dynamics of disease 

(especially Bonamia) would be useful. The practice of ‘culching’ techniques and other 
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means of habitat enhancement to provide settlement substratum for oyster settlement, 

growth and survival used widely on the U.S. east coast are likely to be useful tools for 

fishery enhancement here, especially in light of the positive results of my experiments. 

One key difference that precludes direct transfer of some conclusions drawn from the 

plight of C. virginica on the US east coast to the Tasman Bay O. chilensis fishery is the 

natural distribution and habitat of the oysters. C. virginica forms intertidal and subtidal 

‘beds’ and ‘reefs’ throughout much of its range, with oysters occurring at densities from 

10 m-2 to 1000 m-2 (Kennedy & Sanford 1995), whereas O. chilensis occurs in a scattered 

distribution in Tasman Bay at a median density of approximately 0.03 m-2 (calculated 

from industry biomass survey 2009 pers. obs. author). Thus, over much of its range the 

American eastern oyster forms its own reef habitat, and the mechanised harvest of the 

oyster reefs directly removes that habitat (Coen & Luckenbach 2000; Mann & Powell 

2007). In Tasman Bay, although the soft sediment habitat is disturbed and impacted 

during harvest, the damage is less significant, and recovery of the oyster population to 

previous higher (although still comparatively low) density may be more readily achieved.  

This dynamic has implications for the potential to combine both ecological and fishery 

restoration goals in an enhancement program. If the target population and benthic habitat 

both have greater potential for recovery following fishing impact, there may be a greater 

chance of combining those two goals successfully. 

6.6.2 The Foveaux Strait fishery 

The Challenger oyster fishery in Tasman Bay and the Foveaux Strait oyster fishery differ 

markedly in terms of environmental conditions. Tasman Bay is a semi-enclosed, semi-

sheltered embayment, characterised by a relatively high rate of sediment deposition 

(Gibbs 2001; Gillespie & Rhodes 2006; Forrest et al. 2007) and relatively slow currents 
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(Heath 1976)(Mark Hadfield NIWA pers. comm.), conditions that have produced a soft 

sediment habitat dominated by sandy mud substratum. In contrast, Foveaux Strait is a 

high energy environment affected by large ocean swells and strong tidal currents 

(Ministry of Fisheries 2009a). The substratum in Foveaux Strait comprises four main 

types: mobile gravels, hard rocky reef habitat, mobile sand over stable sand wave 

structures, and stable seabed sediments of mixed sands and gravels. The central and 

southeastern strait becomes progressively more sheltered from swell and tide by Stewart 

Island. Seabed sediments in these more sheltered regions of the strait are less mobile and 

the surface sediments are finer. A characteristic feature of those areas is the biogenic 

habitat of patch reefs comprising sessile fauna dominated by oysters and mussels, 

sponges, and ascidians, and cemented together by bryozoans including Cinctipora elegans 

(Cranfield et al. 1999; Cranfield et al. 2003). Associated with this biogenic habitat are 

populations of oysters (O. chilensis) and blue cod (Parapercis colias) both of which 

support local fisheries (Cranfield et al. 1999; Cranfield et al. 2003; Carbines et al. 2004; 

Carbines & Cole 2009). Oyster dredging since the 1870s has been implicated in the 

decline in extent and complexity of the biogenic habitat (Cranfield et al. 1999; Cranfield 

et al. 2001; Cranfield et al. 2003), which has impacted negatively on both the oyster and 

blue cod populations and associated fisheries (Cranfield et al. 1999; Cranfield et al. 2003; 

Carbines et al. 2004; Carbines & Cole 2009). There has been considerable debate as to 

the significance of impact to the biogenic habitat and associated communities caused by 

oyster dredging. Some recent work suggests that the duration of impacts may have been 

overstated, and that the biogenic habitat is capable of relatively rapid recovery of habitat 

complexity and associated fish assemblages within 2.5 to 7 years in the absence of 

dredging disturbance (Cranfield et al. 2001; Carbines & Cole 2009; Ministry of Fisheries 
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2009a). Based on fishery log data and monitoring, there is some suggestion that oyster 

populations are less reliant on biogenic habitat than previously thought (Keith Michael 

NIWA pers. comm., Ministry of Fisheries 2009a).  

The prevailing view from the Ministry of Fisheries is that the fishery is limited mostly by 

settlement and early post-settlement survival, and periodic Bonamia sp. epizootics 

causing catastrophic mortality of market sized oysters. Such epizootics occurred notably 

in the late 1980s and early 2000s during which it is estimated, 90% of mature oysters 

within the fishery were killed. The effects of fishing have been implicated previously 

(Hine 1996; Cranfield et al. 2005) as a contributory cause of Bonamia epizootics, 

although there is no evidence of any direct link (Ministry of Fisheries 2009a). To facilitate 

recovery of the population from the epizootic event of late 1980s, infected areas of the 

fishery were closed and the total allowable catch reduced, but those measures had little 

effect and the population continued to decline until 1993 when the entire fishery was 

closed in an effort to allow the population to recover (Ministry of Fisheries 2009c). The 

fishery was reopened in 1995 amidst a background of widespread but low intensity 

Bonamia infection. Following the most recent epizootic from 2000-2002, the catch has 

been voluntarily reduced by 50% to around 7.5 million oysters (through reduction of the 

annual catch entitlement or ACE) as a means of protecting the low stock from overfishing 

(Ministry of Fisheries 2009a).  

Results from this study indicate that the oyster population in Tasman Bay may be 

vulnerable to the same peak mortality events as the Foveaux Strait population, first during 

the early post-settlement phase, then again later amongst commercial sized oysters, and 

the latter event could be caused by a disease such as Bonamia (see section 4.4.7). 
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However, the notable differences in habitat and environmental characteristics between the 

two fisheries demand different management methods. In particular, the high energy 

hydrodynamic environment in Foveaux Strait limits the accumulation of fine sediments, 

and promotes coarser gravel substratum and greater exposure of shell hash, thus providing 

more settlement surfaces for spat, and facilitating higher oyster densities (~0.97 m-2 in 

commercial areas) (Ministry of Fisheries 2009c). The same conditions which promote 

higher natural densities of oysters in areas of Foveaux Strait are also likely to confer 

greater tolerance to the effects of fishing. Benthic communities in Foveaux Strait 

inhabiting coarser sediments naturally subjected to greater hydrodynamic forces of wave 

energy and currents are likely to be better adapted to resist and recover from the 

disturbance associated with dredge harvesting, and the relative absence of very fine 

sediments in Foveaux will lessen the likelihood of impact from sediment resuspension. In 

contrast, the high sedimentation rates in Tasman Bay, combined with slow currents and 

lack of significant wave energy are likely to exacerbate the negative effects of fishing 

disturbance (see section 6.3.3). Damage to the three-dimensional biogenic structure on the 

seabed may reduce available settlement substratum, while the prevalence of fine grained 

sediment coupled with slower currents will give rise to clouds of resuspended sediment of 

greater extent, concentration and duration. A benthic community less adapted to physical 

disturbance from natural hydrodynamic forces is likely to be affected more severely by 

direct damage and secondary effects of fishing disturbance, and is likely to take longer to 

recover. Thus, the vulnerability of the benthos in Tasman Bay may demand that more 

emphasis should be placed on management of towed-gear fishing impacts compared to 

Foveaux Strait where avoiding or preventing the effects of Bonamia is the main focus.  
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6.7 Conclusions and management recommendations 

The cumulative and combined anthropogenic impacts caused by land development and 

bottom fishing are likely to have contributed significantly to changes to the benthic 

community, and the decline of the scallop and oyster fisheries in Tasman Bay. In order to 

sustain an oyster fishery in Tasman Bay an ecosystem-based approach to fishery 

management is required to restore benthic habitats and communities and maintain 

ecosystem functions supporting all components of the benthic community including the 

oyster population. This form of resource management explicitly considers the 

interconnectedness and interdependence of ecosystem components, and the importance of 

ecosystem structures and functions that provide services to humans (e.g. Curtin & 

Prellezo 2010; Lester et al. 2010). It is now widely accepted that traditional fisheries 

management paradigms focussing on individual components of the ecosystem (often just 

the target species population) are inadequate to safeguard ecosystem function and the 

sustained provision of ecosystem services (e.g. Botsford et al. 1997; Pikitch et al. 2004; 

Lester et al. 2010).  

Based on consideration of the available information, and the results of the present study, a 

combination of specific management measures including habitat enhancement, rotational 

fishing, permanent exclusion of towed fishing from a network of reserves, and integration 

of the management of the oyster, scallop, and finfish fisheries would provide the best 

chance for restoration and maintenance of a sustainable oyster fishery. The conceptual 

model in Figure 6.2 summarizes the hypothetical effects of implementing these 

management tools and the interactions between the fishery, the benthos and the wider 

ecosystem. 
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Figure 6.2 Conceptual diagram of the effects upon, and among, relevant ecosystem components 
(dark grey rectangles) from implementation of management tools (grey ovals). 
Arrows with a solid border indicate positive effects and a dotted border indicates a 
negative effect. Grey filled arrows represent effects demonstrated in this study. 



 

 

176 
This study demonstrated that enhancement of the soft sediment habitat in Tasman Bay 

through the return of waste shell to the seabed as a settlement substratum for oyster larvae 

can increase productivity within the oyster fishery (Figure 6.1). By enhancing the habitat 

in this way, habitat heterogeneity, taxonomic richness, functional group richness and 

faunal densities were also increased, and those effects are likely to confer benefits to the 

wider ecosystem including increased resilience and greater ability to recover from the 

effects of physical disturbance. Waste shell for habitat enhancement can be sourced 

relatively easily in the region as a by-product of the scallop and oyster fisheries and from 

mussel farming operations. Such waste shell is currently dumped on landfills, so the cost 

of obtaining that resource for seabed habitat enhancement should be low. The optimal 

timing for the return of shell to promote oyster spat settlement is in late October or early 

November.  

In concert with habitat enhancement, a rotational harvest regime would facilitate recovery 

of the oyster population and the rest of the benthos within harvested areas following 

dredging. Based on morphometric research and growth modeling from this study, a 

sensible rotation period between harvests would be 5 years to allow oysters to grow to 

sufficient size, in particular to attain a shell depth of ~20 mm at the time of harvest. The 

absence of fishing disturbance for that duration will also facilitate recovery of the benthic 

community in terms of increased species richness, individual taxon density, and biomass 

following dredging impacts, particularly where the fallowing period is combined with 

habitat enhancement measures.  

The establishment of a network of areas off-limits to bottom fishing methods (dredging 

and bottom trawling) would confer benefits to the oyster population including 
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maintenance of source areas for larval supply and the safeguarding of areas with natural 

population structure important for ensuring reproductive success. Establishment of MPAs 

would also provide refuge for non-target species and promote the maintenance of natural 

benthic community diversity and ecosystem function including important benthic 

processes such as the mediation of biogeochemical processes at the sediment-water 

interface. Benefits including increased community resilience in the face of environmental 

stresses such as sedimentation after flood events, and long term climatic stress would also 

feedback to benefit fishery target populations including scallops and oysters. In the 

context of management of the oyster fishery, the best configuration would be to have a 

network of small reserve areas rather than one big one. Following Shanks et al. (2003) 

and Botsford et al. (2001), the relatively short range dispersal distance of O. chilensis 

larvae (in the order of tens to hundreds of metres inferred from this study) dictates that 

reserves should be quite small at around 2 km in diametre. Areas of that dimension would 

be able to retain a proportion of the oyster larvae released within them, yet maximise 

larval export to adjacent fished areas. With the precision of modern GPS plotters on 

commercial fishing boats, the avoidance of such delineated areas should be feasible. 

Another management strategy to improve the potential for rehabilitation of the 

shellfisheries in Tasman Bay would be to integrate management of the oyster, scallop, 

and finfish fisheries. At present, each is managed by a separate company, although the 

Challenger Scallop Enhancement Company Ltd. (CSEC) and the Challenger Oyster 

Management Company Ltd (COMC) share many of the same executive board members 

and shareholders. If any of the management measures recommended here are to be 

effective, it is critical that there is coordination of harvest strategies and patterns among 

the three fisheries that harvest with bottom-towed gear. Clearly without such 



 

 

178 
coordination, the establishment of enhanced areas, rotational fishing areas and MPAs for 

one target species would simply be nullified by disturbance from the harvesting of 

another.  

Rationalisation of the management of scallop and oyster fisheries in Tasman Bay would 

be a logical step for the companies involved. Scallops are presently harvested on a 

nominal area rotation based on a 3 year cycle. Changing the area rotation in Tasman Bay 

to a 5 year cycle to align with oysters ought to be feasible, particularly in light of the 

present status of the scallop fishery where there has been no harvesting at all in the last 

two years due to low densities and poor condition of stock. Alternatively, the two 

fisheries could be spatially separated as is already the case to a large extent - oysters tend 

to be harvested in deeper water (25-35 m) than scallops (15-25 m). 

Coordination of shellfish and finfish harvesting is more problematic. Bottom trawling is 

the most common fishing method for targeting 15 of the 23 stocks within the Challenger 

finfish fishery which includes Tasman Bay. The disturbance associated with bottom 

trawling varies according to preference of the fisher and the intended target species (see 

section 6.4.2). Whatever the target species, trawling through a shellfishery MPA, recently 

enhanced area, or closed rotational area is likely to cause significant disturbance and 

disrupt the intended purpose of excluding towed bottom-fishing gear. Thus, some 

coordination of harvest strategies between the shellfishery and finfishery would be 

required. The only options for management to avoid trawling impacts in areas off-limits 

to dredging are to avoid contact of gear on the seabed by setting trawl gear up above the 

seabed, or coordinating with shellfishery management to completely avoid harvesting in 

areas where dredging is also off-limits. This may be feasible, as much of the trawling 
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effort is concentrated in deeper water beyond the main shellfishery areas. Such an 

integrated management approach involving a range of stakeholders in collaboration is 

becoming increasingly common in the context of fisheries management and wider 

resource management.  

A useful pathway for implementation of ecosystem-based management is through 

adaptive management systems (Pikitch et al. 2004; Curtin & Prellezo 2010; Lester et al. 

2010). Adaptive management incorporates the use of the precautionary principle, 

acknowledging that available scientific knowledge regarding ecosystem process and 

function is often limited and uncertain, and allowing incorporation of new knowledge as it 

becomes available, while at the same time enabling action and implementation of plans 

aimed at reducing or remedying harmful effects to ecosystem functioning. Utilising 

available data, and incorporating continued data collection, performance indicators for 

ecosystem function are identified and monitored. Key to this approach is flexibility, so 

that as more data becomes available, management targets and methods can be continually 

adjusted. Just such an approach to management of the oyster fishery, and the ecosystem in 

Tasman Bay should be embraced by all stakeholders if degradation to ecosystem function 

and decline of ecosystem services is to be reversed.  
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Appendix 1 

Statistical Tables 

 

Chapter 2 

Table A  ANOVA of spat settled per month between November 2004 and December 2006  

Factor SS df MS F p 

Date 411.3138 20 20.5657 5.8610 0.000000 

Error 687.7442 196 3.5089   

 

Chapter 3 

Table B  ANOVA of spat settled at each site in December 2004 

Factor SS df MS F p 

Site 25.6444 4 6.4111 17.85697 0.003652 

Error 1.7951 5 0.3590   

Table C  ANOVA of spat settled at each site in January 2005 

Factor SS df MS F p 

Site 44.1413 4 11.0353 24.97279 0.001677 

Error 2.2095 5 0.4419   

Table D  ANOVA of spat settled at each site in February 2005 

Factor SS df MS F p 

Site 38.4237 6 6.4039 8.70508 0.005794 

Error 5.1496 7 0.7357   
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Table E ANOVA of effect of site and replicate plot nested in site, on spat settlement on 

enhanced habitat (piled shell) plots. 

Factor SS df MS F p 

Site 359.74 3.00 119.91 35.10 0.00 

Rep(Site) 27.33 8.00 3.42 2.87 0.02 

Error 28.61 24.00 1.19   

 

Table F ANOVA of oyster spat settlement density on the tops and bottoms (Orientation) of 
plates positioned 100, 200 and 300mm above the seabed (Plate Height), at sites in 
Tasman Bay (Site), during December 2004, January 2005 and February 2005 (Date). 

Factor SS df MS F p 

Date  41.61 2.00 20.80 16.28 0.01 

Site 349.70 7.00 49.96 15.58 0.00 

Plate Height (PH) 26.62 2.00 13.31 53.79 0.05 

Orientation  31.70 1.00 31.70 19.77 0.01 

Date*Site 26.18 14.00 1.87 1.92 0.07 

Date*PH 0.38 4.00 0.10 0.22 0.92 

Site*PHt 9.85 14.00 0.70 1.20 0.33 

Date*Orientation 0.80 2.00 0.40 0.85 0.46 

Site*Orientation 12.87 7.00 1.84 2.92 0.04 

PH*Orientation 0.38 2.00 0.19 1.88 0.33 

Date*Site*PH 15.17 28.00 0.54 3.52 0.00 

Date*Site*Orientation 8.21 14.00 0.59 3.79 0.00 

Date*PH*Orientation 0.25 4.00 0.06 0.32 0.86 

Site*PH*Orientation 2.92 14.00 0.21 1.23 0.30 

Date*Site*PH*Orientation 4.30 28.00 0.15 0.20 1.00 

Error 77.63 100.00 0.78   
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Table G ANOVA of total numbers of late stage larvae settled on PVC collectors in replicate 

tanks (n=3) with or without silicon grease applied to tank sides to limit available 
settlement surface (Treat). 

Factor SS df MS F p 

Treat 0.0698 1 0.0698 0.911 0.394014 

Error 0.3067 4 0.0767   

Table H ANOVA of total numbers of early stage larvae on PVC collectors in replicate tanks 
(n=3) with and without silicon grease applied to tank sides to limit available 
settlement surface (Treat). 

Factor SS df MS F p 

Treat 504.047 1 504.047 1.536 0.282966 

Error 1312.649 4 328.162   

 

Chapter 4 

Table I ANOVA comparing spat settlement on oyster, scallop and mussel shell in the 
laboratory. 

Factor SS df MS F p 

Tank 145.042 4 36.261 5.8665 0.016642 

ShellType 15.522 2 7.761 1.2557 0.335530 

Tank*ShellType 49.448 8 6.181 0.9920 0.449302 

Error 467.312 75 6.231   

 

Table J ANOVA comparing spat settlement on oyster and scallop shell threaded on wire at 
three sites in Tasman Bay. 

Factor SS df MS F p 

Shell type 153.06 1 153.06 4.32627 0.173043 

Site 6157.10 2 3078.55 87.01743 0.011361 

Shell type*Site 70.76 2 35.38 0.18150 0.835528 

Error 3508.66 18 194.93   
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Table K ANOVA comparing spat settlement on mussel and scallop shell in mesh bags at four 

sites in Tasman Bay. 

Factor SS df MS F p 

Site  108.401 3 36.134 1.25738 0.427571 

Shell Type 32.071 1 32.071 1.12505 0.366432 

Site *Shell Type 86.211 3 28.737 5.89977 0.000766 

Error 769.599 158 4.871   

 
 
 
 
 
 
 

Table L ANOVA of spat settlement on enhanced habitat plots configured at 2 levels of shell 
enhancement (piled and scattered), and on control plots (not enhanced) at two sites 
in Tasman Bay 

Factor SS df MS F p 

Site 0.2166 1 0.2166 3.952 0.185143 

Treat 138.2148 2 69.1074 1260.692 0.000793 

Site*Treat 0.1096 2 0.0548 0.148 0.862713 

Error 17.7631 48 0.3701   

 

Table M ANOVA of spat settlement on enhanced habitat plots with and without addition of 
broodstock, at two sites in Tasman Bay. 

Factor SS df MS F p 

Site 8.44395 1 8.44395 1.95634 0.395144 

Treat 29.52416 1 29.52416 5.50747 0.182858 

Rep(Treat) 4.87650 4 1.21913 6.98349 0.043139 

Site*Treat 4.31619 1 4.31619 24.72435 0.007639 

Site*Rep(Treat) 0.69829 4 0.17457 0.23411 0.916392 

Error 17.89679 24 0.74570   
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Table N ANOVA of effect of date on percent cover of bare shell on enhanced habitat. 

Factor SS df MS F p 

Date 1.616034 2 0.808017 27.11689 0.000004 

Error 0.536356 18 0.029798   

 

Table O ANOVA of effect of date on percent cover of sediment on enhanced habitat. 

Factor SS df MS F p 

Date 0.19133 2 0.09566 3.6120 0.047989 

Error 0.47673 18 0.02649   

 
 
 

Table P ANOVA of effect of date on percent cover of other species on enhanced habitat. 

Factor SS df MS F p 

Date 1.246 2 0.623 25.615 0.000005 

Error 0.438 18 0.024   

 
 

Chapter 5 

Table Q PERMANOVA of effect on community composition of site, treatment and time. 

Factor SS df MS Pseudo F P (MC) 

Site 3216.4 1 3216.4 1.1672 0.407 

Treat 1.12E+05 2 55981 12.065 0.0001 

Time 13839 1 13839 5.022 0.0172 

Site x Treat 3466.4 2 1733.2 0.56685 0.8738 

Site x Time 2755.6 1 2755.6 2.2677 0.018 

Treat x Time 6320.6 2 3160.3 1.0336 0.4659 

Site x Treat x Tmei 6115.2 2 3057.6 2.5162 0.0008 

Residual 1.17E+05 96 1215.1                  
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Table R ANOVA of effect on taxon richness (S) of enhancement treatment (piled shell, 
scattered shell, non-enhanced control) and site. 

Factor SS df MS F p 

Site 76.056 1 76.056 14.1134 0.064116 

Treat 372.333 2 186.167 34.5464 0.028132 

Site*Treat 10.778 2 5.389 1.0543 0.378588 

Error 61.333 12 5.111   

 
 
 
 

Table S ANOVA of effect on taxon evenness (J’) of enhancement treatment (piled shell, 
scattered shell, non-enhanced control) and site. 

Factor SS df MS F p 

Site 0.00395 1 0.00395 2.109 0.283613 

Treat 0.02650 2 0.01325 7.069 0.123931 

Site*Treat 0.00375 2 0.00187 1.521 0.257753 

Error 0.01478 12 0.00123   

 

Table T ANOVA of effect on taxon Shannon diversity (H’log e) of enhancement treatment 
(piled shell, scattered shell, non-enhanced control) and site. 

Factor SS df MS F p 

Site 0.3055 1 0.3055 10.6160 0.082682 

Treat 0.1599 2 0.0799 2.7776 0.264722 

Site*Treat 0.0576 2 0.0288 0.7761 0.481974 

Error 0.4449 12 0.0371   

 

Table U ANOVA of effect on faunal density of enhancement treatment (piled shell, scattered 
shell, non-enhanced control) and site. 
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Factor SS df MS F p 

Site 826.9 1 826.9 5.6230 0.141143 

Treat 42354.3 2 21177.2 144.0079 0.006896 

Site*Treat 294.1 2 147.1 0.2201 0.805588 

Error 8016.7 12 668.1   

 

 

 

Table V ANOVA of effect on functional group richness (S) of enhancement treatment (piled 
shell, scattered shell, non-enhanced control) and site. 

Factor SS df MS F p 

Site 12.500 1 12.500 25.0000 0.037750 

Treat 82.333 2 41.167 82.3333 0.012000 

Site*Treat 1.000 2 0.500 0.4737 0.633867 

Error 12.667 12 1.056   

 

Table W ANOVA of effect on functional group evenness (J’) of enhancement treatment (piled 
shell, scattered shell, non-enhanced control) and site. 

Factor SS df MS F p 

Site 0.00790 1 0.00790 19.189 0.048363 

Treat 0.11305 2 0.05652 137.295 0.007231 

Site*Treat 0.00082 2 0.00041 0.252 0.781469 

Error 0.01963 12 0.00164   

 

Table X ANOVA of effect on functional group Shannon diversity (H log e) of enhancement 
treatment (piled shell, scattered shell, non-enhanced control) and site. 
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Factor SS df MS F p 

Site  0.24012 2.00000 0.002041 117.6408 0.008394 

Treat 0.06220 2.00000 0.002041 15.2372 0.061587 

Site*Treat 0.00408 12.00000 0.025587 0.0798 0.923811 

Error 0.30704     

 
 
 
 
 
 
 

Table Y ANOVA of effect on within-functional-group richness (S), of functional group, 
enhancement treatment, and site. 

 

Factor SS df MS F p 

Site 5.7302 1 5.7302 11.18713 0.070611 

Treat 25.7222 2 12.8611 41.02532 0.023795 

Group 448.2063 13 34.4774 40.57040 0.000000 

Site*Treat 0.6270 2 0.3135 0.48148 0.623268 

Site*Group 11.0476 13 0.8498 1.30520 0.271513 

Treat*Group 238.0556 26 9.1560 14.06235 0.000000 

Site*Treat*Group 16.9286 26 0.6511 1.69151 0.025957 

Error 64.6667 168 0.3849   

 
 

Table Z ANOVA of effect on within-functional-group abundance of functional group, 
enhancement treatment, and site. 
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Factor SS df MS F p 

Site 3.5062 1 3.5062 35.1225 0.196499 

Treat 34.1045 2 17.0522 131.9235 0.007523 

Group 186.6306 13 14.3562 60.6245 0.000000 

Site*Treat 0.2585 2 0.1293 0.4855 0.620854 

Site*Group 3.0785 13 0.2368 0.8895 0.573458 

Treat*Group 114.4710 26 4.4027 16.5370 0.000000 

Site*Treat*Group 6.9221 26 0.2662 1.0721 0.379198 

Error 41.7192 168 0.2483   
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Appendix 2 

Identity and abundance of macrobiotic 

taxa in samples from enhanced habitat 

and control plots 
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Appendix 2 Identity and abundance of macrobiotic taxa in samples from enhanced habitat and control plots, October 2006. C=control, P=piled, H=scattered 
S=Shell, B=Shell+Broodstock treatments. Thus, plot code A1C denotes site A, plot 1, Control treatment. Three replicate samples (1,2,3) per plot. 

Taxon 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
ASCIDIACEA
Asterocarpa cerea
Cnemidocarpa bicornuta 1 12
Cnemidocarpa nisiotis 1
Cnemidocarpa regalis
Corella eumyota
Didemnum  sp. 1 1 1
Juvenile ascid 2 2
Molgula  sp. 9 13 16 1 1 1 15 2 2 5 8 1 1 3 1 1 3 3 1 9 8 7 1 7 3
ALGAE
Unidentified coralline alga 1 1
Sipuncula
Sipunculus  sp.
Unidentified sipunculid
ECHIURA
Urechis novaezelandiae
NEMERTEA
POLYCHAETA
Capitellidae 1 1
Dorvillidae
Goniadidae
Flabelligeridae
Glyceridae
Lepidonotus  sp.
Lumbrineridae 1 1 1 2 1 1 1 1
Maldanidae
Aglaophamus  sp. 1 3 1 1 1 1 1 2 1 2 2 1
Nereidae 1 1 1
Onuphidae 1
Opheliidae 1 1 3 3 5 34 2 2 8 3 3 1 4 14 5 14 12
Orbiniidae 1 1 1
Phyllodocidae
Polynoidae
Serpulidae
Salmacina  sp. >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5
Spirobranchus  sp. >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5
Sigalionidae 1 2 1 1 1 1 2 3 1 1 1 3 3 4 5 1 4 1 2 6
Spionidae 2 1
Sternaspidae 1
Terebellidae 1 1
Trichobranchidae 1 1 1 5 2 1 1 1 1
AMPHINEURA
Acanthochitona zelandica
Unidentified chiton
POLYPLACOPHORA
Cryptoconchus  sp.
SCAPHOPODA
Dentalium nanum 1 1
GASTROPODA
Amalda mucronata 1 1 1
Amalda novaezelandiae 1 1
Austrofusus glans 1
Maoricolpus roseus 1
Maurea  sp.
Microlenchus  sp.
Philine  sp. 1
Ruditapes largillierti
Sigapatella novaezelandiae
Xymeme ambiguus 1
Xymeme plebeius 1 1 4 2 6 4 4 3 2 3 7 1 2 4 5 1 4 3 2 2 3 3 2 3 1 2
Zeacolpus pagoda 1 2 4
Zegalerus tenuis 1 1
Unidentified nudibranch

A1C A6C A8C A2P A4P A9P A3H A5H A7H B1C B2C B9C B3P B4P B5P
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Appendix 2  Identity and abundance of macrobiotic taxa in samples from enhanced habitat and control plots March 2006 continued…. 
 

Taxon 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
BIVALVIA
Anomia trigonopsis 1 2 1 1 1 1
Borniola reinformis 6 1 1 1
Chlamys zelandiae 1 1 8 14 29 6 51 7 8 5 11 1 37 3 1 1 4 3 11 62 45 35 22 24 41
Corbula zelandica
Dosinia greyi
Dosinia lambata 1 1 1 1 2 1 3 2 1 1 1
Ennucula strangei 1 2 1 1 1 1 2 1 1 1
Hiatella arctica 1 1 5 4 7 1 3 3 4 1 2 6 2 4 2 1 3 6 4 4
Limaria orientalis 2 18 36 34 27 19 4 6 13 8 38 1 7 3 29 11 65 73 4 19 18 51
Macomona liliana
Modiolarca impacta
Mysella larochei 3 2 1
Neilo australis 1 1
Nemocardium pulchellum 1
Notocallista multistriata 2
Nucula hartvigiana 4 1
Nucula nitidula 1 2 1 4 1 8 3 1 1
Ostrea chilensis 1 23 15 14 41 70 50 40 15 12 5 13 14 7 7 1 18 7 43 11 12 41 21 31 51 32 43
Pecten novaezelandiae 1
Perna canaliculus 1 2 2 1
Tellina edgari
Theora lubrica 1 1 4 3 3 1 1 1 1 2 1 2 6 2 2 1 2 1 2 2 2 1
BRACHIOPODA
Magasella sanguinea 2
BRYOZOA
Encrusting 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Encrusting 2 1 1 1 1 1 1
Erect 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DECAPODA
Ebalia laevis 1
Halicarcinus  sp. 1 2 1 1 1
Macrophthalmus hirtipes
Nectocarcinus integrifrons
Notomithrax  sp. 1 3 1 1 2 1 1 1 1 1 1
Pagurus  sp. 36 3 5 7 12 2 28 18 5 7 6 9 1 8 1 4 12 2 1 4 13 8 3 1 4 5 11
Periclimenes yaldwyni 1 1 1 1 1 12 28 4 22 2 8 6 2 12 4 4 3 2 2 11 6 3 6 4 2 7 6 1
Petrolisthes  sp. 1 1 3 2 1 1 1 3 1 1 1 2
Pinnotheres novaezelandiae
Unidentified decapod
AMPHIPODA
unidentified amphipod 1 1 1 3 4 2 4 4 3 1 3 1 4 2 1 1 5 26 32 1 2 2 2 5 1 1 2 4 3
ISOPODA
unidentified isopod 2 1 1
ASTEROIDEA
Coscinasterias muricata 1
OPHIUROIDEA
Amphiura rosea 2 1 2 1 2 1 1 1 1
Ophionereis fasciata 2
ECHINOIDEA
Echinocardium cordatum 3 1 3 1 1 8 5 3 2 7 4 1 1
Pseudochinus albocinctus 1 1
HOLOTHUROIDEA
Heterothyone alba 1
Stichopus mollis
Unidentified holothurian
PISCES
Grahamichthys radiata 2 1 1 2 3 3 1 1 2 1 1 1 3 3 1 2 2 1
Hemerocoetes monopterygius
PLATYHELMINTHEA
Enterogonia orbicularis
CEPHALOPODA
Octopus maorum

A1C A6C A8C A2P A4P A9P A3H A5H A7H B1C B2C B9C B3P B4P B5P
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Appendix 2 Identity and abundance of macrobiotic taxa in samples from enhanced habitat and control plots March 2006 continued…. 
 

Taxon 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
ASCIDIACEA
Asterocarpa cerea 1 2 1 3 1 1 2 1 1 1 1 1 3 2 3 2 12 5 5 2 3 1 4 5 7 3 1 4 5 4 7
Cnemidocarpa bicornuta 1 1
Cnemidocarpa nisiotis 1 1 2
Cnemidocarpa regalis
Corella eumyota 2 1 1 1 1
Didemnum  sp. 1 1 1 1 1 1 1
Juvenile ascid
Molgula  sp. 6 2 1 2 3 2 1 1 2 4 5 3 2 4 3 2 4 2 1
ALGAE
Unidentified coralline alga 1 1 1 1
Sipuncula
Sipunculus  sp. 1
Unidentified sipunculid
ECHIURA
Urechis novaezelandiae 1
NEMERTEA
POLYCHAETA
Capitellidae
Dorvillidae
Goniadidae
Flabelligeridae
Glyceridae
Lepidonotus  sp. 1
Lumbrineridae 1
Maldanidae
Aglaophamus  sp. 1 2 1 1 2
Nereidae 1 1 1 1 1 1 1 1
Onuphidae
Opheliidae 3 2 8 1 1 13 3 3 14 1 4 1 2 1 1 4 6 6 6 15 2 3 4 5 2 8
Orbiniidae
Phyllodocidae
Polynoidae 1 1 2 2 1 1 2 1 1 1 1 1 1
Serpulidae 1 1
Salmacina  sp. >5 >5 >5 >5 2 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5
Spirobranchus  sp. >5 >5 >5 >5 3 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5
Sigalionidae 1 2 1 2 1 3
Spionidae
Sternaspidae
Terebellidae 1 2 1 1
Trichobranchidae 1
AMPHINEURA
Acanthochitona zelandica
Unidentified chiton 1 2 1
POLYPLACOPHORA
Cryptoconchus  sp.
SCAPHOPODA
Dentalium nanum
GASTROPODA
Amalda mucronata
Amalda novaezelandiae
Austrofusus glans
Maoricolpus roseus
Maurea  sp. 1
Microlenchus  sp. 1 2
Philine  sp. 2 2 1 1
Ruditapes largillierti
Sigapatella novaezelandiae 1
Xymeme ambiguus 1 1
Xymeme plebeius 5 4 7 1 1 2 6 4 4 8 1 1 4 2 6 2 6 1 12 2 3 8 14 7 16 7 8 12 17 2 11 27 15 2 4 22 28 15 1 9 9 9 2 5
Zeacolpus pagoda 3 2 1 1 1 1 4 2 1
Zegalerus tenuis 1 1 1
Unidentified nudibranch

C3BB6H B7H B8H C2B C4B C1S C5S C6S D1B D3B D5B D2S D4S D6S
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Appendix  Identity and abundance of macrobiotic taxa in samples from enhanced habitat and control plots March 2006 continued…. 
 

Taxon 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
BIVALVIA
Anomia trigonopsis 1 1 2 1 1 1 1
Borniola reinformis 5 1 6
Chlamys zelandiae 1 6 7 3 2 3 1 4 1 32 27 15 11 18 15 23 21 16 3 8 6 16 21 13 16 17 1 8 7 16 19 1 17 9 9 2 15 35 28 25 16 27 26 9 14
Corbula zelandica
Dosinia greyi 1 1
Dosinia lambata 1 1 1 1 1
Ennucula strangei 2 1 1 1
Hiatella arctica 3 2 1 1 2 1 7 1 2 5 8 3 5 5 5 3 2 5 2 3 2 1 3 1 2 4 1 1 3 2 2 2 1
Limaria orientalis 14 4 5 2 6 3 6 3 1 34 22 2 34 22 14 2 22 6 5 6 33 1 16 23 7 5 13 15 14 21 7 12 8 4 3 8 26 31 33 16 18 19 12 15
Macomona liliana
Modiolarca impacta 1
Mysella larochei
Neilo australis 1
Nemocardium pulchellum 2 1
Notocallista multistriata
Nucula hartvigiana 1 2 2 2 2
Nucula nitidula 2 1 1 2 2
Ostrea chilensis 20 14 38 3 16 2 11 3 3 24 15 19 13 17 42 1 105 4 1 2 3 2 8 6 1 1 2 3 1 1
Pecten novaezelandiae 1
Perna canaliculus 1 1
Tellina edgari 1 1
Theora lubrica 1 2 1 5 1 1 2 1 1
BRACHIOPODA
Magasella sanguinea 1 4 2
BRYOZOA
Encrusting 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Encrusting 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Erect 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DECAPODA
Ebalia laevis
Halicarcinus  sp. 1 1 1 1 1
Macrophthalmus hirtipes 1 1 1
Nectocarcinus integrifrons 1
Notomithrax  sp. 1 2 1 1 2 1 1 2 1 2 1 1 1 2 2 2 2 2 3 1 3 5 3 3 1 3 3 3 2
Pagurus  sp. 12 2 16 18 18 8 1 18 6 2 5 23 6 6 6 9 3 4 7 5 8 18 5 3 12 6 5 8 2 5 6 4 3 5 9 2 5 1 1 1 6 3 3
Periclimenes yaldwyni 3 2 3 4 1 1 1 7 6 4 2 7 2 9 2 1 1 3 3 4 3 11 5 9 7 13 2 2 2 3 17 21 7 9 6 16 4 5
Petrolisthes  sp. 3 3 4 2 3 6 2 3 12 3 1 4 5 7 5 1 3 5 4 12 19 18 4 14 13 1 11 3 5 3 4 12 6 3 16 12 3
Pinnotheres novaezelandiae
Unidentified decapod 1
AMPHIPODA
unidentified amphipod 1 4 2 3 2 3 9 8 7 2 3 1 2 1 6 1 2 1 5 2 2 2 2 1
ISOPODA
unidentified isopod 1 1 2 2 2 2 1 1 3 5 5 1 3 2 1 2
ASTEROIDEA
Coscinasterias muricata 1 1
OPHIUROIDEA
Amphiura rosea 1 1 1 1 2 1 1 1 2 3 1 1
Ophionereis fasciata
ECHINOIDEA
Echinocardium cordatum 1 1 1 1 1 1
Pseudochinus albocinctus 1
HOLOTHUROIDEA
Heterothyone alba
Stichopus mollis
Unidentified holothurian
PISCES
Grahamichthys radiata 1 3 1 1 1 1 1 1 1 1 1 2 1 1 1 2 4 1
Hemerocoetes monopterygius
PLATYHELMINTHEA
Enterogonia orbicularis
CEPHALOPODA
Octopus maorum

B6H B7H B8H C2B C3B C4B C1S C5S C6S D4S D6SD1B D3B D5B D2S
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Appendix Identity and abundance of macrobiotic taxa in samples from enhanced habitat and control plots, October 2006. C=control, P=piled, H=scattered 
S=Shell, B=Shell+Broodstock treatments. Thus, plot code A1C denotes site A, plot 1, Control treatment. Three replicate samples (1,2,3) per plot. 

 

Taxon 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
ASCIDIACEA
Asterocarpa cerea 1 1
Cnemidocarpa bicornuta
Cnemidocarpa nisiotis 1
Cnemidocarpa regalis
Corella eumyota
Didemnum  sp.
Juvenile ascid
Molgula  sp. 2 2 1 2
ALGAE
Unidentified coralline alga
Sipuncula
Sipunculus  sp.
Unidentified sipunculid 1 1 1
ECHIURA
Urechis novaezelandiae
NEMERTEA 1 1
POLYCHAETA
Capitellidae 1
Dorvillidae 2 2 1
Goniadidae
Flabelligeridae 1 3 4 3 8 1 3 2 3 5 1 5 1 1 3 2 2 1
Glyceridae 1 1 1 1
Lepidonotus  sp. 1
Lumbrineridae 1 1 1 1
Maldanidae
Aglaophamus  sp. 1 1 2 1 1 1 2 1 1 3 3 1 1 3 3 1 1
Nereidae 1 1 1 1 1 1 1 1 1
Onuphidae
Opheliidae
Orbiniidae
Phyllodocidae 1 1 1 1
Polynoidae 5 1 2 4 1 1 1 1 1 2 1
Serpulidae
Salmacina  sp. >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5
Spirobranchus  sp. >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5
Sigalionidae 1 3 2 2 2 2 3 1 1 2 2
Spionidae
Sternaspidae
Terebellidae 1 5 1 1 2 1 1 1 1 1 1 4
Trichobranchidae 1 2 2 5 1 1 2 2 1 1
AMPHINEURA
Acanthochitona zelandica 2 1
Unidentified chiton
POLYPLACOPHORA
Cryptoconchus  sp.
SCAPHOPODA
Dentalium nanum
GASTROPODA
Amalda mucronata 1
Amalda novaezelandiae 1
Austrofusus glans 1 1 1 1 1
Maoricolpus roseus 2 2 1 1 3 1 1 1 1
Maurea  sp.
Microlenchus  sp. 1
Philine  sp. 1 1
Ruditapes largillierti
Sigapatella novaezelandiae
Xymeme ambiguus
Xymeme plebeius 2 1 1 2 6 1 4 1 2 4 2 9 2 2 6 3 3 2 4 1 4 6 4 1 1 1 1 2 2 7 2 2 5 2 1
Zeacolpus pagoda
Zegalerus tenuis 1 1
Unidentified nudibranch 1

B3P B4P B5PA7H B1C B2C B9CA4P A9P A3H A5HA1C A6C A8C A2P
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Appendix  Identity and abundance of macrobiotic taxa in samples from enhanced habitat and control plots October 2006 continued…. 
 

Taxon 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
BIVALVIA
Anomia trigonopsis 1 3 1 1 1 2
Borniola reinformis 1
Chlamys zelandiae 2 4 1 6 2 6 4 1 1 5 1
Corbula zelandica 1
Dosinia greyi
Dosinia lambata 1 2 2 1 1 1 1 1 1
Ennucula strangei 1 2 4 1 1 1 1 1 1 3 1 1 1
Hiatella arctica 1 1 1 1 2
Limaria orientalis 3 4 1 3 28 24 2 5 1 5 8 5 4 6 12 5 14 1 11 14 1 2 37 12 1 9 13
Macomona liliana 1 2 1 1
Modiolarca impacta
Mysella larochei
Neilo australis 1 1 1 1 1 1 1 1 1 1
Nemocardium pulchellum
Notocallista multistriata
Nucula hartvigiana 1 3 2
Nucula nitidula 1 1
Ostrea chilensis 1 5 2 15 3 5 4 9 5 5 2 3 6 4 4 1 9 25 3 5 3 8 3 5
Pecten novaezelandiae
Perna canaliculus
Tellina edgari 2
Theora lubrica 2 3 1 2 1 1 1 2 1 5 1
BRACHIOPODA
Magasella sanguinea 3 2 2 6 2
BRYOZOA
Encrusting 1 1 1 1 1 1 1 1 1 1
Encrusting 2 1 1 1 1
Erect 1 1 1
DECAPODA
Ebalia laevis 1 1
Halicarcinus  sp. 1 1 1 1 2 1 1 1
Macrophthalmus hirtipes 2 1 2 1 1 2 1 1
Nectocarcinus integrifrons
Notomithrax  sp. 1 1 1 1 2 1 1 3 1 1 2 3 2 1 1 1 2 1 1
Pagurus  sp. 4 4 8 5 6 3 3 4 16 3 1 1 7 1 5 3 3 3 4 2 7 1 1
Periclimenes yaldwyni 1 4 1 3 1 2 2 2 1 4 1 1 7 2 1 1 1 1 1 3 2 1 1
Petrolisthes  sp. 3 1 1 3 5 3 2 2 5 3 3 5 1 2 1 1 3 2 1 3 1 3 5 5 3
Pinnotheres novaezelandiae 1
Unidentified decapod
AMPHIPODA
unidentified amphipod 9 2 3 2 1 2 1 1 2 2 1 2 1 3 2 9 3 4 3 4 1 5 6 2 5 2 1
ISOPODA
unidentified isopod
ASTEROIDEA
Coscinasterias muricata
OPHIUROIDEA
Amphiura rosea 1 2 1 1 3 1 1
Ophionereis fasciata
ECHINOIDEA
Echinocardium cordatum 1 3 3 2 1 1 2 5 1 3 2 1
Pseudochinus albocinctus 1
HOLOTHUROIDEA
Heterothyone alba
Stichopus mollis
Unidentified holothurian 1
PISCES
Grahamichthys radiata 2 1 1 1 1
Hemerocoetes monopterygius
PLATYHELMINTHEA
Enterogonia orbicularis 1
CEPHALOPODA
Octopus maorum

B3P B4P B5PA7H B1C B2C B9CA1C A6C A8C A2P A4P A9P A3H A5H
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Appendix  Identity and abundance of macrobiotic taxa in samples from enhanced habitat and control plots October 2006 continued…. 
 

Taxon 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
ASCIDIACEA
Asterocarpa cerea 1 1 1 1 1 3 2 1
Cnemidocarpa bicornuta 1 2 1
Cnemidocarpa nisiotis 1 1 1 1 6 2 2 2 3 1 5 3 2 3
Cnemidocarpa regalis 1
Corella eumyota 1 2 1 1
Didemnum  sp.
Juvenile ascid
Molgula  sp. 
ALGAE
Unidentified coralline alga
Sipuncula
Sipunculus  sp.
Unidentified sipunculid
ECHIURA
Urechis novaezelandiae
NEMERTEA 1 1
POLYCHAETA
Capitellidae 1 2 1 1 1 2
Dorvillidae 1 1 1 2 3 1 1
Goniadidae 1 1 3 1 1 1 1
Flabelligeridae 3 2 2 6 4 4 1 3 2 1 1 1 3 1 2 3 1 3 1 2 4 4 1 4 2 2 2 2 1 1
Glyceridae 1 1 1 1 1 2 1 1 1 2 2 1 2 1
Lepidonotus  sp.
Lumbrineridae 1 1
Maldanidae 1
Aglaophamus  sp. 1
Nereidae 1 1 2 1 4 1 1 1 2 1 2 1 1 1 1
Onuphidae 2 1
Opheliidae 3 1 2 1 1 1 3 2 1 2 1 3 2 1
Orbiniidae
Phyllodocidae 1 3 1 1 1 5 2 1 1
Polynoidae 1 3 1 2 1 1 3 2 1 1 1 1 2 8 1 7 1 1 1 2 3 3 2
Serpulidae
Salmacina  sp. >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5
Spirobranchus  sp. >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5 >5
Sigalionidae 3 1 2 1 1 1
Spionidae
Sternaspidae
Terebellidae 2 1 1 1 1 2 1 2 5 2 5 3 3 4 11 2 3 1 7 2 5 3 1 3
Trichobranchidae 1 1 2 1 1 1
AMPHINEURA
Acanthochitona zelandica 1 1 1 1 1
Unidentified chiton 1
POLYPLACOPHORA
Cryptoconchus  sp. 1
SCAPHOPODA
Dentalium nanum
GASTROPODA
Amalda mucronata
Amalda novaezelandiae
Austrofusus glans 1
Maoricolpus roseus 1 1 1
Maurea  sp. 1 1 1 1 1
Microlenchus  sp.
Philine  sp. 1 1
Ruditapes largillierti
Sigapatella novaezelandiae
Xymeme ambiguus
Xymeme plebeius 6 2 3 1 4 2 11 3 8 3 1 6 1 1 4 4 4 11 8 7 22 4 23 7 3
Zeacolpus pagoda
Zegalerus tenuis 1 1 1 1
Unidentified nudibranch 1 1 1

D4S D6SD1B D3B D5B D2SC4B C1S C5S C6SB7H B8H C2B C3BB6H
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Appendix  Identity and abundance of macrobiotic taxa in samples from enhanced habitat and control plots October 2006 continued…. 
 

Taxon 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
BIVALVIA
Anomia trigonopsis 2 1 1 1 1 1 1 1 1 3 1 1 2 1 1 3
Borniola reinformis
Chlamys zelandiae 2 2 3 3 3 3 5 11 1 1 1 2 3 5 2 1 6 4 6 2 1 1 1 1 2 5 5 4 2 2 2 5 3 1 3 1
Corbula zelandica
Dosinia greyi 1
Dosinia lambata
Ennucula strangei 1
Hiatella arctica 1 1 1 1 1 1 3 2 1
Limaria orientalis 21 8 16 15 11 2 31 18 14 7 18 21 18 6 12 5 9 6 19 18 33 11 16 19 14 9 9 16 19 18 9 11 13 23 33 22 2 15 24 21 16 15
Macomona liliana 1 1 1 1
Modiolarca impacta 1
Mysella larochei
Neilo australis
Nemocardium pulchellum
Notocallista multistriata 1
Nucula hartvigiana 1
Nucula nitidula
Ostrea chilensis 20 3 11 3 6 4 10 2 1 17 24 70 30 3 1 1 2
Pecten novaezelandiae
Perna canaliculus 1 1 1
Tellina edgari
Theora lubrica
BRACHIOPODA
Magasella sanguinea 3 3 1 4 1 9 1 1 2 1 3
BRYOZOA
Encrusting 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Encrusting 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Erect 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DECAPODA
Ebalia laevis
Halicarcinus  sp. 1 1 2 1 1 2 2 1
Macrophthalmus hirtipes 1 1
Nectocarcinus integrifrons
Notomithrax  sp. 1 2 2 1 1 1 1 3 1 3 1 1 1 1 2 2 2 1 1 2 1 2 1 2 1 1 1 2 1 1 3 1 1 2 1 3 1 1
Pagurus  sp. 3 5 5 4 11 7 4 3 5 8 21 12 16 8 8 5 8 4 1 4 1 7 6 8 1 1 1 2 5 2 2 2 1 5 1 1
Periclimenes yaldwyni 2 5 1 2 5 3 1 1 1 2 2 1 2 1 2 6 1 4 1 1 2 1 1 5 1 1 1
Petrolisthes  sp. 3 1 1 1 1 9 6 9 4 9 13 12 6 6 9 2 11 9 12 17 18 21 3 16 1 5 15 7 16 7 18 12 18 18 22 12 1 7 4 1
Pinnotheres novaezelandiae
Unidentified decapod
AMPHIPODA
unidentified amphipod 2 1 1 2 4 1 3 3 1 8 1 3 1 3 3 4 1 1 2 5 2 1 2 5
ISOPODA
unidentified isopod 1 2 6
ASTEROIDEA
Coscinasterias muricata 1 1 1 1 1
OPHIUROIDEA
Amphiura rosea 1 1 2 1 1 1
Ophionereis fasciata
ECHINOIDEA
Echinocardium cordatum
Pseudochinus albocinctus 1
HOLOTHUROIDEA
Heterothyone alba
Stichopus mollis 1
Unidentified holothurian 1 1 1
PISCES
Grahamichthys radiata 1 4 2 1 1 1 1 1 1 1 2 2
Hemerocoetes monopterygius 1
PLATYHELMINTHEA
Enterogonia orbicularis 3 1 1
CEPHALOPODA
Octopus maorum 1

D4S D6SD1B D3B D5B D2SC4B C1S C5S C6SB7H B8H C2B C3BB6H
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Appendix 3 

Brown et al 2010 

 

 
 


